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Abstract

Management of Monilinia laxa, the causal agent of brown rot blossom
blight in almond (Prunus dulcis), relies heavily on the use of chemical
fungicides during bloom. However, chemical fungicides can have
nontarget effects on beneficial arthropods, including pollinators, and
select for resistance in the pathogen of concern. Almond yield is
heavily reliant on successful pollination by healthy honey bees (Apis
mellifera); thus, identifying sustainable, effective, and pollinator-
friendly control methods for blossom blight during bloom is desirable.
Flower-inhabiting microbes could provide a natural, sustainable form
of biocontrol for M. laxa, while potentially minimizing costly nontar-
get effects on almond pollinators and the services they provide. As
pollinators are sensitive to floral microbes and their associated taste
and scent cues, assessing effects of prospective biocontrol species on
pollinator attraction is also necessary. Here, our objective was to

isolate and identify potential biocontrol microbes from an array of
agricultural and natural flowering hosts and test their efficacy in sup-
pressing M. laxa growth in culture. Out of an initial 287 bacterial and
fungal isolates identified, 56 were screened using a dual culture plate
assay. Most strains reduced M. laxa growth in vitro. Ten particularly
effective candidate microbes were further screened for their effect on
honey bee feeding. Of the 10, nine were found to both strongly sup-
press M. laxa growth in culture and not reduce honey bee feeding.
These promising results suggest a number of strong candidates for
augmentative microbial biocontrol of brown rot blossom blight in
almond with potentially minimal effects on honey bee pollination.
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Monilinia spp. are necrotrophic fungal pathogens that result in

pre- and postharvest brown rot in a wide range of stone fruit crops

globally. Monilinia laxa, the causal agent of brown rot blossom

blight, causes severe damage to untreated almond (Prunus dulcis)

orchards in California. Infection occurs at bloom, when the highly

susceptible stigma, anthers, and petals become exposed as the flow-

ers open. Once infection occurs, the fungus will grow into the floral

tube, peduncle, and eventually, the shoot of the tree (Martini and

Mari 2014). Brown rot causes infected blossoms to turn dark brown

and wilt, and can be accompanied by fruit rot and reduced crop

yields. When the fungus reaches the shoot of the tree, a canker can

form that provides an overwintering site and source of secondary

inoculum the following year, as spores are released and subsequently

transferred to flowers and other tissues through wind or rain events

(Martini and Mari 2014).

Management strategies for control of M. laxa (hereafter, Monilinia)

rely heavily on use of chemical fungicides that primarily act as

demethylation (sterol) or quinone outside inhibitors (Haviland et al.

2021). The typical spray regimen practiced during almond bloom is

one fungicidal application at full bloom during years with low rain-

fall or two fungicidal applications, at pink bud (5 to 10% bloom)

and full bloom, when Monilinia risk factors are high, i.e., a wet

spring or severe infections during the previous growing season

(Haviland et al. 2021). In addition, 77% of the world-market for

fungicides consists of six classes with single-target–site activity.

The heavy use of fungicides with limited modes of action in pest

management practices can lead to increased resistance in pathogen

strains. Resistance to these major classes of fungicides has already

been observed across several major crop pathogens (Fones et al.

2020). Monilinia isolates exhibiting varying levels of resistance to

fungicides have been found in field tests of almond and other stone

fruits (Eg€uen et al. 2016; Ma et al. 2005; Malandrakis et al. 2012;

Ogawa et al. 1984).

Not only can pathogens develop resistance to fungicides, but fun-

gicide application can also negatively affect the health of farm work-

ers, pesticide applicators, consumers, and the environment (Oruc

2010). For example, there is growing evidence that fungicide use has

negative effects on commercial and natural pollinator populations,

upon which almond production is heavily reliant. Fungicide exposure

has been shown to alter the composition of fungi associated with bee

bread in honey bees (Yoder et al. 2013), disrupt larval or pupal

development, and ultimately reduce colony size (Mussen et al. 2004;

Steffan et al. 2017). Fungicides can also act in synergy with other

pesticides, increasing toxicity toward pollinators as well as increase

pollinator susceptibility to disease (Fisher et al. 2017; Iverson et al.

2019; Johnson et al. 2013; Pettis et al. 2013; Wade et al. 2019).

These concerns have led to a growing interest in more sustainable

forms of pathogen management, including microbial biocontrol.

Microbial biocontrol involves the use of endophytic and/or epi-

phytic microorganisms to enhance plant resistance to diseases (Busby

et al. 2016; De Silva et al. 2019). Potential biocontrol agents can act

to reduce damage from plant pathogens through a variety of mecha-

nisms, including resource competition, antimicrobial production,

mycoparasitism, and induction of plant defense systems (De Silva

et al. 2019; K€ohl et al. 2019; Latz et al. 2018). Microbial biocontrol
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can be used both pre- and postharvest to combat pathogens and con-

taminants that can have detrimental effects in crop production,

thereby reducing reliance on chemical pesticides. In addition, some

microbial biocontrol agents have the potential to provide benefits to

the plants and increase crop success (Sellitto et al. 2021). Biocontrol

studies of Erwinia amylovora, causal agent of fire blight in pome

fruits, suggest that preharvest application of biocontrol agents to blos-

soms during early bloom provides the best opportunity for control of

E. amylovora and other floral pathogens (Johnson and Stockwell

1998). As antagonistic microbes colonize susceptible plant tissues,

their establishment and competition for nutrients can prevent patho-

gen invasion, an important primary mechanism of combatting

necrotrophic pathogens (Busby et al. 2016). Similar biocontrol meth-

ods have also been used to combat diseases caused by other Monilinia

species. For example, Bacillus subtilis and Pantoea agglomerans have

been shown to suppress mummy berry disease in blueberries, caused

by Monilinia vaccinii-corymbosi (Ngugi et al. 2005; Scherm et al.

2004; Thornton et al. 2008). Successful use of antagonists in pome

and blueberry flowers suggests that biocontrol microbes should be

examined for control of Monilinia in almond blossoms.

Despite the potential for pathogen suppression, application of bio-

control agents during bloom has the potential to impact pollination

services, as microbes have been shown to influence pollinator forag-

ing behaviors (Vannette 2020). Honey bees, the primary pollinators

of almond orchards, can be deterred from visiting food sources by

the growth of some, but not all, microbial species in nectar (Good

et al. 2014; Rering et al. 2018, 2020). The behavior of other floral

visitors, including bumble bees which also pollinate almonds, can be

affected by microbial colonization of flowers (Herrera et al. 2013;

Junker et al. 2014; Russell and Ashman 2019; Schaeffer et al. 2019).

