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ABSTRACT

Fusariumis one of the most important genera of fungi on earth. Many spediesafiumare
well-suited for atmospheric dispersal, yet little is known about their aerobiology. Previous
research has shown that laigmale features known as atmospheric transport barriers (Lagrangian
coherent structures) guide the transport and mixirsgrabspheric populations &usarium The
overall goal of this work is to expand our knowledge on the movement and structure of
atmospheric populations &lusarium The first objective was tmonitor changes in colony

forming units (CFUSs) in atmospheric pdations ofFusariumover small time intervals (10 min

to several hours)NVe hypothesized that consecutive collectionSugfariumwith unmanned

aerial vehicles (UAVs) demonstrate small variations in colony counts. To test this hypothesis,
sampling devicesn UAVs were separated into two groups, four inner sampling devices opened
during the first 10 minutes and four outer sampling devices opened during the second 10
minutes. Results indicated that (1) consecutive collectioRsigdriumat 100 m demonstrate

small variations in counts and (2) the similarity between collections decreased as the time
between sampling intervals increased. The second objective was to determine the structure of
atmospheric populations &lusariumspeciesand relate this to potaat source regions. We
hypothesized that diverse atmospheric populatiofaisériumare associated with multiple

source regions. To test this hypotheBissariumsamples were collected with UAVs and

identified to the level of species by sequencing aqouf the translation elongation factor 1

alpha gene (TERa). Potential source regions were identified using the atmospheric transport

model HYSPLIT. Results indicated that iyerse atmospheric populationsrafsarium



appeared to be associated withltiple source regions, and (2) the numbeFo$ariumspecies
collected with UAVs increased with batiajectory distance of the sampled air. The third
objective was to examirte associ#gons between concentrationspgpulations ofFusariumat
ground level (1 m) and in the lower atmosphere (100 m). We hypothesized that concentrations of
Fusariumin the atmosphere vary between 1m and 100m. To test this hypokhessiumwas
collected with a Burkard volumetric sampler (BVS) and UAVs. Colony counts eeeneerted to
spore concentrations (spores per cubic meter of air). Sampling efficiency was used to correct
spore concentrations. Results indicated that (1) the distribution of spore concentrations was
similar for both samplers over different times of tlag,d2)spore concentrations were generally
higher in the fall, spring, and summer, and lower in the wiated (3) spore concentrations were
generally higher with BVS samplers than those with UAVSs for both hourly and seasonal data.
The fourth objective as to assess the ability of straind=asariumcollected in the lower
atmosphere to cause plant disease. We hypothesized that certain isdfatssrioincollected

with UAVs cause plant diseases. To test this hypothesis, we randomly selected isttaees of
different speciesH circinatum, F. avenaceum, and F. sporotrichiojdelsFusariumcollected

with UAVs to inoculate three different hosts (wheat, corn, and pine). Kirmsariumstrains

were obtained from J. Leslie at Kansas State University dsotarResults indicated showed

that the three different isolates tested were able to cause plant diseases in three different hosts
(wheat, corn, and pine), confirming that these were potential agents of disease. This work sets
the stage for future work ernining potential source regions, transport distances, and seasonal
patterns ofusarium An increased understanding of the dynamics and population structure of
plant pathogeni€usariumin the lower atmosphere is essential for predicting the spreadmf pla

disease and optimizing disease management strategies in the future.
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CHAPTER 1

Introduction

Members of the genudsusariumare somef the most important fungi on earth timatt only
cause plantliseases, buhay also productxinsthatcan threaten the health of both humans and
domesticanimals(Berek et al., 2001Leslie, 2006 McMullen et al., 199Y. The genugusarium
is cosmopolitan and contains at least 80 biological species, with at least 100 or more proposed
phylogenetic specigt.eslie and Summerell, 2000 6 D o n n e ). These shéxi@stmay cause
very different symptoms on different plamtisdundervariousenvironmental conditias, such as
rot (Wang and Jeffers, 20pGankergSchmale and Gordon, 200®lights(Schmale and
Bergstrom, 2008 and wilts(Chaimovitsh et al., 20Q06Certain species are capable of producing
dangerous mycotoxin®ush et al., 2004chinoe et al., 1983McMullen et al., 199Y. Others
may be saprophytes that live on dead plant ts@Di -Macky and Jones, 200

Aerobiology is the study of factors and processes that influence the movement of biota in
the atmosphere and involves liberation from inogusources, horizontal transport, and
deposition(lsard and Gage, 20DIBiotas have adapted to move long distances in the atmosphere
by taking advantage of aerial transport. Atmospheric movement may result in invasion of new
sites, utilization of new resources, and genestearamong population®abb, 198%h It can
also result in the introduction of a disease to a region or continent or the frequrtrdadection
of a pathogen to a regigAylor, 1986.

