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Maize is an important food and fuel crop globally. Ear rots, caused by fungal pathogens, are some of the
most detrimental maize diseases, due to reduced grain yield and the production of harmfulmycotoxins.
Mycotoxins are naturally occurring toxins produced by certain fungal species that can cause acute and
chronic health issues in humans and animals that consumemycotoxin-contaminated grain. Pathogens
can infect the developing ear through silks, or through wounds in the ears produced by pests. Plants
naturally develop genetic resistance to pathogens. The maize genes involved in resistance to the path-
ogen may be different, depending on whether the ear was infected via silks or wounds. To differentiate
between these two forms of resistance, natural infections can be reproduced by injecting inoculum
through the silk channel, or by producing wounds using a needle, and introducing inoculum directly
onto developing ears. Our protocol describes a technique used to inoculate developing maize ears with
Fusarium graminearum, one of the fungal species that causes ear rot. We describe both silk channel and
side needle inoculation techniques. Our protocol uses a backpack inoculator for both methods of
infection, allowing for high-throughput inoculations, which are necessary for large field experiments.
After harvest, the ears are visually rated on a percentage of disease scale. The protocol results in
quantitative data that can be used for research on elucidating genetic resistance to fungal pathogens
to assist breeding selections, and to understand plant–pathogen interactions of ear rots in maize.

INTRODUCTION

Maize is used as food for humans, as well as feed for animals. Fungal ear rots affect maize yields by
reducing kernel size and by contaminating grain with harmful mycotoxins (Mueller et al. 2020).
Mycotoxins are naturally occurring compounds produced by certain fungi that can cause acute and
chronic health issues in humans and animals that ingest infected grain (Placinta et al. 1999; Richard
2000, 2007). If grain is infected by fungus that causes ear rots, and mycotoxins have accumulated, then
the grain must be culled or blended with clean grain to lower the amount of toxin present in the
finished product. One important ear rot disease is Gibberella ear rot, caused by Fusarium graminea-
rum. This fungus can infect maize ears through silks or wounds caused by pests. Evolutionarily, plants
develop genetic resistance to pests and pathogens, and one can infer that there are distinct differences
in genetic resistance for different infection routes (Sutton 1982; Schaafsma et al. 1997; Nerbass et al.
2015). Different inoculation methods can be used to parse out resistance for each infection type, by
infecting via silk channel or by creating wounds and introducing inoculum (Reid et al. 1992; Chungu
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et al. 1996; Reid and Hamilton 1996; Schaafsma et al. 1997; Nerbass et al. 2015). Ear rot resistance is
largely quantitative, meaning that resistance is conferred by many genes with mostly small effect sizes,
and to understand resistance, large experiments with many replications must be conducted (Poland
et al. 2009; Lipps et al. 2023; Sorensen et al. 2025, in this collection; St.Clair 2010). Field inoculations
are the preferred method for these experiments because of the typical large experimental size and
because plants must be grown to maturity to observe ear rot. Also, results from the greenhouse may
not match results from the field due to the impact environmental conditions have on disease severity.
Here, we present a protocol for studying ear rot caused by F. graminearum in maize on a large scale,
using both silk channel and side needle inoculation techniques.

The first challenge associated with conducting large-scale ear rot inoculations is to prepare ade-
quate inoculum. Thus, we developed a protocol for culturing the fungus that results in the production
of large quantities of macroconidia, which are the asexual structures of F. graminearum. This protocol
outlines the preparation of F. graminearum inoculum by growing the fungus on potato dextrose agar
(PDA) media for 5 days, and then culturing the inoculum in potato dextrose broth (PDB) for 3–14
days. The large range of days allows for flexibility during the field season, as inoculations are depen-
dent onmaize flowering time. The final spore suspension is created by plating the PDB culture on low-
strength PDA (LS-PDA) and incubating it for 48 h before flooding it with water and adjusting the
spore suspension to 1× 105 spores/mL (Moradi et al. 2017). LS-PDA is more dilute than PDA and
encourages fungal sporulation.

The next challenge for large-scale field trials is to deliver the inoculum to the growing maize shoot,
whether through the silk channel or side needle inoculations, in a high-throughput manner. We
describe two inoculation methods, silk channel and side needle, both of which use a backpack inoc-
ulator. Silk channel inoculations are conducted 1–6 days after the day when 50% of plants in the plot
have visible silks and involve injecting 2 mL of inoculum into the silk channel. The silk channel is the
space between the top of the ear and the upper end of the husk, where the silks emerge. Side needle
inoculations are done 10–15 days after the day when 50% of plants in the plot have visible silks by
puncturing the ear with an inoculator needle and injecting 1 mL of inoculum directly into the
developing kernels.