Behavioral responses are driven in part by chemical cues emitted

from plants and/or microbes and can vary based on sensory modality

(i.e., gustatory versus olfactory; Schaeffer et al. 2019; Sobhy et al.

2018) or context (Schaeffer et al. 2020). Assessing the impact of

microbe presence on flower attractiveness to pollinators is therefore

vital for understanding how application of biocontrol agents affects

pollinator systems; however, effects on pollinator foraging preferen-

ces are rarely examined.

To test the hypothesis that flower-inhabiting microbes can act as a

form of sustainable biocontrol against the causal agent of brown rot

blossom blight, our objectives were to isolate and identify potential

biocontrol agents from natural and agricultural flower populations,

test candidate isolates for efficacy in suppressing Monilinia growth

in culture, and screen candidate biocontrol agents for their impacts

on pollinator (honey bee) behavior and potential attractiveness using

a laboratory assay. Here, we identify microbial species that reduce

the growth of Monilinia with no reduction in honey bee feeding

preference.

Materials and Methods
Isolation and identification of flower-inhabiting microbes.

Almond flowers were collected during the spring of 2016 from 15

almond orchards distributed across multiple counties of the San

Joaqu�ın Valley of California, including orchards managed using con-

ventional and organic practices. Flower tissues (e.g., anther, stamen,

petals) were dissected under clean laboratory conditions, plated on

potato dextrose agar (PDA) medium, and maintained at 25�C for 5

to 10 days. Fungal and bacterial colonies were transferred to new

PDA plates to obtain pure cultures and conserved in sterile distilled

water. A representative M. laxa isolate was obtained from flowers

exhibiting blossom rot symptoms. Additional agricultural isolates of

potential antagonists were collected from apple and pear orchards in

Yolo and Solano counties in California. To increase the diversity of

microbial isolates tested, and address whether agriculturally isolated

microbes may act as better suppressors ofMonilinia than novel, natu-

rally occurring microbial isolates were also collected from the native

plant species Epilobium canum (Onagraceae) and Mimulus aurantia-

cus (Phyrmaceae) as well as from floral visitors including honey bees

and bumble bees in Yolo and Solano counties in California. Microbial

isolation from apple, pear, and native flowers used the same process

of flower dissection used in the collections from almond blossoms

above, but plated on yeast media agar, Reasoner’s Agar supplemented

with 20% sucrose, and Luria-Bertani (LB) agar to isolate fungi and

bacteria, respectively. Additional strains that colonize plant surfaces

or flower-visiting insects were also sourced from the Phaff Yeast

Culture Collection (https://phaffcollection.ucdavis.edu/; Table 1).

A subset of the microbial strains isolated from almond, which

were morphologically identified as similar to known biological con-

trol agents, were selected for subsequent in situ analysis and

sequencing via amplification of a conserved rRNA region by PCR.

Additionally, all isolates from nonagricultural flowers and apple and

pear orchards were sequenced for species identification. For fungi,

the internal transcribed spacer (ITS) region was amplified and

sequenced using primers ITS1 and ITS4 (Mitchell et al. 1994). Bac-

terial 16S regions were amplified using the 27F and 907R or 1492R

primer pair (Lane et al. 1985; Mao et al. 2012). In short, microbial

isolates were suspended in PCR grade water and 1 ll of microbial

suspension was placed into a PCR tube containing Choice Taq Blue

Mastermix (1.5 mM MgCl2, 2×), primers for the associated target

(as listed above), and nuclease-free PCR-grade water. The PCR reac-

tions were run in a thermocycler (Bio-Rad, Berkeley, CA) and pro-

grammed according to isolation target. PCR of bacterial isolates was

programmed for initial denaturation at 95.0�C for 3 min, followed

by 30 amplification cycles including denaturation at 95.0�C for 30 s,

annealing of primers at 51.0�C for 30 s, extension at 72.0�C for

2 min, and ending with a final extension at 72.0�C for 10 min. PCR

of yeast isolates was programmed for initial denaturation at 94.0�C

for 3 min, followed by a touchdown procedure with 10 cycles con-

sisting of denaturation at 94.0�C for 30 s, annealing of primers at

56.5�C for 30 s (decreasing in 0.5�C increments from 56.5 to

51.5�C), and elongation at 72.0�C for 45 s, followed by 20 cycles of

amplification with denaturation at 94.0�C for 30 s, annealing at

51.5�C for 45 s, and extension at 72.0�C for 45 s, with a final exten-

sion at 72.0�C for 10 min. Finally, PCR of filamentous fungal iso-

lates was programmed for initial denaturation at 94.0�C for 1 min,

followed by 35 cycles of amplification with denaturation at 94.0�C

for 30 s, primer annealing at 51.0�C for 20 s, and extension at

72.0�C for 1 min, followed by a final extension at 72.0�C for 8 min.

All PCR products were held at 4�C before sequencing and storage at

−20�C. Amplicons were sequenced using Sanger sequencing and

BLAST searches were used to identify isolates (Supplementary Table

S1). Strains for subsequent experiments were chosen to maximize the

taxonomic diversity typically found on flower surfaces and in nectar.

Antagonist activity. A subset (56) of the identified microbial iso-

lates (Table 1) from 15 different genera were selected to be tested

for antagonistic activity. Multiple isolates were chosen from the

Aureobasidium, Bacillus, Epicoccum, and Penicillium genera, based

on their prevalence on almond trees and their use as biocontrol agents

in other crop species (De Cal et al. 2009; Fan et al. 2017; Guijarro

et al. 2019; Holb and Kunz 2013; Madrigal et al. 1994; Mari et al.

