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Response of Septoria (Zymoseptoria tritici) isolates with Qi and Qo mutations
under multiple fungicide selection

Jaema Howard

ABSTRACT

Inatreq, active ingredient fenpicoxamid, is a new Qil fungicide product brought to the market by
Corteva Agriscience for strong activity against Septoria (Z. tritici). This study examines the interaction
between Qo and Qi mutant Septoria isolates to confirm negative cross-resistance between the two sites.
And to observe the change in sensitivity of the isolates in a mixed population over several generations
and under multiple rates of fungicide selection. Initial growth rate and fitness isolates were determined
for four isolate strains; wildtype (IPO323), G37V single mutation (WF.2.44), G143A single mutation (37-
16), and G37V-G143A double mutation (716.3F.2.2). Initial IC50 values were determined for several
fungicides in multiple fungicide groups, Qils, Qols, Azoles, SDHIs to confirm negative cross-resistance and
determine concentrations needed for fungicide treatments. A mixed population trial was then conducted
with a 6-rate dose response for three fungicide treatments; Inatreq (Qil), pyraclostrobin (Qol), and a 1:1
mix of Inatreq and pyraclostrobin. It was suspected that throughout 6 generations, sensitivity of single
mutant isolates to the opposite fungicide site inhibitor would increase. The double mutation isolate
would become more sensitive under fungicide selection than the single mutant isolates. The results of
the study confirmed this hypothesis of negative cross-resistance between fungicide groups. Qo single
mutant isolate was determined resistant to Qol fungicide but sensitive to Qil fungicides, and the
opposite found true for the Qi single mutant. The double mutant isolate was sensitive to both fungicide
groups, with increased sensitivity than the single mutants. Under double fungicide selection, all mutant
strains were sensitive to the treatment, with increased sensitivity than under single fungicide selection.
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Introduction

Septoria (Zymoseptoria tritici) is a plant pathogen that causes blotch disease on wheat. It is a
foliar disease that can have devastating effects on crop yield, across the world but particularly in Europe
(Fones, 2015). Septoria isolates resistant to quinone outside inhibitors (Qol) fungicides on the market
exist in the field and continue to increase in frequency. This paper focuses on resistance due to ubiquinol
oxidative (Qo) and quinone reduction (Qi) site mutations in the mitochondrial electron transport chain.
Mutation G143A at the Qo binding site inhibits the activity of Strobilurin fungicides. Mutation G37V at
the Qi binding site could inhibit the activity of Picolinamide fungicides (Fouché, 2022). There are existing
Qo mutations in the field and a need for new Qol fungicides that do not have resistance built against
them. Qi mutations in the field are not yet reported, but quinone inside inhibitors (Qil) fungicides can
still be useful as a new MoA. These Qi and Qo binding sites are distinct by their inhibitor binding but are
linked functionally, increasing the potential for cross or negative-cross resistance. Ubiquinone (Q)
enzyme binds at the Qo site first, outside of the membrane. It is then binded to the Qi site, inside of the
membrane, to pass the electrons through the membrane (Fisher, 2020). Inhibition at one site due to a
mutation blocks the binding of ubiquinone at that site, forcing the Q binding and electron transfer to
route through the opposite site. This would increase sensitivity to fungicides binding at the opposite site,
or negative cross-resistance (Fouché, 2022). It is possible a Qol fungicide can increase sensitivity of the
Qi mutation that causes resistance at the Qi site, and vice versa for the opposite fungicide group.

In study is focused on the Picolinamide Inatreq, active ingredient fenpicoxamid, brought to the
market by Corteva Agriscience. Inatreq is one of the only Qil fungicides available commercially. Only two
other Qil fungicides exist on the market, cyazofamid and amisulbrom, both of which are active
exclusively against oomycete pathogens. Inatreq brings a unique MoA to the market, with no competitor
products yet for activity against Septoria pathogen. In addition, if Inatreq were to be used in combination
with a Qol fungicide, it could potentially increase sensitivity of Qo mutant isolates, due to negative cross
resistance. This could be beneficial to slowing or preventing Qo resistance in the field. This potential was
observed in this study by testing the interaction of Qo single mutant, Qi single mutant, and Qo+Qi
double mutations in a mixed population, under multiple selection rates of Inatreq (Qil), pyraclostrobin
(Qol), and Inatreq/pyraclostrobin mix (Qol and Qil).

Ten isolates, G37V single mutation, G143A single mutation, G37V/G143A double mutation, or
wildtype (wt), were evaluated in an initial growth study (Table 1) for growth and fitness similarity. The
isolate IPO323 was the wildtype parent strain. All four isolates tested in the study with the G37V
mutation, originated from the IPO323 parent. The isolate 37-16 was the parent strain for the G143A
mutation. All three strains tested in the study with the double mutation, originated from 37-16. All ten
isolates chosen had sensitivity to Azole and SDHI fungicides, as well as sensitivity to either Qil or Qol
fungicides.

The hypothesis for the studies were; in a mixed population, single mutations in one site would
increase sensitivity to fungicides at the opposite site. The double mutant isolate would remain sensitive
to both fungicide groups for a longer time period than the single mutations. Under double fungicide
selection, all isolates would have increased sensitivity compared to single fungicide selection. These
hypotheses were studied over three experiments. First growth rate and fitness of isolates were
determined, in addition to half maximal inhibitory concentrations (IC50 values) of fungicides, to select
four isolates for the mixed population study. Then a mixed population study was conducted using the wt,
Qi mutant, Qo mutant, and double mutant isolates under fungicide selection over six generations of
time. Fungicide treatments used were six concentrations of Inatreq, pyraclostrobin, and a 1:1 mix of
Inatreq and pyraclostrobin.