After harvest, ears are rated using a percentage scale and can be rated on a per-ear basis or averaged
on a per-plot basis. F. graminearum produces harmful mycotoxins, so it is important to wear appro-
priate personal protective equipment, including long sleeves, pants, and gloves throughout this entire
protocol to avoid being exposed to the toxin. This protocol is optimized for F. graminearum, but can
be adapted to other fungal ear pathogens such as Fusarium verticillioides or Aspergillus flavus, among
others. It is important to obtain and follow institutional biosafety guidelines for handling these
pathogens, as mycotoxins produced by these pathogens are a biosafety risk. In addition, proper
permits from Animal and Plant Health Inspection Service (APHIS) must also be secured before
conducting research with out of state isolates.

MATERIALS

It is essential that you consult the appropriate Material Safety Data Sheets and your institution’s Environmental
Health and Safety Office for proper handling of equipment and hazardous materials used in this protocol.

Biological Materials and Reagents
Agar (Fisher Scientific BP1423-500)
Bleach
Ethanol (70% v/v)
Fusarium graminearum isolate, preferably stored in glycerol

Isolates may be obtained by isolating from infected kernels or by receiving a pure culture from another researcher
or a culture collection. F. graminearum produces macroconidia; ensure the isolate acquired produces these
structures. Please see Summerell and Leslie (2006) for information on how to isolate Fusarium from infected plant
material.
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Maize
For guidance on field planting, please see Draves et al. (2025) in this collection. See Steps 22 and 23 in this
protocol to help determine the inoculation date for kernel puncture or silk channel inoculation. Begin inoculum
preparation (Steps 9–21) 11–22 days before the determined inoculation date.

Potato dextrose broth (BD Difco 254920)

Equipment and Supplies
Adjustable Dose Vaccinator Premium Pack, 5 mL/6 mL, Prima Tech (Neogen 29472), or equivalent
Aluminum foil
Backpack Pressure Sprayer, Solo (ULINE H-7986), or equivalent
Cheesecloth
Compound microscope
Erlenmeyer flask, 2 L
Female barbed hose fitting, 0.375 in inner diameter (Grainger 6AFN3), or equivalent
Funnel, large enough to hold up to 8 mL
Graduated cylinder, 1 L
Hemacytometer, Bright-Line (Sigma Aldrich Z359629), or equivalent
L-shaped glass spreader
Low Temperature Illuminated Incubator, Precision Scientific 818 , or equivalent
Male barbed hose fitting, 1 in inner diameter (Grainger 6AFL5), or equivalent
MaxQ 4000 Orbital Incubator Shaker (Thermo Scientific SHKE4000-7), or equivalent
Metal Hub Side Port Needle, 14-gauge (Luer lock) (Hamilton 773001), or equivalent
Petri dishes (150 mm× 15 mm)
Plumber’s tape
Reagent bottle with cap, autoclavable
Sterile scalpel
Stainless steel hose clamp (0.3125–0.625 in; Everbilt 6260294)

METHOD

Constructing the Backpack Inoculator

See Figure 1, A and B, for finished backpack inoculator.

1. Cut the base of the Solo Backpack Pressure Sprayer hose with a few inches still attached. Insert the
male barbed 1 in fitting into the hose.

2. Screw the female barbed 0.375 in fitting into the male fitting, using plumber’s tape to
prevent leaking.

3. Insert the barbed end of the female 0.375 in fitting into the adjustable dose vaccinator tubing.
Male and female barbed fitting diameters depend on the inner diameter of the tubing on the
selected backpack sprayer and vaccinator. Make sure to check the inner diameter to get correctly
barbed fittings.

4. Add the hose clamps to the outside of the hose where the barbed end is inserted to secure
the fitting.

5. Attach the metal hub side port needle, with Luer lock, to the vaccinator.
This system is not tolerant to high pressures produced by pumping the backpack, and the vaccinator uses a
siphon action to move inoculum. DONOT use the lever pump on the backpack to move inoculum or build
pressure.
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Preparing Plates and Broth

It is important to prepare all plates and broth with good sterile technique to prevent contamination.

6. Prepare potato dextrose agar (PDA) plates as follows:

i. Add 25 g of potato dextrose broth and 19.5 g of agar to 1 L of distilled water in a 2 L
Erlenmeyer flask.

ii. Autoclave for 22 min at 121˚C and 21 psi.

iii. Pour autoclaved PDA to a thickness of !1 cm (20–25 mL/plate) into sterile 100 mm× 150
mm Petri plates and allow to solidify before use.