2007, 2012; Pusey et al. 1988). Additional isolates were chosen to

increase genera diversity and have relatively equivalent distribution

between agricultural and natural isolates. These included microbes

isolated from the stigma of blossoms, the initial site of Monilinia

infection (Martini and Mari 2014), as well as from common insect

visitors to almond blossoms, which would be hypothesized to have

limited nontarget effects on visiting pollinators. Antagonistic activity

of selected bacteria and fungi (Table 1) was tested using a dual cul-

ture technique in Petri dishes filled with PDA medium. To establish

the pathogen, a mycelial plug (5 mm in diameter) of M. laxa was

placed in the center of a 90-mm Petri dish, then two plugs of each

putative antagonist were placed opposite of each other, such that there

was 30 mm between each antagonist plug and the pathogen. Plates

inoculated with only the pathogen served as controls. Filamentous

fungi, including M. laxa, were allowed to grow for 8 to 12 days

before use in the assay to ensure active growth. Bacteria and yeast

isolates were allowed to grow overnight and then suspended in a

phosphate-buffered saline solution and replated as “lawns” that were

allowed to grow for 24 to 48 h before plugs were taken for use in the
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assay. Dual culture assays were incubated at 25�C for up to 14 days.

All species were replicated a minimum of four times, with higher rep-

licates performed for species with variable growth (Table 1).

After incubation, plates were photographed and Monilinia growth

area was measured in both control and experimental dishes using the

ImageJ program FIJI (Schindelin et al. 2012). Percent Monilinia

growth inhibition caused by each candidate antagonist was calculated

by dividing the difference between the treatment growth area and the

average control growth area by the average growth area in the paired

control treatment. Additionally, for each experimental dish the inhibi-

tion halo was measured by subtracting the diameter of the Monilinia

culture from the total distance between the two antagonist cultures.

Pollinator feeding preference. The effect of candidate microbes

on honey bee feeding behavior was assessed using a capillary feeder

(CAF�E) assay (Supplementary Fig. S1; Reade et al. 2016). Ten can-

didate isolates were chosen from the seven species that resulted in

>50% Monilinia growth reduction, with high performing isolates

(e.g., Ba114) selected for species in which more than one isolate was

tested and at least one isolate selected from each species to increase

species level representation when examining effects of pollinator

preference. Microbial suspensions (optical density [OD] = 0.1) were

prepared in a 30% sucrose solution with the exception of Epicoccum

nigrum isolate KARE781, for which a mycelial plug was placed in

the sucrose solution. We chose to use a 30% sucrose solution, which

represents a higher sugar concentration than most almond nectar, to

maximize honey bee feeding attempts in this lab assay. Suspensions

were incubated at 25�C for 48 to 72 h before use in the CAF�E assay.

Honey bee foragers were collected during flight as they returned to

hives at the UC Davis Laidlaw Honey Bee Research Facility (Davis,

CA). Individual bees were restrained in microcentrifuge tubes (Sup-

plementary Fig. S1a), fed ad libitum with a 30% sucrose solution,

and starved overnight for 16 h in the dark at 25�C. Starved bees

were tested for a proboscis extension response to the 30% solution

before being used in the assay by tapping the antenna with the feed-

ing solution, so that only bees that responded to the stimuli were

used in the behavioral assays. Honey bees were then placed in vials

(diameter = 26 mm; height = 50 mm) with perforated lids to allow

for flow of oxygen. Two 100-ll capillary tubes, which were bent at

�25 and 30 mm to create a U-shape with another bend at 55 mm,

were placed into holes in the bottom of the vial spaced 12 mm apart

and equidistant from the edge of the vial (Supplementary Fig. S1b).

One capillary tube contained a control 30% sucrose solution, while

the other contained the microbial suspension. Honey bees were

allowed to feed for 3 h and the volume of sugar solution consumed

was measured every half-hour, with feeding solutions refilled as

needed. Evaporation controls were set up in the same manner, except

that they lacked introduction of a honey bee. This allowed us to

account for potential reductions in volume over the course of the 3-h

assay stemming from evaporation. Trials were run until there was a

minimum of 10 replicate bees for each microbe (n = 10 to 14). Extra

replicates were set up to account for potential loss of replicates from

bees dying during experiment, failing to feed, or bodily contact with

the capillary tube leading to reduction in volume not associated with

feeding. Any replicate that had the same or less combined feeding

solution loss as the evaporation control (resulting from bee death,

consistent lethargy, or other conditions as described above) was

excluded from analysis. Treatment orientation and filling order (con-

trol versus treatment) were randomized for each trial and also

recorded, but neither variable affected honey bee consumption (P >

0.05), and therefore were excluded from final analysis.

Statistical analysis. All statistical analyses were performed in

the program suite R Studio using R v.3.6.2 (R Core Team 2019).

Antagonist activity. To determine if any factors (i.e., microbial

kingdom, microbial source [i.e., agricultural versus natural], genus,

Table 1. Candidate biocontrol agents tested for antagonist effect against Monilinia laxa, the causal agent of brown rot blossom blight in almonda

Genus Speciesb Kingdom Strain ID(s)
Isolation
category

Isolation
source

Acinetobacter nectaris (n = 12) Bacteria EC_033 Natural Epilobium canum

Aureobasidium pullulans (n = 5) Fungi A17, A23, A27, A33, A51 Agricultural Prunus dulcis

Unknown (n = 7) Fungi A1, A7, A13, A37, A39, A41, A45 Agricultural P. dulcis
Bacillus subtilis (n = 15)c Bacteria Ba76, Ba95, Ba114, Ba123, Ba125 Agricultural P. dulcis
Candida bombi (n = 17) Fungi UCDFST 02-329 Natural Apis mellifera

magnoliae (n = 17) Fungi UCDFST 02-257 Natural A. mellifera
rancensis (n = 17) Fungi UCDFST 02-252 Natural A. mellifera

Cryptococcus carnescens (n = 16) Fungi EC_072 Natural E. canum
victoriae (n = 19) Fungi Muller_Con_Int_N_Y1 Agricultural P. dulcis

Epicoccum nigrum (n = 48)c Fungi KARE627, KARE661, KARE661R, KARE685,
KARE702, KARE721, KARE723, KARE758,
KARE758R, KARE768, KARE769, KARE780,
KARE781, KARE802, KARE806, KARE839

Agricultural P. dulcis

Hanseniaspora uvarum (n = 15) Fungi Asa_Int_AS_Y1 Agricultural P. dulcis
Lachancea thermotolerans (n = 10) Fungi UCDFST 68-140 Natural Apidae
Metschnikowia koreensis (n = 14) Fungi EC_061 Natural E. canum

pulcherrima (n = 14) Fungi Asa_Edge_AS_Y2 Agricultural P. dulcis
reukauffii (n = 14) Fungi EC_052 Natural E. canum