Current Knowledge

A study published by John Owen confirmed active ingredient fenpicoxamid, Inatreq product, as a
viable Qil fungicide with activity against Septoria (Owen, 2017). Fungitoxicity, greenhouse, and field
studies were conducted to test fenpicoxamid efficacy and cross-resistance. It was found that
fenpicoxamid does have strong activity against Septoria, Z. tritici isolates. It was also determined there is
no cross-resistance to Qol fungicides. The Septoria mutation, G143A at the Qo site, which confers
resistance to Strobilurins, does not also confer resistance to fenpicoxamid (Owen, 2017). The lack of
cross resistance raised interest for the potential of negative cross-resistance instead. A study published
by Guillaume Fouché and David Young looked at the potential risk of resistance to fenpicoxamid in
Septoria (Fouché, 2022). There is currently no reported resistance to Qil fungicides in the field. However,
out of four proposed mechanisms, the study confirmed the G37V mutation at the Qi site would be the
likely mechanism to confer resistance to fenpicoxamid. The study also identified negative cross resistance
between isolates with the G37V mutation at the Qi site, and the G143A mutation at the Qo site. G37V
mutant isolates led to fenpicoxamid resistance, but increased susceptibility of Qo resistant isolates.
Conversely, isolates with G143A mutation at Qo site increased sensitivity to fenpicoxamid. Double
mutants were found to be more sensitive to the fungicides than the single mutation isolates (Fouché,
2022). In 2023, a study was published by David Young on the single and double Qi and Qo site mutations
in yeast (S. cerevisiae) and the interactions between CAS-649 and azoxystrobin (Young, 2023). This study
used a yeast model to explore single Qo mutations (F129L or G143A), single Qi mutations (G37V or
N31K), and double mutations (combination of G143A or F129L with N31K, G37V, L198F) and their
interactions to picolinamide fungicide metabolite CAS-649 and strobilurin fungicide azoxystrobin. It was
found that Qo site mutations increased sensitivity to Qil CAS-649 and Qi site mutations increased
sensitivity to Qol azoxystrobin. Resistance and growth rates were lower for double mutants than for
single mutants. The results suggested the application of Qol-Qil mixtures would delay resistance
development (Young, 2023). The study conducted in this paper was designed to build from and continue
the work completed by Fouché and Young. Negative cross-resistance has been observed in G37V and
G143A single and the interactions of the mutations under fungicide tested in both yeast and Septoria.
This study conducted similar testing with alternate Qil and Qol fungicides, including Inatreq, and in a
mixed population of the four isolate types over several generations of time.

Methods

The initial growth study was a 96-well plate assay to determine growth and fitness of the ten
isolates with varying mutation types. In addition, IC50 values were determined for these isolates under
selection of eight fungicides (Table 2), each at multiple concentrations. Ten isolates (Table 1) were plated
on yeast extract, malt extract, sucrose, and agar (YMA) medium from a stock vial stored in the -80C
freezer. The plates were incubated for five days in an 18C blacklight incubator. After five days they were
transferred to new YMA medium plates and grown for three additional days under the same conditions,
to ensure even growth of the isolates from the original storage vial. After the additional three days, the
plates were individually scraped, samples of the spore suspensions were diluted 10x with sterile DI
water, and spores were counted under a microscope using a hemacytometer. Each isolate suspension
was then prepared to a final concentration of 1x10° spores using yeast, malt extract, peptone (YMP)
broth. A master 96-well plate was set-up with eight fungicides and dimethyl sulfoxide (DMSQ) untreated,
in an eight-rate five-fold dilution series (Table 3). Each fungicide was formulated with DMSO to 1,000ppm
(1mg/1mL). 200uL of solution was transferred to the wells for the top rates of each fungicide. A repeat



multi-channel pipette was used to transfer the rest of the dilutions, 40uL of solution and 160uL of DMSO
to each well. A DMSO plate was also made for each isolate, containing only DMSO and no fungicide
treatments. The master plate and the DMSO plate were both copied into 30 daughter plates, three reps
for each isolate. There were 60 plates in total; half of the plates included fungicide treatments to gather
IC50 value data. Half of the plates were left untreated to gather isolate growth and fitness data. To their
respective plates, each isolate had a final concentration of 10°. The plates were run through a
NEPHELOstar nephelometer at 0, 24, 48, 72, and 96hrs. A nephelometer is an instrument that uses
scattered light to measure suspended particles in a solution and gives the readings in turbidity
measurements (NTUs). Between readings, the plates were incubated in the dark at 22C. After the last
reading at 96hrs, each isolate was plated again on YMA medium plates to look for spore or mycelium
growth. This was done to ensure the growth conditions were supporting the correct type of growth,
sporulation rather than mycelial growth (Table 1). From the turbidity measurements, growth rates of
each isolate were determined and IC50 values for each fungicide treatment were calculated using the 2-
Parameter Log-Logistic Model in a Dose Response Analysis Tool, an application on R Shiny website
through Corteva Agriscience. From the growth and fitness results, four isolates growing at similar rates
were chosen for a confirmation growth study, one of each mutation type.

The confirmation growth study was a repeat growth rate assay run in 96-well plates and used
the same methods as the previous study. The four isolates selected from the results of the initial study
were: IPO323, 37-16, WF.4.14, and 716.3F.4.4. These isolates were plated on YMA medium from the
stock vials stored in the -80C freezer. After being grown for five days in a 18C blacklight incubator, they
were transferred to new YMA plates and grown for an additional three days under the same conditions.
The plates were scraped, a sample of each spore suspension was diluted 10x with sterile DI water, and
spores were counted under the microscope using a hemacytometer. Each isolate suspension was
prepared to a final concentration of 1x10° using YMP broth. A master 96-well plate was set-up with nine
fungicides and DMSO untreated, in an 8-rate 5-fold dilution series (Table 3). The same eight fungicide
treatments were used, with the addition of a 1:1 mix of Inatreq: pyraclostrobin. A DMSO plate was also
made, containing only DMSO and no fungicide. The master plate and the DMSO plate were copied into
24 total daughter plates, three reps for each of the isolates. Half the plates were untreated for growth
and fitness data and half the plates included fungicide treatments for IC50 values data. Each isolate was
added to their respective plates at 10° final concentration. The plates were run through the NEPHELOstar
nephelometer at 0, 24, 48, and 72 hrs. Between each reading, the plates were incubated at 22C in the
dark. The turbidity measurements were used to determine growth rates and the IC50 values for each
fungicide treatment were calculated using the 2-Parameter Log-Logistic Model in the Dose Response
Analysis Tool. Out of the ten isolates originally tested, only one was a wildtype strain (IPO323) and one a
single Qo mutation isolate (37-16). Two isolates needed to be chosen for the mixed population trial, a
single Qi mutation isolate and a double mutation isolate, with growth similar to the wt and Qo mutant.
The growth rate analysis from both growth rate studies showed varied statistical similarity between the
four isolates chosen for the second study. A comprehensive analysis of combined data from both
experiments was used to choose two new isolates with better statistical similarity in their growth and
fitness to the wt and Qo mutant strains. The final four isolates chosen for the mixed population trial
were IPO323 (wt), 37-16 (Qo), WF.2.44 (Qi), and 716.3F.2.2 (Qo+Qi).