Plates can be made ahead of time and stored for up to 1 year at 4˚C. If the plates are contaminated, do
not use them.

7. Prepare potato dextrose broth (PDB) as follows:

i. Add 25 g of potato dextrose broth to distilled water in a 2 L Erlenmeyer flask for a final
volume of 1 L.

ii. Autoclave for 22 min at 121˚C and 21 psi.

iii. Allow the broth to cool to room temperature before use.

A B

C D

FIGURE 1.A constructed backpack inoculator and demonstrations of kernel puncture and silk channel inoculations for
studyingmaize ear rots. (A) Operator wearing the constructed backpack inoculator. (B) Closeup of the tube connection
between the backpack sprayer and the vaccinator. (C ) Closeup of kernel puncture inoculation. (D) Closeup of silk
channel inoculation.
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PDB can be made ahead of time and stored for up to 6 months at 4˚C. If the broth is contaminated, do
not use it.

8. Prepare low-strength potato dextrose agar (LS-PDA) plates as follows:

It is referred to as low-strength because less potato dextrose broth is used compared to regular PDA.

i. Add 12.5 g of potato dextrose broth and 19.5 g of agar to 1 L of distilled water in a 2 L
Erlenmeyer flask.

ii. Autoclave for 22 min at 121˚C and 21 psi.

iii. Pour autoclaved PDA into 100 mm× 150 mm Petri plates to a thickness of !1 cm (20–25
mL/plate) and allow to harden before use.

Plates can be made ahead of time and stored for up to 1 year at 4˚C. If the plates are contaminated, do
not use them.

Culture Preparation

9. Take a scalpel and scrape a portion of the frozen macroconidia glycerol stock and place it on top
of a prepared PDA plate. Culture for 5 days at 25˚C under 12 h white light in a Precision Scientific
818 Low Temperature Illuminated Incubator.

It is important to not thaw the glycerol stock completely. Repeatedly freezing and thawing glycerol stocks
reduces the robustness of the frozen spores.

10. After 5 days, cut the agar with F. graminearum into 1 cm2 cubes with a sterile scalpel and carefully
transfer all of the agar cubes into 1 L of PDB in a large flask. Cover the flask entirely in foil to
maintain complete darkness and shake at 200 rpm for 3–14 days at 25˚C in theMaxQ 4000 orbital
shaker.

The scalpel can be sterilized through heat. Make sure to allow the scalpel to cool before cutting to prevent
killing the mycelium and spores.

Liquid cultures remain viable for spore production for 3–14 days, allowing the user to begin the remainder of
this protocol within that range. This range allows for flexibility with inoculation dates.

11. Trim the tips off 1000 µL pipette tips and autoclave the trimmed pipette tips for 20 min at 121˚C
and 21 psi.

12. Three days before you are ready to conduct inoculations, transfer 2 mL of the PDB culture to an
LS-PDA plate using the trimmed 1000 µL pipette tips. Use a sterile L-shaped glass spreader to
spread the liquid culture across the surface of the plate.

One plate of LS-PDA will yield !80–100 mL of 1× 105 spores/mL spore suspension. Kernel puncture
inoculations use 1 mL of inoculum at this concentration, and silk channel injections require 2 mL of inoc-
ulum at this concentration per ear. Plan accordingly for specific-sized experiments.

13. Dry plates in a biosafety cabinet for !10 min with lids lightly vented to allow excess moisture
to evaporate.

14. Incubate plates for 48 h at 25˚C under constant black light in an incubator such as a Precision
Scientific 818 Low Temperature Illuminated Incubator.

Making the Spore Suspension

15. Autoclave the following materials prior to preparing the spore suspension: cheesecloth, funnel
(choose an appropriately sized funnel to accommodate up to 8 mL of liquid), two large beakers,
20 µL pipette tips, L-shaped glass spreaders, an appropriately sized beaker for final suspension
volume, and 1 L of deionized water.

16. Line the autoclaved funnel with four layers of autoclaved cheesecloth, place the funnel inside an
autoclaved beaker, and then place the whole setup on ice to prevent spore germination.

17. Harvest spores by pouring 5–8 mL of autoclaved deionized water onto the 48 h LS-PDA plate. The
water should sit on the surface of the plate but not spill over the edges.
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18. Dislodge the spores using an autoclaved L-shaped glass spreader by gently scraping it across
the plate.