Meyerozyma guilliermondii (n = 10) Fungi UCDFST 02-286 Natural A. mellifera
Neokomagataea thailandica (n = 16) Bacteria EC_112 Natural E. canum
Penicillium brevicompactum (n = 4) Fungi KARE755 Agricultural P. dulcis

chloroleucon (n = 4) Fungi EC_084 Natural E. canum
polonicum (n = 8)d Fungi KARE754 (M1), KARE754 (M2) Agricultural P. dulcis

Pseudomonas fluorescens (n = 16) Bacteria P8_P_B3 Agricultural Pyrus communis

graminis (n = 10) Bacteria P2_P_B2 Agricultural P. communis
migulae (n = 12) Bacteria P8_P_B1 Agricultural P. communis
veronii (n = 10) Bacteria MAV_P_B1 Agricultural Malus ×

domestica

Starmerella bombicola (n = 10) Fungi UCDFST 02-305 Natural A. mellifera
Zygosaccharomyces rouxii (n = 13) Fungi UCDFST 68-105 Natural A. mellifera

a Candidates are a subset of all microbial strains identified in preliminary isolation efforts. Strain IDs in bold were sourced from the Phaff Yeast Culture
Collection at UC Davis (UCDFST).

b More replicates were performed on strains that exhibited variable levels of growth.
c Each B. subtilis (5) and E. nigrum (13) strain was replicated three times and overall effects across all strains as well as effects of individual strains on
Monilinia growth were examined.

d Each P. polonicum (2) strain was replicated four times and overall effects across both strains on Monilinia growth were examined.
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species, and experimenter) had a significant effect on Monilinia

growth inhibition, a stepwise linear regression was used for model

selection (function ‘stepAIC’ in the software package “MASS”;

Venables and Ripley 2002). After species was found to be the only

significant factor, the stepwise linear regression was followed by a

linear regression model with species as the explanatory variable

(function ‘lm’ in the software package “stats”; R Core Team 2019).

To assess which species significantly reduced Monilinia growth, the

effect of each species was assessed by comparing Monilinia growth

area in dual culture assays to control growth area using a t test fol-

lowed by a Bonferroni corrections to correct for multiple testing

(function ‘p.adjust’ in the program package “stats”).

For each species, we assessed if inhibition halo measurements

were significantly greater than zero using a one-tailed t test (function

‘t.test’ in the program package “stats”). Bonferroni corrections were

applied to correct for multiple comparisons.

For species in which multiple isolates were replicated (B. subtilis

and E. nigrum), among-isolate variation in percent growth inhibition

and inhibition halo measurements was examined using one-way anal-

ysis of variance followed by a posthoc Tukey-Honest Significant

Difference test (functions ‘aov’ and ‘TukeyHSD’, in the program

package “stats”).

Pollinator feeding preference. To assess if microbial candidates

affected honey bee consumption of a 30% feeding solution, the

effect of microbial presence was assessed by comparing consumption

of the microbial suspension to the control sucrose solution using a

paired Student’s t-test. Bonferroni corrections were applied to correct

for multiple testing. To examine if there was a significant difference

in overall consumption in the CAF�E assay across microbial candi-

dates, a one-way analysis of variance was used followed by a post-

hoc Tukey honestly significant difference test.

Results
Isolation and identification of flower-inhabiting microbes. A

total of 287 microorganism isolates were collected from agricultural

and natural flowering populations. Microbial isolates isolated from

almond flowers included 88 E. nigrum, 57 Aureobasidium, three

Penicillium, three Cryptococcus (Vishniacozyma), one Hansenias-

pora, one Metschnikowia, and 73 putative Bacillus isolates. Addi-

tional agricultural isolates were collected from apple and pear

orchards and included isolates from the genera Acinetobacter,

Aureobasidium, Bacillus, Cryptococcus (Vishniacozyma), Erwinia,

Metschnikowia, Meyerozyma, Pantoea, Penicillium, Pseudomonas,

and Rhodotorula. Fungal genera represented by natural microbial

isolates included single isolates of Aspergillus, Aureobasidium,

Candida, Cladosporium, Cryptococcus, Debaryomyces, Lachancea,

Metschnikowia, Meyerozyma, Naganishia, Penicillium, Starmerella,

and Zygosaccharomyces, while bacteria were represented by the

genera Acinetobacter, Bacillus, Micrococcus, Neokomagataea, and

Rosenbergiella.

Antagonist activity. Percent growth inhibition. The majority of

isolates tested (Table 1), from both natural and agricultural flower

populations, reduced the growth ofMonilinia on plates but varied sub-

stantially in the extent of suppression (Fig. 1; Supplementary Fig. S2).

A linear regression revealed that microbial species (F25,338 = 18.36,

P < 0.0001) differed in their effects on Monilinia percent colony

growth, while other factors such as genera and isolation source did not

significantly contribute to variation in growth. Sixteen species (61.5%

of total tested) significantly reduced Monilinia growth. Species from

both agricultural and natural sources within the generaMetschnikowia

and Penicillium significantly reduced Monilinia growth (Table 1;

Fig. 1). Notably, within some microbial genera, species varied to a

great extent in percent growth inhibition (e.g., Pseudomonas), whereas

in others (e.g., Cryptococcus and Penicillium), microbial effects on

Monilinia growth were similar across species (Fig. 1).

Inhibition halo. In contrast to percent growth reduction, only

three species (11.5% of total tested) produced significant inhibition

halos (Fig. 2). The largest inhibition halos averaged over 1 cm and

were produced by E. nigrum and B. subtilis isolates (Fig. 2;

Supplementary Fig. S3). Of these, only the Penicillium species iso-

lated from a nonagricultural source created significant inhibition

halos. Notably, some of the isolates that were most effective at

reducing colony growth on plates, including Pseudomonas veronii

and E. nigrum isolates KARE768 and KARE769, did not produce

inhibition halos (Figs. 1 and 2; Supplementary Figs. S2 and S3).

Variation within species. Isolates of E. nigrum varied in effects

on M. laxa colony growth inhibition (Supplementary Fig. S2) and

Fig. 1. Percentage of relative growth inhibition of Monilinia laxa imposed by can-
didate microbial species. Significant differences in M. laxa growth between con-
trol and dual culture plates were analyzed using a Student’s t-test and adjusted
for multiple testing using Bonferroni corrections (*P < 0.05, **P < 0.01, ***P <
0.001). The black diamond indicates the mean value for individual isolates within
a species. All other points indicate individual replicates including multiple isolates
tested within a species.