The aerobiology ofhe genug-usariumis poorly understood. First, identification of
Fusariumbased orrusariumselective medium (FSM) and microscopic examination from
airborne samples is difficult due to the presence of other fungi wittasiconidial

morphologiesSecond, kowledge of the microclimate factors influencing spore release and



dispersal is limitedThird, knowledge of the long distance transporEosariumis limited.
Fourth little is known about howusariumpopulations arstructured in the atmospheaad
variations due to weather patterfgth, technologies for tracking the movementoiariumin
the atmosphere are limitelinally, knowledge ofpotential inoculum sources and/or potential
source regionsf Fusariumarealso limited.

There are a number of different ways to identify unknown isolatBsigdriumto the
level of species. First, isolatesidisariummay be identified using morphological species
concepts, in which species delimitation is based in part on ¢inghmlogy of asexual and sexual
spores produced on standard culture mediueslie et al., 2001 Second, unknown isolates of
Fusariummay be identifid by biological species concepts, in which species delimitation is
based on reproductive assays that can define mating populations, such as withfujikroi
population(Kerényi ¢ al., 1999. Third, unknown isolates ¢fusariummay be identified to
species using phylogenetic species concepts, based largely on DNA sequence identity and
similarity (Geiser et al., 200Nirenberg and O'Donnell, 1998 his last approach has gained
considerable traction in recent years, as most modern labs generate and analyze DNA sequence
data on a regal basis. These techniques leverage DNA sequence analyses of a portion of the
translation elongation factordlpha gene (TERa), which has high phylogenetic utility
because sequence variation at this locus can distinguish betwegsanumspeciesand
universal primers that work across thesariumgenus(Geiser et al., 2004

Many species ofFusariumare weltsuited for atmospheric dispergikernando et al.,
200Q Katan et al., 199 MaldonadeRamirez et a] 2005 Schmale et al., 2005The dispersal
of Fusariumin the atmosphens complexand the transport processes (release, horizontal

transport, and depositiotgke place in different boundary lag€lsard and Gage, 200ard et



al., 2005. Theboundary layerassociated witlthe atmospheriag@ansport processearethe
surface boundary layer (SB}-50 m) andheplanetary boundary layer (PBL) (~80000 m)
(Isard and Gage, 20n1

Liberation occurs primarily in the SBL and is critical frsariumto colonize new
habitats Once spores have escaped into the teriidayers of the atmosphejieard and Gage,
200)), spores can move throughout the crop canopy or escape into the lower atmosphere for long
distance transport. Drift includésng range transport ¢gfusariumspores in the PBIn which
the turbulence tends to be homogeneows borizontal distancg$laldonadeRamirez et al.,
2005 Zdunkowski and Bott, 20Q3Vertical mxing occurs in the PBL when the sun heats the
surface of the earth, warming the air in contact with the surface. Warm aiisgésearrying
spores from near the surface upward. Cooler air replaces the rising warm air to be subsequently
warmedincontaovi t h t he earthos surface. Sol ar radi e
daytime convection while nighime cooling of surface air inhibits convection in the atmosphere
(Sparks et al., 1985 Because of turbulence, the SBL contains very strong vertical gradients in
wind speed, temperature and humidisard and Gage, 20D1Deposition occurs in the SBL
when turbulence in the atmosphere slows down. At night, an inversion layer, with little to no
wind, allows sporeto remain above a crop canopy preventing escape and allowing spores to
settle(Oke, 1992.

Otherfactorsto consider regarding theariatiors observed among samples #rat
samples at diffieent times correspond to @aoming from different locations across different
seasongDoohan et al., 20Q3There are different environmental factors during different seasons
of the year.Seasonal changes, such as temperature, rainfall, humidity, ultraviolet (UV) light, and

wind speed and directipare thought to play an important role in spore release, survival, and



dispersalJones and Harrison, 2004yon et al., 1984 When conditions are warandhumid
with strong turbulencandcomplete cloud cover (no sunlightyhich are favorable forspore
release, survival, and dispersal, the diseases causadsagumcandeveloprapidly on either
local (within the same field) @usceptible crops at some dista(io#l -Macky and Jones, 2000
Schmale et al., 2005T herefore, he whole aerobiological processthe movement and
structure ofFusariummaybeinfluenced by various ecolaml and environmental factors.

Population genetic analyses may be used to dpv@kedictions aboutotentialsources
of fungal populationgBennett et al., 2005and may contribute to develop strategies for
disease management and contBsseg@r et al., 199y To date population genetic analyses
have been applied to only a few specieBugarium High levels of genetic diversityave been
reported forF. graminearun(G. zeag (Astolfi et al., 2012Gale et al., 2007ee et al., 2010
Schmale et al2006 Talas et al., 201 1Zeller et al., 2004 F. pseudograminearuifBentley et
al., 2008, F. verticillioides (Reynoso et al., 2009F. solani(Mohammadi and Mofrad, 200%-.
circinatum(Wikler ard Gordon, 200PandF. oxysporun{Bayraktar, 201)) but little is known
about the population structure of other specidsusarium particularlyfor specieghat may be
transported over long distances through the atmosphere.