The original methodology for the mixed population trial was to use the IC50 values determined
to formulate one concentration for each fungicide treatment. The layout of the trial was to be 12 flasks
for each generation, grown in 150mL flasks. Three replications were made for each generation, the



treatments were one concentration of UTC, Inatreq, pyraclostrobin, and Inatreq/pyraclostrobin mix. This
method was used for mixed population trials 1 and 2 (Appendix A). Both trials failed due to lack of
sporulation after initial generation. Growth condition experiments were conducted to determine if a
change in environmental or growth conditions was needed. Three experiments were completed to test
the following conditions: flask shape, flask material, media type, incubator temperature, incubator
shaking speed, starting spore concentration (Appendix B). The results determined the issue with
sporulation was due to the medium being used, YMP broth, not supporting growth. The medium was
changed to YPD broth. Mixed population trials 3 and 4 were conducted, using the same methods as trials
land 2, with the new media. Again, these trials could not be completed (Appendix A). The pyraclostrobin
concentration used was incorrect, causing a lack of sporulation in the pyraclostrobin and Inatreq/pyrac
treatments, while the UTC and Inatreq treatments sporulated and multiplied each generation. The
hypothesis was the change to using the new YPD medium caused the IC50 values determined in the
previous experiments, using YMP medium, to be inaccurate. New methodology was planned and a
change in testing method occurred to include six concentrations of each fungicide treatment, rather than
one. The change was also made to test each generation in 24-well plates, rather than flasks. A growth
condition experiment was conducted to confirm this layout and methodology would work (Appendix C).
The results were satisfactory and mixed population trial 5 was run and successfully completed.

Mixed population trial 5 was completed using 24-well plates with six concentrations of each
fungicide treatment. Layout shown in Table 4. Three replicate plates were made for each generation. The
four Septoria isolates chosen from growth studies 1 and 2; 37-16, IPO323, WF.2.44, and 716.3F.2.2, were
plated on YMA medium plates from vials stored in the -80C freezer. The plates were incubated for five
days in the 18C blacklight incubator. After five days, each isolate was transferred to new YMA plates and
grown for another five days. Each isolate plate was then scraped and filtered into a 500mL flask and filled
with YPD medium broth up to 200mL of solution. A sample of each spore suspension was then diluted
10x (1mL spore solution and 9mL sterile DI water), and the spores were counted under the microscope
using a hemacytometer. Determined from a calculation of the number of spores in each sample, an
amount of spore suspension (V2) was used with up to 50mL of YPD broth.

37-16: (50mL) (100,000) =(16,500,000)(V2). V2= 0.3030mL= 303.03ul

IPO323: (50mL) (100,000) =(27,000,000)(V2). V2= 0.185185mL= 185.19uL
WF.2.44: (50mL) (100,000) =(28,750,000)(V2). V2= 0.173913mL= 173.91uL
716.3F.2.2: (50mL) (100,000) =(11,250,000)(V2). V2= 0.4444mL =444.44uL

The 50mL spore suspensions of each isolate were mixed together to create an equal ratio 200mL
mixed population of isolates at 10° final concentration. The fungicide treatments were then prepared.
7mg of Inatreq and 3mg of pyraclostrobin active ingredients were dissolved in DMSO at 1mg/mL
concentration (1,000ppm). These solutions and blank DMSO were vacuum filtered to ensure no
impurities were present. 1mL of each fungicide was added to 4mL of DMSO to make the 200ppm top
rate of each treatment. For the mixed fungicide treatment, 0.5mL of Inatreq and 0.5mL of pyraclostrobin
were added to 4mL DMSO. A 5x dilution series was then prepared for each treatment (1mL solution +
4mL DMSO). When complete, all 3 treatments were made at 200, 4, 0.8, 0.16, 0.032, 0.0064ppm
solutions.



Four 24-well plates were labeled as shown in Table 4. From the 200mL mixed isolate spore
solution, 1.5mL was added to each well of each plate. 15ul of each fungicide treatment at each rate
were added to their respective wells. Three of the plates were placed in the 18C, 80rpm incubator, in the
dark, for 72 hrs. The fourth plate was used to collect turbidity measurements. Each well was transferred
to a 96 well plate (Table 5). The 96 well plate was run through the NEPHELOstar nephelometer, with laser
wavelength at 635 nm, to collect cell density readings. This was used as the initial, or time zero, turbidity
measurements.

After 72 hours, the Al wells on each of the three plates (Untreated treatment; Replicates 1-3)
were counted to ensure adequate spore growth. A calculation was completed to determine the amount
of solution needed to transfer 10° concentration of spores to the next generation, which was found to be
50ulL. 50uL from each well was transferred from generation 1 to the corresponding well of generation 2.
1.45mL of YPD broth and 15ulL of each respective fungicide was added to each well. Generation 2 plates
were placed into the same incubator, under the same conditions for another 72 hrs. From generation 1
plates, 1mL of solution from each well was saved in a 1.5mL Eppendorf tube and frozen in a -20C freezer.
200ul from each well was transferred to a 96 well plate. The 96 well plate was run through the
nephelometer to determine the generation 1 turbidity measurements.