19. Pour the suspension through the cheesecloth-lined funnel into the beaker and keep it on ice.
Filtering concentrated spore suspension through multiple layers of cheesecloth prevents mycelia and agar
from clogging the inoculation system.

20. Quantify the concentration of the suspension in the beaker using a Bright-Line Hemacytometer,
or an equivalent hemacytometer, and compound light microscope (Fig. 2) as follows:

i. Pipette 10 µL of the spore suspension onto the hemacytometer slide and view under the
compound light microscope.

ii. Count conidia in the sectors with the large boxes in the four corners and take the average by
dividing by 4. Multiply that number by 104 to get spores/mL.

See Troubleshooting.
See Figure 2 for macroconidia in the hemacytometer.

21. Create a suspension diluted to 1× 105 spores/mL using the autoclaved deionized water and a 1 L
graduated cylinder. Store in an autoclaved, covered beaker (to prevent contamination) overnight
at 4˚C, and use for inoculum the next day.

Store the spore suspension either in a 4˚C refrigerator (that is dark when closed) or, if the refrigerator is not
dark when closed, cover the beaker with foil to protect the spore suspension from the light.

Determining Inoculation Date

Days to silking (DTS) is a term that indicates when 50% of the plants in a plot have visible silks, and it is determined by
visual evaluation. Inoculation dates are based on when the plot silks. See Figure 3 for images of ears with silks. It is
important to visually examine the plots every couple of days leading up to silking to accurately determine DTS.

22. For kernel puncture inoculation, choose a date that is 10–15 days after the DTS date.

23. For silk channel inoculations, choose a date that is 1–6 days after the DTS date.

Inoculations

24. Aspirate !500 mL of 70% ethanol through the backpack inoculator and allow it to dry.

100 !m

FIGURE 2. Fusarium graminearum macroconidia on a hemacytometer. F. graminearum diluted to 1×105 spores/mL
viewed with a compound light microscope. Scale bar, 100 µm. Conidia can be counted under the hemacytometer.
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25. Pour the 1× 105 spores/mL spore suspension into the backpack inoculator.

Extra inoculum can be stored for no more than 4 h on ice on the day of inoculation.

Proceed to Step 26 for kernel puncture inoculation and to Step 33 for silk channel inoculation.

Side Needle (Kernel Puncture) Inoculation

26. Set the vaccinator portion of the backpack inoculator to 1 mL per plant, and then calibrate by
ejecting into a graduated cylinder and ensuring 1 mL was released. If the volume is not 1 mL,
adjust the vaccinator until it accurately ejects 1 mL.

This volume can be used for inbred or hybrid ears.

27. Locate the midpoint between the ear base and tip on the primary ear.
The primary ear is typically the first one to develop and is the highest ear on the plant.

28. Adjust the needle perpendicular to the ear at the midpoint.

29. Puncture through the husk and !5 mm deep into the kernel.
It is important not to puncture the cob. Amark or a rubber stopper on the needle can be used to prevent this.
Do not peel back the husk leaves to expose the ear.

See Figure 1C for kernel puncture inoculation.

30. Slowly inject the entire 1 mL of inoculum into the punctured ear, making sure to avoid letting the
inoculum leak out of the puncture wound by injecting too quickly.

See Troubleshooting.

31. Gently remove the inoculator, minimizing wiggling side to side to avoid extra wounding of
the ear.

32. Once all inoculations have been completed, rinse the sprayer and components with a 10% (v/v)
bleach solution, followed by deionized water, and let dry.

Proceed to Step 36.

Silk Channel Inoculation

33. Locate the primary ear.
See note under Step 27.

A B

FIGURE 3. Developing maize ears at different ages. (A,B) Young silking maize ears 2–3 days after silking (A) and
10 days after silking (B).
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34. Put the inoculator needle into the silk channel from the top. The end of the inoculator should be
between where the silks exit the silk channel and the tip of the cob.

The spore suspension will enter above the cob and within the silk channel. Do not damage or puncture the
tip of the cob or the silk channel. Do not peel back the husk leaves to expose the ear.

See Figure 1D for silk channel inoculation.

35. Slowly inject two doses of 1 mL of spore suspension into the silk channel, for a total of 2 mL,
making sure to avoid overfilling the silk channel by injecting too quickly.

See Troubleshooting.