It is very important to havappropriate métods for studyinghe aerobiology of these
fungi. Members of the Schmale Labvedeveloped technologies with autonomous unmanned
aerial vehicles (UAVSs) to track the movement and structure of populatidghssafiumin the
lower atmospheréSchmale et al., 2008 allapragada et al., 20L.IThe UAVs were equipped
with microbesampling devices that containediPplateswith Fusariumselective medium on
the wings The UAVs flew defined sampling altitudes (100 m above ground level), sampling

speeds (90km/h) and sampling patterns (€)rcThe sampling devicegere opened and closed



by remote control from the gnod once the UAVfeached the target altitude of 10Camdthen
exposed to the atmosphere for duration$@20 min.

Previous work has shown that atmospheric populatiofsigdriumin the lower
atmosphere are influenced by laigmale atmospheric featgrknown as Lagrangian coherent
structures (LCSs) that may serve as atmospheric transport barriers (StBsjale et al., 2012
Tallapragada et al., 2011n these studies, LCSs/ATBs were associated with punctuated changes
in colony forming units (CFUs) dfusariumrecovered from a series of collections with UAVSs.
Though these studies observed fluctuationSFUs ofFusariumacross varying temporal scales,
they did not addredbe identity (i.e., species diversitgtructure, compositioand potential
origin of atmospheric populations Btisarium

The overall goal of this work is to expand our knowledgeh® movement and structure
of atmospheric populations Bluisarium,leading to the hypothes that (i) consecutive
collections ofFusariumwith UAVs demonstrate small variations in colony cou(itsdiverse
atmospheric populations &usariumare assaated with multiple source region@i) spore
concentrations dfusariumin the atmosphere vary between 1m and 1,Gind (iv)certain
isolates ofFusariumcollected with UAVs cause plant diseases

Knowledge ofa better understandirgd the movement angtructureof atmospheric
populations ofFusariumin the lower atmospheraay help forecast plant disease epidemics and
optimize disease measment and control in the futu¢dylor, 2003. Succesful integrated
pest management strategies depend upon an accurate evaluation of atmospheric sources of
inoculum(Aylor, 1999). The aerobiology &fusariumcontributes to the overall knowledge of

pathogen transport in the atmosphere.



Research Objectives

1. Monitor changes in colony forming units (CFUSs) in atmospheric populatiofgsafrium

over small time intervals (10 minutes to several hours)

2. Determine the structure of atmospheric populatiorfsusbriumspecies and relate this to

potential sourceegions,

3. Examine associations between the concentrations of populatiusafiumat ground

level (1m) and in the lower atmosphere (100m),

4. Assess the ability of strains Bisariumcollected with UAVs to cause plant diseases
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Abstract

The arobiology of fungi in the genu=usariumis poorly understood. Recent work has

highlighted the role of Lagrangian coherent structures (LCSs) in the movement of fusaria in the
lower atmosphere. Here, we extend this work by examiningetagonship betweethe length

of atmospheric sampling intervals with autonomous unmanned aerial vehicles (UAVs) and the
recovery of fusaria. UAVs were equipped wath array of eight microbsampling devices with
four o6innerd sampl i ng ar nmshsatofédrmé$ wasuseddoaallece r 6 s
consecutive aerobiological samples for periods of 10 minutes at 100 m above ground level at
Kentland Farm in Blacksburg, Virginia. Fifgne flights (102 consecutive sampling intervals)
were conducted i2010 and 2011A correlation analysis showed thlatunts of fusaria did not

vary between the inner and outer sampling arms from consecutive sampling periods o{r10 min
=0.93, P < 0.001) and the frequency of colony counts had similar distributions for samples

from theinner and outer sampling arms. An analysis of the temporal variation in collections of
Fusariumshowed that the similarity between collections decreased over time. This work
supports the idea that atmospheric populations of fusaria arenxeltl, and larg changes in

the recovery of fusaria in the lower atmosphere may be attributed teslzalgephenomena

(e.g., LCSs) operating across varying temporal and spatial scales. Thisvaypdontribute to
effective control measusdor diseases causes by fusarithe future.