The entire process was repeated for six total generations. The 96-well plate turbidity data for the
‘initial’ plate and all five generations were compiled and used to determine trends in spore growth for
concentrations of fungicide treatments. The 1mL samples saved in the -20C freezer were used for qPCR
testing to determine the number of spores of each isolate in each sample. All six generations (432
samples) were removed from the freezer, centrifuged down to a pellet of spores (max speed for 5
minutes), and the supernatant was discarded. The DNA was then extracted for each sample following
the protocol for “Fungal DNA Extraction with DNAzol” (Figure 1). The samples were sent to a Corteva
location in Johnston, IA for qPCR testing.

Results

The initial growth study was completed to determine growth rate and fitness of individual
isolates, as well as provide IC50 values for each fungicide treatment. These results were used to
determine the isolates used in the mixed population trial and the concentration of fungicide treatments.
The data collected from the initial growth study were turbidity measurements (NTUs) from the
nephelometer at timepoints 0, 24, 48, 72, and 96 hours. These measurements were directly used to
calculate growth rates for each of the ten isolates, shown in Graph 1. The measurements were also
uploaded into an R-Shiny application, the Dose Response Analysis Tool, to calculate IC50 values using the
2-parameter Log Logistic Model (Graph 2). The growth rates are represented in Graph 1 as turbidity
(NTUs) at each timepoint for each isolate. In the ten isolates tested, only one strain was a Qo single
mutant (37-16) and one strain a wt (IPO323). Those two isolates would be used in the mixed population
trial, and a Qi single mutant and double mutant with similar growth rates to IPO323 and 37-16 strains
were chosen. The results showed similar growth trends across most of the isolates. A Least Square Mean
Students T's statistical analysis was completed to compare statistical similarity of growth rates for each
isolate. The results showed varied statistical similarity of isolates compared to the wt and Qo mutant
isolates. Two isolates were chosen, W.F.4.14 (Qi) and 716.3F.4.4 (Qo+Qi), but it was determined a
confirmation growth study was needed to confirm growth similarity among isolates. The IC50 value
results for each fungicide treatment are represented in Graph 2 as IC50 value in each isolate type, for



every fungicide group. The data for the ten isolates were averaged by isolate type (wt, Qo, Qi, and
double) and the data for the eight fungicides were averaged by fungicide group (Qils, Qols, Azoles, and
SDHIs). The results indicate negative cross-resistance as predicted in the hypotheses. Qi single mutant
isolates were resistant to the Qil fungicides and sensitive to Qol fungicides. The Qo single mutant isolate
were resistant to Qols and sensitive to Qils. The double mutant isolates had increased sensitivity to both
fungicide groups compared to the single mutant isolates. The SDHI fungicides should not bind to either
the Qo or Qi sites and should not be affected by these isolates. This is confirmed by the data shown with
high sensitivity across all isolates. The isolates appear to have some resistance against Azoles, though the
isolates tested were characterized as sensitive to Azole fungicides. A statistical analysis was completed,
and it was determined the difference in sensitivity to the Azoles vs the SDHIs were not significant.

The confirmation growth study was completed to confirm similar growth rates in the four
isolates chosen for the mixed population trial, as well as confirm IC50 values for the fungicide
treatments. The four isolates tested were 37-16, IPO323, W.F.4.14, and 716.3F.4.4. The data collected
were the same as the initial study, turbidity measurements from the nephelometer at timepoints 0, 24,
48, and 72hrs. These measurements were used to collect results in the same manner as the initial study.
The growth rates for the four isolates are represented in Graph 3 as turbidity (NTUs) at each timepoint
for each isolate. The results showed similar growth trends to the first study. A Least Square Mean
Students T's statistical analysis was completed to compare statistical similarity of growth rates for each
isolate. As in the initial study, the statistical similarity between the isolates showed variation. A
comprehensive data analysis was completed using the data from both studies. Two new isolates were
chosen with more comparable similarity to the wt and Qo isolates. The results for the new isolates,
W.F.2.44 (Qi) and 716.3F.2.2 (double) are depicted in Graph 4, as well as the statistical analysis for the
isolates shown in Table 6. The four isolates chosen for the mixed population trial are shown to be
statistically similar to each other through 72hrs. The IC50 values determined in the confirmation study
are depicted in Graph 5 as IC50 values against each isolate mutation, for each fungicide group. The data
for the nine fungicides treatments were averaged by fungicide group. The additional fungicide treatment
included in the confirmation study, 1:1 mix of Inatreq: pyrac is included in the results as the Qil: Qol
fungicide group. The results showed the same IC50 value trends as the initial study, confirming negative
cross-resistance. The Qi mutant isolate was resistant to the Qil fungicides and sensitive to Qol fungicides.
The Qo mutant isolate was resistant to Qols and sensitive to Qils. The double mutant isolate had
increased sensitivity to both fungicide groups compared to the single mutant isolates. Under double
fungicide selection (Qol: Qil), all isolates were sensitive to this treatment, with increased sensitivity
compared to the individual fungicide selection. A Least Square Mean Students T's statistical analysis was
conducted for these results to determine statistical significance in differences between the treatments
(Table 7). The results indicated no significant differences between treatments. There are differences in
IC50 values and trends are indicated for higher sensitivity of some treatments compared to others, but
most differences were not statistically significant.