36. Rinse the sprayer and components with a 10% (v/v) bleach solution, followed by deionized water,
and let dry.

Ear Rot Disease Severity Ratings

37. Score visual symptoms 9 weeks after inoculation on ears using a 0%–100% scale with increments
of 5% (Robertson-Hoyt et al. 2006).

See Figure 4 for a sample of ears from a single plot inoculated via kernel puncture.

See Figure 5 for disease severity variation from resistant to susceptible with kernel inoculations.

Figure 6 shows example ears inoculated by kernel puncture versus silk channel injection.

See Troubleshooting.

FIGURE 4. Gibberella ear rot from kernel puncture inoculation. This figure shows the uniformity of Gibberella ear rot
from kernel puncture inoculation on eight maize ears from a single plot. All ears were taken from a single kernel-
inoculated plot.
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TROUBLESHOOTING

Problem (Step 20): Poor spore production is observed.
Solution: Ensure black lights are functioning correctly. Replace the black lights if they are old, as the

intensity of the light can decrease over time. Add pans of water to the incubator to maintain
humidity. Pouringmedia thicker than 1 cm in Petri dishes can also helpmaintain humidity. Make
sure the liquid culture is not too old. Some isolates require more or less than 48 h of incubation
(culture preparation; Step 14); test different incubation periods to find the ideal time for the best
spore production. There is variation among F. graminearum isolates in terms of spore production.
Choose an isolate that produces ample spores.

FIGURE 5. Gibberella ear rot severity. Variation was observed across different maize genotypes for Gibberella ear rot
severity following kernel inoculations. Each ear represents a different maize line with a different level of quantitative
resistance. All ears were kernel-inoculated.

FIGURE 6.Differences between silk and kernel inoculations. A representative silk-inoculated ear is shown on the left,
and a representative kernel-inoculated ear is shown on the right.
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Problem (Steps 30 and 35): Poor inoculum flow is experienced when attempting injections.
Solution: Examine equipment for clogging. Filtering concentrated spore suspension through multiple

layers of cheesecloth prevents mycelia and agar from clogging the inoculation system. Thoroughly
rinse the system before and after use, removing any debris.

Problem (Step 37): Poor disease development is observed.
Solution:

• For the kernel puncture inoculationmethod: F. graminearum isolates vary in aggressiveness. A pre-
experiment may be needed to determine whether a different isolate needs to be used. Escapes (no
disease in an inoculated ear) are common with ear rots. If a significant number of escapes are
observed, make sure the inoculum is being administered correctly. Angling the needle slightly
downward when doing a kernel injection can allow inoculum to remain in the ear tissue more
easily. Poor seed set, when no kernel formed or whenmany kernels were aborted, is not a symptom
of inoculation and indicates a stressed plant. During drought periods, overhead irrigation can
encourage disease development and mitigate drought stress.

• For the silk channel inoculation method: Escapes and lower disease severity are more common in
silk channel inoculations. Overhead irrigation can maintain humidity and encourage disease
development. Inject plants slowly; if you inject too quickly, inoculum will run out of the silk
channel, increasing the chance of an escape.

DISCUSSION

Fungal ear rots can cause grain losses in maize by destroying ears and producing harmful mycotoxins
that make grain unmarketable. Resistance mechanisms might differ depending on the method of
infection by the fungal pathogen, either through the silks or through wounds in the ears (Fig. 6). Our
protocol describes two inoculation methods that induce disease in a high-throughput manner using a
modified backpack sprayer and vaccinator. Deciding which method to use is dependent on the
purpose of the experiment and the environment being used for the trial. In our experience, silk
inoculations can be more dependent on favorable weather conditions to induce consistent disease
across the experiment. Visual ratings of disease severity are produced based on variation observed
among genotypes (Fig. 5) and can be used to investigate forms of genetic resistance. If an average
disease severity rating per plot is desired for analysis, add the ratings, and divide by the number of
rated plants per plot to get this value. During the analysis step, it is important to weight disease severity
estimates or predictors in amixed or fixedmodel by the number of ears evaluated per plot. Adding this
factor to the calculation is important, as some plots have fewer observations than others. Flowering
time can be included as a fixed linear covariate if it is strongly correlated with severity. If the
germplasm being evaluated has varyingmaturity rates, it can be beneficial to group or block genotypes
by flowering time to increase efficiency for inoculations. These methods have been used in previous
studies to characterize maize resistance to F. graminearum and its related mycotoxins (Lipps et al.
2022, 2023). Additionally, the inoculum preparation from this protocol was successfully applied using
multiple isolates of F. graminearum to evaluate wheat resistance to wheat head blight (Krone et al.
2024).
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