Keywords: Fungi; Aerobiological samplind?athogenUnmanne aerial vehicles; UAV;

Lagrangian coherent structutegng-distance trasport;Atmospheric transport barriegelective

medium; UAV
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1 Introduction

Fusariumis one of the most ingstantgenera ofungi on Earth (Leslie and Summerell 2006).
Members of this genusausea number of devastatimdantdiseasesandcan threaten the health

of bothdomestic animals and humans through the production of mycotoxins (Berek et al. 2001,
McMullen et al. 1997Manyfusaria are transported through the atmosphere drerhabitat to
another(Schmale et al. 2012; Tallapragada et al. 2011). Previous work has shown that large
scale atmospheric features known as Lagrangian coherent structures (L&t8s)spheric
transport barriers (ATBs) are associatgth thelong-distance transport dgfusariumin the

lower atmosphere (Schmale et al., 2012; Tallapragada et al., 2011).a#d Boving boundaries
thateffectively separate air masses of qualitativifferent dynamicsand mayplay a significant
role inthe movement of microbesnong habitatéSenatore and Ross, 2011). Tallapragada et al.
(2011) showed that LCSs (ATBs) were associated with changes in atmospheric counts of
Fusarium Though the work by dllapragada et al. (2011) was the first to demonstrate that large
fluctuations in atmospheric countskdisariumcould be attributed to the passage of ATBs, it
was unable to account for sm#thescale fluctuations that might explain natural fluctuations
among collections oFusarium.

Recently, members of our research team have developed technologies with autonomous
unmanned aerial vehicles (UAVSs) to track the movement and structure of populations of
microbes such asusariumin the lower atmosphere (Schim&t al. 2008). The UAVs were
equipped with microbeampling devices that contained a total of four Petri plates that were
opened and closed by remote control from the ground once the UAV was aloft (Schmale et al.

2008). In the present study, we used & aeray of sampling devices that contained a total of

eight Petri pl ates, with four oO6innero6 samplin
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to collect consecutive aerobiological samples for periods of 10 minutes at 100 m above ground
level. Ths method was used to test the null hypothesis thaetowery of fusariavould not

vary across consecuti@ 10 min sample on the inner arms, immediately followed by a separate
10 min sample on the outer arnagrobiological sampling intervalgith UAVs 100 m above

ground level Thus, large fluctuations in the recovery of fusaria could be attributed to a suite of
factors including the passage of LCSs (ATBs) and/or the contribution of local sources, and not
random fluctuations in counts Bisariumthatwo ul d be representative of
The specific objective of this study wasdetermine if collections of fusaria vary between the
inner and outer sampling arraga UAV from consecutive sampling periods of 10 mihis

work is prerequisitéor understanding if changes in the recovery of fusaria in the lower
atmosphere may be attributed to lasgale phenomena (e.g., LCSs) operating across varying
temporal and spatial scales andy contribute t@ffective control measusdor diseases caiuse

by fusaria in the future.

2 Materials and methods

2.1 Autonomous unmanned aerial vehicles (UAVSs) for sampling

Autonomous (seftontrolling) UAVs were used toollect Fusariumfrom the atmosphere above
Virginia Techodos Kent | aldrheRUAVsmonsisted @& Sigc k sbur g,
Rascal© airframe equipped with an autopilot computer and a suite of onboard telemetry devices
(Schmale et al. 2008) and were programmed to fly a circular sampling pattern at a target altitude
of 100 m above ground level andh@arly constant speed of 90km/h. E&bRV carried eight

collection plates containingrRusariumselective medium on the wings. Thghg sampling

plateswereseparatedintd i nner 6 and 0 o k&ig. &.rFOr mesacotipd samplgng ar ms
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flights, a 10min sample was collected using the inner arms (4 plates were exposed during this
sampling interval), immediately followed by a separate 10 min sample using the outer arms (4
plates exposed were exposed during this sampling inteRigl)X). Sampling flghts were also

conducted with the inner and outer sampling devices open at the same time (8 plates exposed

during the sampling interval).

2.2 Culturing and identification of Fusarium

A Fusariumselective medium (FSM) (Schmale et al. 2006) was used t@biagmospheric
collections for fungi in the gendusarium Immediately following a sampling flight, the

exposed plates were removed from the UAV and placed in small plastic containers for transport
to the laboratory. The plates were incubated for 5days at room temperature to allow white,
fuzzy colonies oFusariumto develop. Colonies dfusariumwere counted and subcultured to

plates of %strengthpotato dextrose ag@PDA) mediumfor further identification

2.3 Statistical analyses.

We hypothsized that theecovery of fusariavould typically not vary significantlpacross
consecutiveaerobiological sampling intervadg short duration (a Hhin sample on the inner

arms, immediately followed by a separatediid sample on the outer armi)we fail to reject

this hypothesis, then large fluctuations in the recovery of fusaria over short to intermediate
timescales could be attributed to a suite of factors, such as the passage of LCSs (ATBs) and/or
the contribution of rat 6 ttriomegs d aolcea,| weo umecaen sBhy
Lagrangian timescale, discussed below. It is also important to note that since the atmosphere is

moving, short timescales are also related to short spatial scales. To test our hypothesis, colony
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counts ofFusaium obtained from different flights were assembled to perform statistical
analysesTables 1 and 2. For flights with simultaneous inner and outer arm sampliiadple