The mixed population trials were conducted to study the effects of the mutant isolates over time
in one population, under multiple rates of fungicide selection. Methods, results, outcomes, and
experiments related to trials 1-4 are described in Methods and Appendices sections. Trial 5 was
successfully completed and two processes of data collection occurred. For each generation, samples
were collected and run through the nephelometer to gather turbidity measurements. These
measurements were converted to % inhibition calculations and then uploaded into the Dose Response
Analysis Tool to calculate IC50 values. In addition, ImL samples from each generation were frozen in a -



80C freezer. Once samples from all generations were collected, DNA was extracted (Figure 1) from every
sample and samples were shipped to a Corteva Agriscience site in Johnston, IA for gPCR analysis. This
gPCR analysis is ongoing, and no results are given here. The nephelometer data collected from trial 5 are
depicted in Graph 6 as IC50 values at each generation time point, for the three fungicide treatments. The
results show that in a mixed population, under Inatreq selection, there was immediate isolate resistance.
After the first generation, only the resistant isolates remained in the population. Under pyraclostrobin
selection, there was also increasing isolate resistance, but at a much slower rate. After generation 4, only
the resistant isolates remained in the population. Under double selection of both fungicide groups, the
isolates remained sensitive through generation 6. Only the double mutant remained in the population,
but the isolate had much higher sensitivity under double selection than under single fungicide selection.
The gPCR analysis should provide information on the proportion of each isolate remaining in the
population after each generation. This data will theoretically confirm the results and trends described
here for trial 5.

Discussion

The results described from both growth studies and the mixed population trial support the
conclusion of negative cross-resistance between the Qi and Qo binding sites. Qo single mutants were
sensitive to Qils and resistant to Qols, the opposite true for the Qo single mutants. The double Qo+Qi
mutants had increased sensitivity to both fungicide groups compared to the single mutants. In the mixed
population trial, there was a shift in the isolate population toward resistance under single fungicide
selection. However, under double fungicide selection the shift was much slower with increased
sensitivity compared to single selection. These results would be confirmed with gPCR results and
repeatability of the mixed population trial.

Several problems arose when conducting the mixed population trials that led to the final
methods and layout provided for trial 5. YMA and YMP media are made from the same ingredients, YMA
being the agar form of the YMP broth. There were no issues getting Septoria isolates to sporulate on the
YMA plates, nor were there problems with sporulation in the 96 well growth assays using YMP broth.
Only when using the YMP broth in the mixed population trial, did the growth issues appear. The change
was made to use YPD broth instead and sporulation was no longer an issue. But the change in medium
rendered the IC50 values found in the first two studies invalid. There was not enough time to complete
the first two 96-well plate studies again using the YPD broth, so the new layout was made for trial 5.
These methodology issues show some inconsistency in the stability and repeatability of the mixed
population trial. Further development of the mixed population trial methodology may be needed to
ensure repeatability of the testing and results in the future.

The problem in methodology also raises the question of in-vitro translation to in-planta. Future
testing in wheat plants is needed to confirm the in-vitro results of this study. Testing in wheat would
allow for studying the interaction of the mutant isolates under fungicide selection in conditions more
similar to the field where resistance exists. In-planta testing should be done to confirm the existence of
negative-cross resistance between the Qo-Qi binding sites.

There is only one case of negative-cross resistance found in the field and documented. Negative
cross-resistance between two beta-tubulin inhibitor classes, FRAC groups 1 and 10. Diethofencarb
showed negative cross-resistance with respect to benzimidazoles. It inhibited the benzimidazole-
resistance strains of Botrytis without affecting benzimidazole-sensitive strains. As a result of these
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findings, a carbendazim-diethofencarb mixture formulation was produced and introduced to the field in
1987. Initially, this mixture formulation product provided excellent control. However, mutant isolates
resistant to both fungicides appeared and quickly spread. This created the same problem of resistance to
Botrytis as before, this time to both fungicide classes. The mixture product was no longer effective, and
product use was discontinued (Brent, 2007). This documented case of negative cross-resistance and the
attempt of using mixture-formulations did not have a long-term positive outcome. Short-term, the
mixture formulation was successful and did slow the rate of resistance to either fungicide product, but
ultimately resistance still formed to both fungicides used. This shows that in order to be useful, negative
cross-resistance needs to be universal and unchanging. All resistant strains of both mutant types will
need to have increased sensitivity in all future generations. Otherwise, resistant strains that exist and do
not have increased sensitivity to the opposite fungicide will be selected for and resistance will occur. One
potential suggestion for preventing this eventual resistance development; mixture formulations may be
more effective at preventing resistance if both fungicides are brand new to the market with no existing
resistance against them. Selection for resistant isolates to a mixture product may be faster if resistant
isolates already exist in the field against either or both fungicides individually. If mutant isolates do not
exist in the field that confer resistance to either fungicide, then with sites that have negative cross-
resistance, a mixture formulation may be able to completely prevent resistance from developing. Inatreq
is one of the only Qil fungicides in the market, with no resistance in the field. It can be used in
combination with a new Qol fungicide to test this theory.

Future testing is necessary. Additional mixed population studies should be conducted using
multiple other fungicide treatments from the Qol and Qil groups. Adavelt, picoxystrobin, azoxystrobin,
etc. could all be tested to confirm the trends found in this study in a wider scope of fungicides. The
results of this study showed promising new value for fungicides being de-valued in the market due to
resistance. Even with resistance to the fungicide product in one binding site, the product could still be
applied in the field, effective against Septoria mutant isolates of the opposite binding site. When used in
combination, Qil-Qol mixed fungicide products should be able to decrease the number of Qo mutant
isolates that exist in the field, and slow or prevent the selection for new mutations, to both Qol and Qil
fungicides. Inatreq is one of the only Qil fungicides that exists on the market and no resistance against
the product exists in the field. If Inatreq were to be used in combination with a Qol fungicide, especially
a newer formulation, Septoria mutants in the field that are resistant to the Qol fungicide could be
decreased and the prevention of new mutations resistant to either Inatreq or the Qol could be
prevented or drastically slowed.
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Isolate Qol Qil Spore Observation Mycelial Observation

184 S S Good A lot

IPO323 S S More Very little

WF.2.44 S R Good Very little
WEF.3.16 S R More Some

WF.4.14 S R Good Very little
WEF.5.10 S R Good Some
37-16 R S Good A lot
716.3F.2.2 R R Good A lot
716.3F.3.2 R R More A lot
716.3F.4.4 R R More Some

Table 1: Isolate strains tested in initial growth assay. S = sensitive, R = resistant. Spore and

mycelial observations after initial growth assay concluded at 96hrs.