Fig. 2. Growth inhibition halo measurements of candidate microbial isolates
against Monilinia laxa (microbe ordering consistent with Fig. 1). Significant differ-
ences in inhibition halo measurement from zero were analyzed using a Student’s
t-test and adjusted for multiple testing using Bonferroni corrections (*P < 0.05,
**P < 0.01, ***P < 0.001). The black diamond indicates the mean value for
individual isolates within a species. All other points indicate individual replicates
including multiple isolates tested within a species.

Plant Disease / February 2022 435



isolates of both E. nigrum and B. subtilis varied in inhibition halo

(Supplementary Fig. S3). Isolate Ba95 produced the largest inhibition

halo, averaging a little over 2 cm, and was significantly different

from the other B. subtilis isolates that all exhibited inhibition halos

�1 cm.

Pollinator feeding preference. Of the 10 candidate isolates

tested, only Aureobasidium pullulans (A17) significantly affected

honey bee feeding preference and elicited an aversive response to

the microbe-containing feeding solution (Fig. 3). Additionally, no

candidate microbes significantly increased or decreased overall

feeding rates (Supplementary Fig. S4).

Discussion
Here, we identify flower-inhabiting microbes that have significant

antagonistic effects on the almond pathogen Monilinia using in vitro

assays. Of particular note are B. subtilis (Ba95) and E. nigrum

(KARE661, KARE792, KARE780, and KARE781), which produced

large inhibition halos, suggesting that these isolates may produce

antimicrobial compounds that limit the growth of Monilinia (Supple-

mentary Fig. S3). B. subtilis has been previously shown to produce a

wide range of antimicrobial compounds that can be used in combat-

ting plant pathogens (Caulier et al. 2019; Fan et al. 2017; Ongena

and Jacques 2008), including Bacillomycin D, which has exhibited

antifungal properties against Aspergillus flavus on corn crops (Gong

et al. 2014). Additionally, the known ability of B. subtilis to produce

biofilms makes it an excellent candidate for use in biological con-

trol (Branda et al. 2001). A 2017 review suggests that the ability

to produce biofilms may make certain microbes more suitable for

biocontrol as biofilms are stress-tolerant, adept at microbial commu-

nication, competitive for resources, capable of upregulating antimi-

crobial production, and can induce beneficial responses in plants

in either defense or stimulated growth (Pandin et al. 2017). In

vitro tests are often useful screening methods and can identify

effective strains for further commercial development, but addi-

tional field trials will be required to confirm efficacy under realistic

field conditions (Bouaichi et al. 2019; Gerami et al. 2013; Mercier

and Lindow 2001).

While the strains outlined above significantly suppressed Monilinia

growth and produced inhibition halos, some isolates only sup-

pressed Monilinia growth (P. veronii: MAV_P_B1, and E. nigrum:

KARE754(M1), KARE754(M2), KARE755, KARE768, and

KARE769; Figs. 1 and 2; Supplementary Figs. S2 and S3). The lack

of inhibition halos suggests that these strains may act as substrate

competitors instead of directly suppressing Monilinia via antimicro-

bial production. Supporting either substrate or space competition, we

observed that these antagonist strains exhibited faster growth and

greater plate colonization than Monilinia in the dual culture assay. In

previous work, Pseudomonas species have been shown to be effec-

tive competitors for limiting nutrients. Indeed the production of iron-

sequestering siderophores can reduce the growth of several plant

pathogens in in vitro (Gupta et al. 1999), soil- (Elad and Baker 1985)

and plant-based trials (Cabrefiga et al. 2007; Duijff et al. 1993).

Notably, competition for nutrients has been proposed as a better

method of suppression of necrotrophs that utilize resources from dead

plant tissues, like Monilinia, than other antagonistic actions such as

antibiosis or mycoparasitism, which may work better at suppressing

biotrophic pathogens, which parasitize living cells (Busby et al.

2016). This could explain why we observed significant growth inhi-

bition among many isolates tested, despite few producing an inhibi-

tion halo, and suggests that strains that did not produce an inhibition

halo could be included in future field trials. Comparing modes of

action among species and the relative efficacy of multiple modes of

action in field trials may be a promising future direction.

To date, most microbes targeted for biocontrol have originated

from agricultural systems. In our study, agricultural isolates produced

the highest percent growth inhibition, but natural isolates tested were

also effective, accounting for 37.5% of the isolates that produced a

significant reduction in Monilinia growth. Additionally, there was

also no significant effect of isolation source on antagonistic activity

in our analysis. This suggests that naturally occurring microbes could

be an untapped resource for biocontrol strategies. However, our sam-

pling strategy was limited in its ability to test this hypothesis fully.

The genera Bacillus and Aureobasidium were particularly effective

but isolates from agricultural rather than natural populations were

used to prioritize taxonomic breadth rather than extensive examina-

tion of among-isolate variation. As a result, we suggest that addi-

tional sampling and experimental assays, including additional species

and isolates within species, would be required to provide a more

complete test of this hypothesis. In addition, field trials are also

required to test the prediction that microbes isolated from orchard

environments are better able to establish and persist in agricultural

environments with associated chemical applications.

Our study employed the novel use of the CAF�E assay to predict

potential nontarget effects of microbes on pollinator food choice.

Our results suggest that most candidate microbes effective in reduc-

ing Monilinia growth have minimal effects on honey bee feeding.

In contrast, one Aureobasidium isolate reduced honey bee feeding,

as documented in Rering et al. (2018), so we suspect that use of

Aureobasidium could reduce honey bee foraging and pollination.

However, relating bee behavior to pollination services is complex as

pollination success is the result of series of factors including pollinator

preference and aversion to a variety of signals, so field trials to exam-

ine pollination outcomes would also be useful to confirm this predic-

tion. One additional consideration in the use of biocontrol agents,

particularly those that may be considered for bee vectoring (Mom-

maerts and Smagghe 2011; Shipp et al. 2008), is direct effects of can-

didate isolates on pollinator survival and reproduction. For microbial

species in our study, our preliminary observations suggest that Peni-

cillium isolates do not grow in culture at 35�C (data not shown), the

approximate temperature inside honey bee hives, suggesting that

even if introduced to the hive they would experience little to no

growth and therefore would have minimum impacts on brood health.