1), we estimated the variability in sampled colony countsusfarium yielding an estirate of

error for colony counts. For flights with consecutive inner and outer arm sampling (plates
exposed during consecutive sampling periods of 10 minufeb)d 2), a simple linear
regressiorwasused to determine the relationship betweelony countof Fusariumcollected

for the inner and outer sampling arms. A scatter plot and a frequency plot were also used to
show this relationship. Statistical analyses were performed using JMFhégbrrelation

between colony counts from the inner and outerisng arms was also explored a function

of timelagbetween sampling intervals (i.e., comparisons of colony counts between consecutive
flights separated by 10 minutes, and between other flights separated by longer periods

throughout a sampling day).

3 Results

3.1 Simultaneous sampling with eight plates

In order to compare samples collected from inner and outer arms differgnttime periods,

it is essential to show that samples do not vary significantly between inner and outer arms
during thesametime period. In other words, we must examine the potential role (if any) that
plate position on the UAV has on the recovery of fusaria. To do this, we con@dcted
simultaneousampling flightsn which all eight sampling devices (inner and outer sampling
arms opened at the same time) were exposed during the same sampling ifaxateal)( For
these 21 flights, 433 colonies were recovered across all 21 sampling intervals; 234 colonies

were collected across the inner arms, and 199 colonies were collecissd the outer arms.
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Results of our correlation analysis thrs sampling methoghowed that counts from tipéates
on theinnerarmswere positively correlated with counts frgtates orthe outerarms(r = 0.89,
P <0.001 n = 2. Thus, the locationfahe plates (inner versus outer sampling armshdid
impact the collection of fusaria
We also used samples from this method to estimate the variation in colony counts for the
inner and outer sampling arms. Considering only thenithute samples ofable 1, we
calculated the total colony couwf,and the magnitude of the difference between the inner and

outer plates, which is the variation in colony coudtsIn Fig. 2, we plot the fractional

variation,dc/c, versusc, and notice a trend. The curveresponds to 1/c, the fractional
standard deviation for a Poisson distribution. Thus, the probability of a viable aifagaeum
spore impacting the samplers is well approximated as an inhomogenous Poisson\ptioeass

arrival rate varying on a tinseale long compared to the sampling duratidrus, when a colony

count,c, is obtained, the margin of error can be approximatéﬁ\Es

3.2 Consecutive sampling with four inner plates and four outer plates

To determine if collections of fusaria varied beem consecutive sampling periods of 10 min,

we conducted 102 consecutive sampling intervals (51 fligl@8)m above ground level 8010

and 201XTable 2). Five hundred and ninety two colonies were recovered across all 102
sampling intervals; 275 colorsevere collected across the inner arms, and 312 colonies were
collected across the outer arms (excluding flights F207 and F208, which were clear outliers in
the dataset)A significant positive correlation wasbservedor colony counts oFusarium
betweerthe inner plates and theteu plateqr = 0.93 P < 0.001, n = 98)Scattemplotsand a

simple linear regressioaf consecutive samplingtervals are shown iRig. 3. Two flights
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however,F207 and F208T@able 2), wereexcludedfrom the scatter plot, saethese flights were
considered outliers and are the subject of additional discussion Iiestwuld still be noted,
however, that when these flights were included in the correlation analysis, a significant positive
correlation was still observégd= 0.38 P < 0.0, n = 102) A frequency plot showed that the
distribution of colony counts was similar for the inner and outer sampling arms over the range
of colony countgFig. 4).

Thecorrelation betweenolony countgrom the inner and outer samplingras was also
exploredas a function of timé&ag, t, between sampling intervalShisapproach allowed us to
examine the temporal variation of colony counts. Fil@hle 2 (excludingF207 and F208)
pairwise comparisons of colony counts were determinedviertifine intervals:0.17 h(n =49
pairs),0.5 hto L5h (n =83 pair9, 1L.5h to 3h (h =94 pairs), 3 to 6h (n =84 pairs)and 6h to
9h (h =16 pairg. An autocorrelatiortoefficient was determined as follows (autocorrelation

coefficient for zerdime-lag is defined as 1):

E[(ct - n)gcm - /7)]

R(t) =

wherec, is the colony count at timg, c,,, is the colony count at time+¢, mrepresents the

t+t
mean values represents the standard deviation of the colony countsEffildrepresents

expectation valueThe resultof this analysis are shown kig. 5; the similarity between
collections ofFusariumdecreases over timérror bars were calculated using results from
section 3.1with the assumption thablony counts are Poisson distribut@dGaussian
distribution weghted methodvas usedo obtain the error bars with sufficient number of

simulations converging to a constant limit.
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3.3 Anomalous punctuated changes in colony counts for two consecutive flights.