Fungicide
Inatreq

Adavelt
pyraclostrobin
picoxystrobin
azoxystrobin
fluxapyroxad
prothioconazole

tebuconazole

FRAC Group
Qil

Qil

Qol

Qol

Qol

SDHI

Azole

Azole

Table 2: Fungicides tested in initial and confirmation
growth studies with their FRAC groups listed.

12



1 2 3 4 5 6 7 8 9 10 11 12
Inatreq | Adavelt | fluxa- pyrac- picoxy- prothio- azoxy- tebu- Inatreq: DMSO | DMSO | DMSO
pyroxad | lostrobin | strobin conazole | strobin conazole pyrac-
lostrobin mix
A 110 (ppm)
B |2
C |04
D |0.08
E | 0.016
F | 0.0032
G | 0.00064
H | 0.000128

Table 3: 96-well plate layout in initial and confirmation growth assays. Highlighted in red, “Inatreq: pyraclostrobin mix”, is the additional treatment
added to confirmation study, not included in initial study.

A B C D
Rate (ppm) uTC Inatreq pyraclostrobin 1:1 mix
Inatreq/pyraclostrobin
! 2
2 0.4
3 0.08
4 0.016
> 0.0032
6 0.00064

Table 4: 24-well plate layout in mixed population trial 5.

UTC | UTC | UTC | Inatreq | Inatreq | Inatreq | pyrac | pyrac | pyrac | Mix Mix Mix
Rep Rep Rep Rep 1 Rep 2 Rep 3 Rep1 | Rep Rep 3 | Rep Rep Rep

2 (ppm)
0.4

0.08
0.016
0.0032
0.00064
Empty
Empty

Table 5: 96-well plate layout for mixed population trial 5. Used to collect samples to run through the nephelometer after each
generation timepoint.
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‘Growth Rate (NTUs) vs. Time. Septoria isolates in DMSO. Experiment #1
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Graph 1: Results from initial growth study. Growth rate of ten isolates in turbidity (NTUs) at timepoints (Hrs.)

Mean IC50 value at 72hrs vs. Isolate mutants
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Graph 2: Results from initial growth study. IC50 values of eight fungicide treatments for ten isolates tested.
Fungicides tested are averaged in their fungicide groups. Isolates tested are averaged in their mutation type.
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Growth Rate (NTUs) vs. Time. Septoria isolates in DMSO. Experiment #2
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Graph 3: Results from confirmation growth study. Growth rate of four isolates in turbidity (NTUs) at timepoints
(Hrs.)

Growth rate (NTU) vs Time. Combined Results from Exp #1 and Exp #2. Septoria isolates used in Trials.
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Graph 4: Combined results from initial and confirmation growth studies. Growth rate of four isolates chosen for
mixed population trial in turbidity (NTU) at timepoints (Hrs.)
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Grouping

Time (Hrs) Isolate (0.05) LS Mean (NTUs)
0 37-16 A 3152.1667
716.3F.2.2 B 2135
IPO323 B 1562
WF.2.44 B 1329.6667
24 37-16 A 7918.3333
716.3F.2.2 A B 5425.3333
IPO323 B 4338.5
WEF.2.44 B 4101.6667
48 37-16 A 20748.167
IPO323 A 16143.5
WF.2.44 A 14567
716.3F.2.2 A 14165.333
72 37-16 A 44772.167
IPO323 A 39627.833
WF.2.44 A 37457.667
716.3F.2.2 A 34527.667
96 IPO323 A 54369.667
37-16 B 50896.667
716.3F.2.2 B C 50466
WEF.2.44 C 49349

Table 6: Results for confirmation growth study. Least Square Mean Students
T's statistical analysis for four isolates chosen. Similar letters are related in
statistical significance.

Mean IC50 at 72hrs vs. Isolate mutation
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Graph 5: Results from confirmation growth study. IC50 values for nine fungicide treatments in four isolates selected
from initial growth study. Fungicides tested are averaged in their fungicide groups.
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Treatments Grouping (0.05) Least Sq Mean (IC50 values)

Qol, Qo A 2.3222
Qil, Qi A B 1.8921
Qil, Qo+Qi A B C 1.51915
Qol, Qo+Qi B C D 1.1786
Azole, Qo+Qi B C D E 0.72745
Qil: Qol, Qo+Qi B C D E 0.4895
Azole, Qo C D E 0.1472
Azole, Qi D E 0.06985
Azole, wt D E 0.0454
Qil, wt D E 0.02445
SDHI, Qo+Qi C D E 0.0227
SDHI, Qi C D E 0.0181
SDHI, Qo C D E 0.0162
Qil: Qol, Qo C D E 0.0148
Qol, wt E 0.0113333
SDHI, wt C D E 0.0102
Qil: Qol, Qi C D E 0.0082
Qol, Qi E 0.0067
Qil: Qol, wt C D E 0.0064
Qil, Qo D E 0.0059

Table 7: Results from mixed population trial 5. Least square mean Students T’s test statistical analysis for IC50
values comparing each isolate and fungicide treatment.

1C50 concentration vs. Generation Time
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Graph 6: Results from mixed population trial 5. IC50 values vs Generation time for each fungicide treatment.



Fungal DNA Extraction with DNAzol

1.

w

10.
11.

Transfer one loop-size ball of yeast-like SEPTTR cells from a 4 to 7 day old SEPTTR plate (YMA media) to an orange-capped lysing
tube with 400uL of DNAzol. Lyse and homogenize the cells using a MP Fast-Prep 24 set at 4.0 for 20 seconds.

Incubate the tubes at room temperature for 5 minutes.