However, for any biocontrol agents for which field efficacy is estab-

lished, an assessment of effects on pollinator health is recommended.

In conclusion, our results revealed several species with strong

antagonistic abilities to combat M. laxa in vitro and minimal impact

on adult honey bee preference. The ability of some isolates, like

Fig. 3. Choice test between 30% sucrose control and 30% sucrose inoculated
with microbial antagonist: Aureobasidium pullulans (A17 and A33), Bacillus subti-
lis (Ba95 and Ba114), Penicillium chloroleucon (EC84), P. polonicum (KARE754
[M1] and KARE754 [M2]), P. brevicompactum (KARE755), Epicoccum nigrum
(KARE781), and Pseudomonas veronii (MAV_P_B1). Significant differences in
feeding between control and microbe solutions were analyzed using a paired
Student’s t-test and adjusted for multiple testing using Bonferroni corrections
(** P < 0.01).
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B. subtilis Ba114, to produce both an inhibition halo and a large

reduction in Monilinia growth suggest that it may be a strong candi-

date as a biological control agent. Additionally, three of the most

effective species have previously been examined as effective biocon-

trol against Monilinia species in different crop species (sour cherry,

peaches, nectarines) and applied at different life stages (blossom, pit

hardening, postharvest), further suggesting that they are ideal candi-

dates for control of Monilinia in almond (De Cal et al. 2009; Holb

and Kunz 2013; Larena et al. 2005; Madrigal et al. 1994; Mari et al.

2012, 2007; Pusey et al. 1988). Thus, we suggest that field trials

with these species may be promising and provide an opportunity to

move toward more sustainable control of orchard pathogens.

Acknowledgments
The authors thank Jordan Freeman, Ivan Munkres, Charley Nye, and Honey

Pathak for technical assistance, as well as Shawn Christensen, Jake Francis,
Marshall McMunn, and Tobias Mueller for helpful discussions and constructive
comments. The authors also thank Kyria Boundy-Mills for providing isolates

from the Phaff Yeast Culture Collection as well as constructive comments.

Literature Cited
Bouaichi, A., Benkirane, R., El-Kinany, S., Habbadi, K., Lougraimzi, H.,

Sadik, S., Benbouazza, A., and Achbani, E. H. 2019. Potential effect of

antagonistic bacteria in the management of olive knot disease caused by
Pseudomonas savastanoi pv. savastanoi. J. Microbiol. Biotechnol. Food Sci.
8:1035-1040.

Branda, S. S., Gonzalez-Pastor, J. E., Ben-Yehuda, S., Losick, R., and Kolter, R.
2001. Fruiting body formation by Bacillus subtilis. PNAS 98:11621-11626.

Busby, P. E., Ridout, M., and Newcombe, G. 2016. Fungal endophytes: Modi-

fiers of plant disease. Plant Mol. Biol. 90:645-655.
Cabrefiga, J., Bonaterra, A., and Montesinos, E. 2007. Mechanisms of antago-

nism of Pseudomonas fluorescens EPS62e against Erwinia amylovora, the

causal agent of fire blight. Int. Microbiol. 10:123-132.
Caulier, S., Nannan, C., Gillis, A., Licciardi, F., Bragard, C., and Mahilon, J.

2019. Overview of the antimicrobial compounds produced by members of
the Bacillus subtilis group. Front. Microbiol. 10:302.

De Cal, A., Larena, I., Li~n�an, M., Torres, R., Lamarca, N., Usall, J.,

Domenichini, P., Bellini, A., Ochoa de Eribe, X., and Melgarejo, P. 2009.
Population dynamics of Epicoccum nigrum, a biocontrol agent against
brown rot in stone fruit. J. Appl. Microbiol. 106:592-605.

De Silva, N. I., Brooks, S., Lumyong, S., and Hyde, K. D. 2019. Use of endo-
phytes as biocontrol agents. Fungal Biol. Rev. 33:133-148.

Duijff, B. J., Meijer, J. W., Bakker, P. A., and Schippers, B. 1993. Siderophore-
mediated competition for iron and induced resistance in the suppression of
fusarium wilt of carnation by fluorescent Pseudomonas spp. Neth. J. Plant

Pathol. 99:277-289.
Eg€uen, B., Melgarejo, P., and De Cal, A. 2016. The effect of fungicide resis-

tance on the structure of Monilinia laxa populations in Spanish peach and

nectarine orchards. Eur. J. Plant Pathol. 145:815-827.
Elad, Y., and Baker, R. 1985. The role of competition for iron and carbon in

suppression of chlamydospore germination of Fusarium spp. by Pseudomonas

spp. Phytopathology. 75:1053-1059.
Fan, H., Ru, J., Zhang, Y., Wang, Q., and Li, Y. 2017. Fengycin produced by

Bacillus subtilis 9407 plays a major role in the biocontrol of apple ring rot
disease. Microbiol. Res. 199:89-97.

Fisher, A., Coleman, C., Hoffmann, C., Fritz, B., and Rangel, J. 2017. The syn-

ergistic effects of almond protection fungicides on honey bee (Hymenoptera:
Apidae) forager survival. J. Econ. Entomol. 110:802-808.

Fones, H. N., Bebber, D. P., Chaloner, T. M., Kay, W. T., Steinberg, G., and

Gurr, S. J. 2020. Threats to global food security from emerging fungal and
oomycete crop pathogens. Nat. Food 1:332-342.

Gerami, E., Hassanzadeh, N., Abdollahi, H., Ghasemi, A., and Heydari, A.
2013. Evaluation of some bacterial antagonists for biological control of fire
blight disease. J. Plant Pathol. 95:127-134.

Gong, Q., Zhang, C., Lu, F., Zhao, H., Bie, X., and Lu, Z. 2014. Identification
of bacillomycin D from Bacillus subtilis fmbj and its inhibition effects
against Aspergillus flavus. Food Control 36:8-14.

Good, A. P., Gauthier, M. P. L., Vannette, R. L., and Fukami, T. 2014. Honey
bees avoid nectar colonized by three bacterial species, but not by a yeast

species, isolated from the bee gut. PLoS One 9:e86494.
Guijarro, B., Larena, I., Casals, C., Teixid�o, N., Melgarejo, P., and De Cal, A.