In flights F207 and F208, we observed a significant demaftam the usual Hninute timelag
correlation. Flight 207 started sampling at 12:00 PM on 25 October, 2011. Eighty colonies were
recovered from the inner arms, but only 31 colonies were recovered from the outer arms. Flight
208 started sampling at 1: P&/ on the same day. Twelve colonies were recovered from the
inner arms, but 120 colonies were recovered from the outer arms. The inner and outer samples
from these flights were not correlateshd cannot be explained by the statistics of a slowly
varyinginhomogeneous Poisson procas& view these two flights as anomalies that are in

need of further explanation. We hypothesized that an ATB could have contributed to the
observed changes in colony counts (e.g., Tallapragada et al. 2011), but archived beszitie
computations did not reveal the presence of any strong LCSs (data not shown). Furthermore,
HYSPLIT back trajectories for these samples suggested that all of these samples originated from
a similar location in West Virginia (within the scale of a@smy of the computations, on the

order of 10100km) Fig. 6).

4 Discussion

Recent work has highlighted the role of Lagrangian coherent structures (LCSs) in the movement

of fusaria in the lower atmosphere (Schmale et al. 2012; Tallapragada et al. Z80&]1wél

extend this work by examining telationship between the lengthaimospheric sampling

intervals with autonomous unmanned aerial vehicles (UAVs) and the recovery of fusaria. UAVs

were equipped withn array of eight microbsampling deviceswith our 6i nner 6 s amp
and four Oouterd® sampling ar ms. Each set of a

samples for periods of 10 minutes at 100 m above ground level at Kentland Farm in Blacksburg,
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Virginia. A total of102 consecutiveasnpling intervals (51 flights)yas conducted i@010 and

2011 Results showed that countsfe$ariadid not varyacross consecutive aerobiological

sampling interva. This work supports the idea that atmospheric populations of fusaria are well

mixed, andarge changes in the recovery of fusaria in the lower atmosphere may be attributed to

largescale phenomena (e.g., LCSs) operating across varying temporal and spatial scales.
Counts ofFusariumwere not significantly different between plates located asriand

outer sampling arms in which all eight sampling devices were exposed during the same sampling

interval. Thus, collections dfusariumwith UAVs were not influenced by the position of the

plates Random collections dfusariumacross all of the sartipg surfaces is consistent with the

idea that atmospheric populationsFafsariumarewell-mixed (Schmale et al. 2006Jhe

fractional variation in colony counts revedthatthe statistical distributiorof colony counts

across the inner and outer samglarms is well approximated lyslowly varying

inhomogeneouBoisson proces§olony counts from consecutive sampling intervals separated

by 10 minutes did not vary significantlgut the correlation drops to nearly zero for flights

separated by 9 hourBhe Lagrangian (autocorrelation) timescale,

T, = ) R()dt,

is approximately 3 hours, which is on the order (~10,000s) estimated for velocity

autocorrelations in atmospheric turbulence (Gifford 1987), and is also the Lagrangian timescale

for layer(stratus) cloudsThe timeT, provides the timescale for the variation of the arrival rate

for the slowly varying inhomogeneous Poisson process assunguidrmve note that this is

indeed long compared with the sampling duration (10 minutes), furthéyijugthe Poisson

assumptionFor purely stochastic motion, the autocorrelation is an exponential,

R(t) =exp(- ¢/T,) (Csanady 1973osio et al. 2005With horizontal winds on the scale of 2
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10 m/ s, this ti mescal e I|souugdgsedariumetvitit horezdntalt h er e
dimensions on the scale of-200 km. This idea is consistent with the observations of
Tallapragada et al. (2011) based on mesoscale atmosginesiations, who found that the

typical size for a coherent air mass wasaimilar scale (550 km), based on the average
passage of an LCS over the sampling location every 5 to 7 hours.

Tallapragada et al. (2011) showed that LCSs (atmospheric transport barriers or ATBS)

were correlated with changes in atmospheric counsis&rium Schmale et al. (2012)

suggested that LCSs were likely to influence the population structéegedminearum With

the exception of flights 207 and 208, we did not observe any significant variation in colony
counts among consecutive samplingttg)y Thus, we are now able to excldldetuations over
shortperiods of timeas potential contributors to changes in the atmospheric couRtsafium

Thus, large changes in populationd=okariumin the lower atmosphere may be attributed in

part to lage-scale phenomena (such as LCSs) or strong local sources operating across varying
temporal and spatial scales.