Add 400uL of chloroform, shake the tubes by hand and incubate at room temperature for 5 minutes.

Centrifuge the tubes at 12,000 xg (or maximum speed) for 10 minutes and transfer the aqueous phase (approx. 300ulL) to a new
1.5mL tube.

Add 300uL of 100% ethanol to these tubes.

Mix the contents by carefully inverting the tubes. Incubate the tubes at room temperature for 5 minutes (DNA should be visible
as small clumps in the solution).

Centrifuge the tubes at 5,000 xg for 5 minutes. Discard the supernatant. The pellet was visible at this point.

Wash the DNA pellet with 300uL of the DNAzol/ethanol mix, then centrifuge at 5,000 xg for 5 minutes. Discard the supernatant.
Wash the DNA pellet with 300uL of 75% ethanol, the centrifuge at 5,000 xg for 5 minutes. Discard the supernatant. Repeat this
step to wash off remaining DNAzol.

Quick spin the tubes and remove the remaining liquid. Let the tubes airdry for approx. 5 mins.

Resuspend the DNA with 50ul of ultra-pure water and keep in the refrigerator overnight to allow the DNA to resuspend. Next
day, store at -20C for long-term storage.

Figure 1: DNA Extraction Protocol
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Appendices

Appendix A: Methods and results for mixed population trials 1-4 are described here. The methods used
were the same for all four trials. The one difference being the medium type used in the second two
trials. In trials 1 and 2, YMP broth was used for all spore suspensions and testing. In trials 3 and 4, YPD
broth was used for all spore suspensions and testing.

The four isolates determined in growth studies 1 and 2; 37-16, IPO323, WF.2.44, and 716.3F.2.2,
were plated on YMA medium plates from vials stored in the -80C freezer. The plates were incubated for
five days in the 18C blacklight incubator. After five days, each isolate was transferred to new YMA plates
and grown for another five days. Each isolate plate was scraped using YMA or YPD media, a sample of
the suspension was diluted 10x using sterile DI water, and the spores in the sample were counted under
a microscope using a hemacytometer. 12 flasks were made for each generation; three replications for
the four fungicide treatments at one concentration each; UTC, Inatreq, pyraclostrobin, and Inatreq/pyrac
mix. A specific amount of each isolate (V2) was added to each flask to achieve the 1:1:1:1 mix of isolates
at 10° final concentration in 25mL solution. Example: 25mL x 1075 = 625,000 spores per flask. Isolate 37-
16 had 15,250,000 spores/mL. calculation 625,000/15,250,000 x1,000 = V2= 40.98ulL spore solution.
YMA or YPD media was added to each flask to reach the final 25mL volume. The fungicide treatments
were made at concentrations determined by 2x the IC50 values found in growth studies 1 and 2 (Table
8). 10mL of working stock for each fungicide were made at 0.1mg/mL concentration in DMSO. 250ulL
(1%) of those were added to each flask. 250uL DMSO was added to the UTC flasks. The flasks incubated
in a shaking incubator for 72hrs at 18C and 80rpm. After 72 hours, one rep of UTC from each treatment
was counted to ensure spore growth and then flasks were transferred to the next generation. 0.5mL of
the previous generation was transferred to the corresponding flask for the next generation, 24.5mL of
YMA or YPD media was added to the new generation flasks with 250uL of the respective fungicide
treatments. 1mL of the previous generation was saved for gPCR testing, stored in a -20C freezer.
Additionally, the rest of the contents of the flask were also saved in 50mL falcon tubes in the freezer, as a
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back-up culture. The new generation was put back in the same incubator, under the same conditions, for
another 72hrs. Six generations total were grown and stored in -20C freezer.

In trials 1 and 2, no sporulation occurred after the initial generation. The flasks were observed to
be cloudy during generation 1, then clear in the following generations. Spores were counted under the
microscope for trial 1 after the attempt was completed. The UTC flasks were counted, and spore
numbers were determined (Table 9). In trials 3 and 4, sporulation occurred through generation 2. In
generation 3 and after, only the UTC and Inatreq treatments grew as normal. The pyraclostrobin and
mixed treatments no longer had active growth occurring. The UTC and Inatreq treatments were
continued through generation 6 and growth was seen as expected. Trial results were not collected or
used.

R profile
Time
(hrs.) Value
Inatreq 72 IC50 0.0891 0.0167 0.998 1.6549
pyraclostrobin 72 IC50 0.0167 0.4596 5.00E-04 0.4744

Table 8: IC50 values selected for Inatreq and pyraclostrobin treatments in mixed population trials.

Generation: 1 2 3 4
Number of 1,900,000 1 0 0
spores:

Table 9: Results from mixed population trial 1. Number of spores observed in the UTC flask after each generation.

Appendix B: Methods and results for three growth condition experiments are described here. These
experiments were conducted to determine why mixed population trials 1 and 2 failed with no
sporulation after the initial generation.

Growth condition experiment 1 was started from the UTC mixed population spores from trial 1,
gen 1 that had been frozen and saved. The material of flasks and incubator shaking speed were the
variables being tested. The experiment was set up with two plastic flasks and two glass flasks, one of
each placed in two different incubators. Methods of preparation were the same way as for transferring
material from generation 1 to generation 2 in the original trials; 0.5mL of spore solution, 24.5mL of YMP,
and 250uL DMSO in each flask. All flasks, glass and plastic used YMP medium and were incubated in 18C.
One incubator set at 40rpm shaking and one incubator at 120rpm shaking. Spores were counted under
microscope using hemacytometer after both three days and five days (Table 10). The results concluded
that the spores in YMP broth were growing slower than the three days allowed in the original trial, more
growth after five days. There was more spore growth found in the glass flasks than the plastic. It was also
hypothesized that YMP broth may not be the right medium for Septoria spore growth.
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Growth condition experiment 2 tested similar conditions as experiment 1. The material of flasks
and the incubator shaking speed were again tested but using 150mL plastic Erlenmeyer flasks (upright)
instead of the 150mL flat-sided plastic flasks (flat), Testing methods were similar as above. The spores
used for this test were only wt isolate 184 made from a fresh culture plate. All flasks were autoclave
sterilized before use. Four plastic flasks and four glass flasks were prepared, two replications for each
incubator, shaking at 80rpm and 120rpm. The spore concentration added to each flask was 10° in a
25mL solution with 25uL of DMSO to mimic the methods in the original trial. Flasks were both incubated
at 18C, and spores were counted after three and five days (Table 11). The conclusion was made that
faster shaking at 120 rpm did not significantly increase spore production. The glass flasks may have had
some effect in improving sporulation compared to plastic, but that variable should not be relevant.
Plastic flasks are used regularly in academic and industry research to grow Septoria pathogen. It was also
confirmed that YMP broth is not suitable for spore growth and a new medium is needed.