2019. Compatibility interactions between the biocontrol agent Penicillium

frequentans Pf909 and other existing strategies to brown rot control. Biol.
Control 129:45-54.

Gupta, C., Sharma, A., Dubey, R., and Maheshwari, D. 1999. Pseudomonas

aeruginosa (GRC1) as a strong antagonist of Macrophomina phaseolina and
Fusarium oxysporum. Cytobios 99:183-189.

Haviland, D. R., Symmes, E. J., Adaskaveg, J. E., Duncan, R. A., Roncoroni,
J. A., Gubler, W. D., Hanson, B., Hembree, K. J., Holtz, B. A., Stapleton,
J. J., Tollerup, K. E., Trouillas, F. P., and Zalom, F. G. 2021. UC IPM Pest

Management Guidelines: Almond. UC ANR Publication 3431, University of

California Agriculture and Natural Resources, Oakland, CA.
Herrera, C. M., Pozo, M. I., and Monica, M. 2013. Yeasts in nectar of an

early-blooming herb sought by bumble bees, detrimental to plant fecundity.

Ecology 94:273-279.
Holb, I. J., and Kunz, S. 2013. Integrated control of brown rot blossom blight

by combining approved chemical control options with Aureobasidium pullulans

in organic cherry production. Crop Prot. 54:114-120.
Iverson, A., Hale, C., Richardson, L., Miller, O., and McArt, S. 2019. Synergis-

tic effects of three sterol biosynthesis inhibiting fungicides on the toxicity of
a pyrethroid and neonicotinoid insecticide to bumble bees. Apidologie
(Celle) 50:733-744.

Johnson, K. B., and Stockwell, V. O. 1998. Management of fire blight: a case
study in microbial ecology. Annu. Rev. Phytopathol. 36:227-248.

Johnson, R. M., Dahlgren, L., Siegfried, B. D., and Ellis, M. D. 2013. Acari-
cide, fungicide and drug interactions in honey bees (Apis mellifera). PLoS
One 8:e54092.

Junker, R. R., Romeike, T., Keller, A., and Langen, D. 2014. Density-dependent
negative responses by bumblebees to bacteria isolated from flowers. Apidolo-
gie (Celle) 45:467-477.

K€ohl, J., Kolnaar, R., and Ravensberg, W. J. 2019. Mode of action of microbial
biological control agents against plant diseases: Relevance beyond efficacy.

Front. Plant Sci. 10:845.
Lane, D. J., Pace, B., Olsen, G. J., Stahl, D. A., Sogin, M. L., and Pace, N. R.

1985. Rapid determination of 16S ribosomal RNA sequences for phyloge-

netic analyses. Proc. Natl. Acad. Sci. USA 82:6955-6959.
Larena, I., Torres, R., De Cal, A., Li~n�an, M., Melgarejo, P., Domenichini, P.,

Bellini, A., Mandrin, J. F., Lichou, J., Ochoa de Eribe, X., and Usall, J.

2005. Biological control of postharvest brown rot (Monilinia spp.) of
peaches by field applications of Epicoccum nigrum. Biol. Control 32:305-
310.

Latz, M. A. C., Jensen, B., Collinge, D. B., and Jørgensen, H. J. L. 2018.
Endophytic fungi as biocontrol agents: elucidating mechanisms in disease

suppression. Plant Ecol. Divers. 11:555-567.
Ma, Z., Yoshimura, M. A., Holtz, B. A., and Michailides, T. J. 2005. Charac-

terization and PCR-based detection of benzimidazole-resistant isolates of

Monilinia laxa in California. Pest Manag. Sci. 61:449-457.
Madrigal, C., Pascual, S., and Melgarejo, P. 1994. Biological control of peach

twig blight (Monilinia laxa) with Epicoccum nigrum. Plant Pathol. 43:554-561.

Malandrakis, A. A., Markoglou, A. N., and Ziogas, B. N. 2012. PCR-RFLP
detection of the E198A mutation conferring resistance to benzimidazoles in

field isolates of Monilinia laxa from Greece. Crop Prot. 39:11-17.
Mao, D. P., Zhou, Q., Chen, C. Y., and Quan, Z. X. 2012. Coverage evaluation

of universal bacterial primers using the metagenomic datasets. BMC Micro-

biol. 12:66.
Mari, M., Martini, C., Guidarelli, M., and Neri, F. 2012. Postharvest biocontrol

of Monilinia laxa, Monilinia fructicola and Monilinia fructigena on stone

fruit by two Aureobasidium pullulans strains. Biol. Control 60:132-140.
Mari, M., Torres, R., Casalini, L., Lamarca, N., Mandrin, J. F., Lichou, J., Larena,

I., De Cal, M. A., Melgarejo, P., and Usall, J. 2007. Control of post-harvest
brown rot on nectarine by Epicoccum nigrum and physico-chemical treatments.
J. Sci. Food Agric. 87:1271-1277.

Martini, C., and Mari, M. 2014. Monilinia fructicola, Monilinia laxa (Monilinia
Rot, Brown Rot). Pages 233-265 in: Postharvest Decay: Control Strategies.
Elsevier, Amsterdam, the Netherlands.

Mercier, J., and Lindow, S. E. 2001. Field performance of antagonistic bacteria
identified in a novel laboratory assay for biological control of fire blight of
pear. Biol. Control 22:66-71.

Mitchell, T. G., Freedman, E. Z., White, T. J., and Taylor, J. W. 1994. Unique
oligonucleotide primers in PCR for identification of Cryptococcus neoformans.

J. Clin. Microbiol. 32:253-255.
Mommaerts, V., and Smagghe, G. 2011. Entomovectoring in plant protection.

Arthropod-Plant Interact. 5:81-95.

Morris, M. M., Frixione, N. J., Burkert, A. C., Dinsdale, E. A., and Vannette,
R. L. 2020. Microbial abundance, composition, and function in nectar are
shaped by flower visitor identity. FEMS Microbiol. Ecol. 96:fiaa003.

Mussen, E. C., Lopez, J. E., and Peng, C. Y. S. 2004. Effects of selected fungi-
cides on growth and development of larval honey bees, Apis mellifera L.

(Hymenoptera: Apidae). Environ. Entomol. 33:1151-1154.
Ngugi, H. K., Dedej, S., Delaplane, K. S., Savelle, A. T., and Scherm, H. 2005.