The inner and outer samples from flights F207 and F208 were not correlated, and
represented a significant departure from the usuahib@ite tme-lag correlationArchived
weatherbased computations did not reveal the presence of any strong LCSs, and HYSPLIT
back trajectories for these samples suggested that they both originated from a similar same
location in West VirginiaKig. 6). Less than 9tninutes separated the start of F207 and the end
of F208, but there was significant variation over a timescale of 10 minutes during both flights.
This suggests a patchy (heterogeneous) distributiGlugdriumin the atmosphere (Okubo and
Levin 2001). Wih the horizontal wind speeds at that time being approximately 2 m/s at ground

level, the patchiness spatial scale was at most 1 km over a cloud on the ord20 &m0
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(bracketed by the more typical flights F206 and F209). It is possible that thesahigh were
triggered by a local, and possibly temporally swonform, source. Future work aimed at
identifying the species recovered in these flight populations may provide clues about the
approximate origin and mixing of these populations.

Future workby our research teamims to examineneteorological events that might
provide signatures for tHee history of populations ofusariumin the lower atmospher&uch
work may contribute to an increased understanding of the spread of plant diseasestimehe fu

(Aylor 2003).
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Table 1.Colony counts ofFusariumfrom simultaneous sampling (inner arms and outer arms

were opened at the same time) withWA 1 0 0

Kentland Farm.

m above ground

Time Open | Time Closed Time Sampling
Flights Date (In & out) (In & out) QountsIn? CountsOut” (min)

F137 | 10Marl0 0929 0944 3 1 15
F138 | 10Marl0 1035 1042 1 8 7

F139 | 10Marl0 1130 1145 7 4 15
F140 | 10Marl0 1300 1315 5 2 15
F141 | 10Marl0 1400 1415 4 9 15
F142 | 11Ma¥rl0 1005 1020 3 3 15
F143 15Jut10 0950 1005 23 16 15
F144 15Jutl0 1155 1210 35 37 15
F145 16Jutl0 0925 0940 20 26 15
F146 16Jutl0 1045 1100 27 23 15
F147 | 28Se-10 0959 1014 2 3 15
F148 | 28Sepl0 1118 1133 6 2 15
F149 | 28Sepl0 1412 1427 17 8 15
F150 | 28Sepl0 1532 1540 9 6 8

F151 | 29Sepl0 0915 0926 3 7 11
F152 | 29Sepl0 1029 1044 4 1 15
F153 | 29Sepl0 1323 1338 7 6 15
F154 | 01-Octl0 0908 0923 8 3 15
F155 010Octl0 1203 1218 9 8 15
F156 | 01-Octl0 1428 1443 31 20 15
F157 | 01-Octl0 1700 1708 10 6 8

aCounts from plates on the inner sampling arms of the UAV

b Counts from plates on the outer sampling arms of the UAV
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Table 2.Colony counts ofFusariumfrom consecutive (a 10 min sample on the inner arms,

immediately followed by a separate 10 min sample on the outer arms) aerobiological sampling