In growth condition experiment 3, all plastic flasks were used. The variables tested were media
type, incubator temperature, and starting spore concentration. 16 flasks were prepared; two reps for
each treatment. The treatments were; YMP media and YPD media, starting at 10° and 10° spore
concentrations, tested in incubators set to 18C and 22C. Again, the spores tested were grown from the
wt 184 isolate, not a mixed population. The flasks were again prepared the same way as the original trial;
25mL solution in each flask and 25uL DMSO, half the flasks started at 10° concentration and half at 10°
concentration. Half of each of those flasks were prepared with YPD medium, and the other with YMP
medium. The flasks were incubated in two different incubators, both set at 80rpm shaking, one set to
18C and the other set to 22C. Number of spores were counted after three days and flasks were observed
for mycelium growth (Table 12). The conclusion was made that plastic flasks were fine for growing
Septoria pathogen and the problem had previously been the medium used. YPD was more suitable for
Septoria spore production. Either incubator temperature worked well in YPD broth, but less mycelial
growth was observed in 18C temperature environment. Starting the spore concentration at 10° may
create too abundant of spore growth for the ideal mixed population trial.

3 days Incubator No. of spores/mL
Glass flask 40 rpm incubator 600,000
120 rpm incubator 150,000
Flat plastic flask 40 rpm incubator 0
120 rpm incubator 0
5 days Incubator No. of spores/mL
Glass flask 40 rpm incubator 1,450,000
120 rpm incubator 550,000
Flat plastic flask 40 rpm incubator 600,000
120 rpm incubator 650,000

Table 10: Results from growth conditions experiment 1 — Spore counts/mL. YMP broth used.
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3 days Rep Incubator No. of spores/mL
Glass flask 1 80 rpm incubator 250,000
2 800,000
1 120 rpm incubator 400,000
2 200,000
Upright plastic flask 1 80 rpm incubator 150,000
2 50,000
1 120 rpm incubator 100,000
2 100,000
5 days Incubator No. of spores/mL
Glass flask 1 80 rpm incubator 2,700,000
2 6,200,000
1 120 rpm incubator 2,500,000
2 1,500,000
Upright plastic flask 1 80 rpm incubator 300,000
2 450,000
1 120 rpm incubator 100,000
2 150,000

Table 11: Results from growth conditions experiment 2 — Spore counts/mL. YMP broth used.

Temp Media Spore Conc. Rep No. spores/mL Mycelial Notes

22C YMA 10° 1 325,000 Some

2 150,000 Some
22C YMA 10° 1 2,475,000 A lot

2 3,125,000 A lot
22C YPD 10° 1 7,225,000 Very little

2 6,225,000 Very little
22C YPD 10° 1 11,175,000 Alot

2 11,200,000 A lot
18C YMA 10° 1 625,000 A little

2 350,000 A little
18C YMA 10° 1 5,200,000 A lot

2 5,700,000 A lot
18C YPD 10° 1 5,750,000 Very little

2 5,400,000 Very little
18C YPD 10° 1 14,250,000 Some

2 11,450,000 Some

Table 12: Results from growth conditions experiment 3 — spore counts/mL and mycelial observations.
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Appendix C: Methods and results for growth condition experiment 4 are described here. This test was
conducted as a design validation experiment to confirm the layout of treatments to use in mixed
population trial 5. 24-well plates were tested as a viable option instead of flasks, along with media and
antibiotics options.

This test was prepared using a mixed population isolate sample from Generation 3 of Trial 4, an
UTC sample. Four 24-well plates were set-up. Two using YPD medium and two using YMP medium. One
of each plate was incubated with shaking and one without shaking. % of each plate had antibiotic
streptomycin included in the treatments. All plates were prepared with a spore concentration of 10°.
1.5mL of spore solution was added to each well of each plate. Both growth incubators were set to 18C in
no light. The plates were incubated for three days, and number spores were counted (Table 13). The
results concluded that visually the YPD medium was cloudy while the YMP was clear, meaning no growth
observed in the YMP treatments. The use of antibiotics did not seem to affect spore production, so no
antibiotics were used in the mixed population trial to minimize reaction with the fungicide treatments.
YPD medium was again confirmed to be ideal for Septoria sporulation, as no spore production occurred
in YMP medium. The incubator set to shake or not shake did not seem to make a large impact on spore
production. The final growth conditions determined for mixed population trial 5 were; YPD medium, no
antibiotics added, incubated in conditions of 18C, in the dark, shaking at 80rpm.

Media Shaker Antibiotics Rep No. spores
YPD shaking w/ strep 1 1,775,000
2 1,675,000
YPD shaking without strep 1 3,400,000
2 4,900,000
YPD no shaking w/ strep 1 2,050,000
2 2,050,000
YPD no shaking without strep 1 1,225,000
2 2,100,000
YMP shaking w/ strep 1 250,000
YMP shaking without strep 1 150,000
YMP no shaking w/ strep 1 700,000
YMP no shaking without strep 1 675,000

Table 13: Results from growth conditions experiment 4. Number of spores/mL found in each treatment.
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