Effect of flower-applied Serenade biofungicide (Bacillus subtilis) on

pollination-related variables in rabbiteye blueberry. Biol. Control 33:32-38.
Ogawa, J., Manji, B., Bostock, R., Canez, V., and Bose, E. 1984. Detection

and characterization of benomyl-resistant Monilinia laxa on apricots. Plant

Dis. 68:29-31.
Ongena, M., and Jacques, P. 2008. Bacillus lipopeptides: Versatile weapons for

plant disease biocontrol. Trends Microbiol. 16:115-125.
Oruc, H. H. 2010. Fungicides and their effects on animals. Pages 349-362 in:

Fungicides. O. Carisse, ed. InTech, Rijeka, Croatia.

Pandin, C., Le Coq, D., Canette, A., Aymerich, S., and Briandet, R. 2017.
Should the biofilm mode of life be taken into consideration for microbial
biocontrol agents? Microb. Biotechnol. 10:719-734.

Pettis, J. S., Lichtenberg, E. M., Andree, M., Stitzinger, J., Rose, R., and
VanEngelsdorp, D. 2013. Crop pollination exposes honey bees to pesticides

Plant Disease / February 2022 437



which alters their susceptibility to the gut pathogen Nosema ceranae. PLoS

One 8:e70182.
Pusey, P. L., Hotchkiss, M. W., Dulmage, H. T., Baumgardner, R. A., Zehr,

E. I., Reilly, C. C., and Wilson, C. L. 1988. Pilot tests for commercial pro-

duction and application of Bacillus subtilis (B-3) for postharvest control of
peach brown rot. Plant Dis. 72:622-626.

R Core Team. 2019. R: A Language and Environment for Statistical Comput-
ing. https://www.r-project.org/.

Reade, A., Katz, K., and Naug, D. 2016. A capillary feeder (CAF�E) assay to

measure food consumption and diet choice of individual honey bees. J.
Apic. Res. 55:353-355.

Rering, C. C., Beck, J. J., Hall, G. W., McCartney, M. M., and Vannette, R. L.

2018. Nectar-inhabiting microorganisms influence nectar volatile composi-
tion and attractiveness to a generalist pollinator. New Phytol. 220:750-759.

Rering, C. C., Vannette, R. L., Schaeffer, R. N., and Beck, J. J. 2020. Micro-
bial co-occurrence in floral nectar affects metabolites and attractiveness to a
generalist pollinator. J. Chem. Ecol. 46:659-667.

Russell, A. L., and Ashman, T. L. 2019. Associative learning of flowers by
generalist bumble bees can be mediated by microbes on the petals. Behav.
Ecol. 30:746-755.

Schaeffer, R. N., Crowder, D. W., Illan, J. G., Beck, J. J., Fukami, T., Wil-
liams, N. M., and Vannette, R. L. 2020. Ecological dynamics of the almond

floral microbiome in relation to crop management and pollination. bioRxiv.
Schaeffer, R. N., Rering, C. C., Maalouf, I., Beck, J. J., and Vannette, R. L.

2019. Microbial metabolites elicit distinct olfactory and gustatory preferen-

ces in bumblebees. Biol. Lett. 15:20190132.
Scherm, H., Ngugi, H. K., Savelle, A. T., and Edwards, J. R. 2004. Biological

control of infection of blueberry flowers caused by Monilinia vaccinii-

corymbosi. Biol. Control 29:199-206.
Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch,

T., Preibisch, S., Rueden, R., Saalfeld, A., Schmid, B., Tinevez, J.-Y., White,

D. J., Hartenstein, V., Eliceiri, K., Tomancek, P., and Cardona, A. 2012. Fiji:
an open-source platform for biological-image analysis. Nat. Methods 9:676-682.

Sellitto, V. M., Zara, S., Fracchetti, F., Capozzi, V., and Nardi, T. 2021. Micro-

bial biocontrol as an alternative to synthetic fungicides: Boundaries between
pre-and postharvest applications on vegetables and fruits. Fermentation
(Basel) 7:60.

Shipp, J. L., Kevan, P. G., Sutton, J. C., Kapongo, J. P., Al-mazra’awi, M. S.,
Broadbent, A. B., and Kholsa, S. 2008. Using insects as a novel application

strategy for the delivery of microbial agents for biological control of arthro-
pod pests in greenhouse crops. Pages 319-328 in: Proceedings of the Third
International Symposium on Biological Control of Arthropods. P. G. Mason,

D. R. Gillespie, and C. Vincent, eds. Christchurch, New Zealand.
Sobhy, I. S., Baets, D., Goelen, T., Herrera-Malaver, B., Bosmans, L., Van den

Ende, W., Verstrepen, K. J., W€ackers, F., Jacquemyn, H., and Lievens, B.

2018. Sweet scents: Nectar specialist yeasts enhance nectar attraction of a
generalist aphid parasitoid without affecting survival. Front. Plant Sci. 9:

1009.
Steffan, S. A., Dharampal, P. S., Diaz-Garcia, L., Currie, C. R., Zalapa, J., and

Hittinger, C. T. 2017. Empirical, metagenomic, and computational techni-

ques illuminate the mechanisms by which fungicides compromise bee
health. JoVE J. https://www.jove.com/t/54631.

Thornton, H. A., Savelle, A. T., and Scherm, H. 2008. Evaluating a diverse

panel of biocontrol agents against infection of blueberry flowers by Monilinia

vaccinii-corymbosi. Biocontrol Sci. Technol. 18:391-407.

Vannette, R. L. 2020. The floral microbiome: Plant, pollinator, and microbial
perspectives. Annu. Rev. Ecol. Evol. Syst. 51:363-386.

Venables, W. N., and Ripley, B. D. 2002. Modern Applied Statistics with S.

4th Edition. Springer, New York.
Wade, A., Lin, C. H., Kurkul, C., Regan, E. R., and Johnson, R. M. 2019.

Combined toxicity of insecticides and fungicides applied to California

almond orchards to honey bee larvae and adults. Insects 10:20.
Yoder, J. A., Jajack, A. J., Rosselot, A. E., Smith, T. J., Yerke, M. C., and

Sammataro, D. 2013. Fungicide contamination reduces beneficial fungi in

bee bread based on an area-wide field study in honey bee, Apis mellifera,
colonies. J. Toxicol. Environ. Heal. Part A Curr. 76:587-600.

438 Plant Disease / Vol. 106 No. 2