intervals with UAVs 100 m above ground | evel
2011.
Time Time

Closed Open Closed Counts | Counts | Sampling Sampling
Flights | Date Open (In) | (In) (Out) (Out) In? out® Out (min) In (min)
F158 06-Apr-11 | 0913 0923 0923 0933 6 10 10 10
F159 06-Apr-11 | 1027 1037 1037 1046 14 12 10 9
F160 06-Apr-11 | 1557 1607 1607 1616 18 26 10 9
F161 07-Apr-11 | 0952 1002 1002 1012 27 33 10 10
F162 07-Apr-11 | 1344 1354 1354 1404 16 13 10 10
F163 07-Apr-11 | 1514 1524 1524 1534 15 11 10 10
F164 07-Apr-11 | 1611 1621 1621 16:31 9 13 10 10
F167 08-Apr-11 | 1407 1422 1422 1435 5 9 15 13
F168 08-Apr-11 | 1510 1520 1520 1530 4 5 10 10
F169 11-Apr-11 | 0952 1002 1002 1012 22 21 10 10
F171 16-May-11 | 1449 1459 1459 1509 7 7 10 10
F173 18-May-11 | 1426 1436 1436 1446 2 1 10 10
F174 18-May-11 | 1600 1610 1610 1620 4 2 10 10
F175 19-May-11 | 0943 0953 0953 1003 4 5 10 10
F176 19-May-11 | 1045 1055 1055 1105 2 3 10 10
F177 19-May-11 | 1152 1202 1202 1212 1 2 10 10
F178 19-May-11 | 1312 1322 1322 1332 3 2 10 10
F179 19-May-11 | 1435 1445 1445 1455 6 3 10 10
F180 22-Augll | 1000 1010 1010 1020 1 3 10 10
F181 22-Augll | 1224 1234 1234 1244 3 2 10 10
F182 23-Augll | 0942 0952 0952 1002 2 2 10 10
F183 23-Augll | 1040 1050 1050 1100 2 2 10 10
F184 23-Augll | 1149 1159 1159 1209 2 3 10 10
F185 23-Augll | 1309 1319 1319 1329 4 5 10 10
F186 23-Augll | 1424 1434 1434 1444 2 2 10 10
F187 23-Augll | 1601 1611 1611 1621 4 5 10 10
F188 24-Aug1l | 0915 0925 0925 0935 2 2 10 10
F189 24-Augll | 1031 1041 1041 1051 4 5 10 10
F190 24-Augll | 1159 1209 1209 1219 4 6 10 10
F191 24-Augll 1314 1324 1324 1334 4 5 10 10
F192 24-Augll 1426 1436 1436 1446 5 7 10 10
F193 25Augll | 0914 0924 0924 0934 1 2 10 10
F195 25Augll | 1200 1210 1210 1220 2 5 10 10
F197 26-Augll | 1115 1125 1125 1135 3 2 10 10
F198 26-Augll | 1313 1323 1323 1333 3 5 10 10
F199 26-Augll 1419 1429 1429 1439 7 12 10 10
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F200 24-Oct11 1018 1028 1028 1018 3 3 10 10
F201 24-0Oct11 1133 1143 1143 1153 4 5 10 10
F202 24-Oct11 1303 1313 1313 1323 6 5 10 10
F203 24-Oct11 1418 1428 1428 1438 5 4 10 10
F204 24-Oct11 1530 1540 1540 1550 6 7 10 10
F205 250ct11 | 0915 0925 0925 0935 1 2 10 10
F206 250ct11 1031 1041 1041 1051 3 6 10 10
F207 250ct11 1200 1210 1210 1220 80 31 10 10
F208 250ct11 1316 1326 1326 1336 12 120 10 10
F210 250ct11 1543 1553 1553 1603 8 6 10 10
F211 26-Oct1l | 0956 1006 1006 1016 3 3 10 10
F212 26-Oct11 1205 1215 1215 1225 1 2 10 10
F213 26-0ct11 1316 1326 1326 1336 8 9 10 10
F214 26-0ct11 1432 1442 1442 1452 4 4 10 10
F215 27-Octll | 0858 0908 0908 0918 3 3 10 10

a Counts from plates on the inner sampling arms of the UAV

b Counts from plateon the outer sampling arms of the UAV
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Fig. 1. An autonomous unmanned aerial vehicle (UAV) equipped anthrray okightmicrobe
sampling devices with four inner sampling arms and four outer sampling arms. Each arm carries
two Petri plates containingfusarium selective mediuuring takeoff and landing, the

sampling devices are closed (a). After reaching the target altitude of X188 mner sampling

arms are opened for 10 mites (b). These inner arms are closed, and the outer arms are opened
for 10 minutesmmediately followng the first collection (c)Colonies ofFusariumare

recoveredn the laboratory and recorded for each of the plgieswn here from flight F189}).

30



Fig. 2. Fractional variation in sampled colony countg-agarium(c is the total colony counts

from inner and outer plates, andis the variation in colony countbpsed on simultaneous
sampling using inner (4 plates) and outer (4 plates) arms of a UAV during sampling periods of
15 minutesFlights were conducted 100 m ateoground level during 2010 and 20The

probability of a viable airbornBusariumspore impacting the samplers is approximated as a

slowly varying inhomogenous Poisson process.
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Fig. 3. Scatter plot and simple linear regression of consecutivelsayof Fusariumwith inner
(4 plates) and outer (4 plates) arms of a UAV. A significantelation (r = 0.932 < 0.001, n =
98) was observed between colony countEusariumfrom the inner and outer arms. Flights

were conducted 100 m above ground lelteing 2010 and 201 Elights F207 and F208 were

outliers and were removed from the analysis.
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Fig. 4. Frequency plot of colony counts Béisariumfrom consecutive sampling periods of 10
mins.Flights were conducted 100 m above ground level 2010 and 2011. The plsitows
that the distbution of colony counts was similar for the inner and outer sampling arms over the

range of colony counts.
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Fig. 5. The colony count autocorrelation coefficieRfr) versusthe timelag r between
sampling intervalsA high correlatioris observedor asmall timelag. Thesimilarity between
collections decreases over timgpital behavior for Lagrangian trajectories of particles (spores)

in atmospheric turbulence
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Fig. 6. HYSPLIT backward trajectories for flights 207 and 208 on based on 25 Oct 2011.
Trajectories were calculated hourly for 160800 UTC and suggest that trajectories suggest that
all of the samples originated from a similacation in West Virginia (within the scale of

accuracy of the computations, on the order e1@0km).
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ABSTRACT

Fungi in the genuBusariummay be transported over long distances in the atmosphere. Little is
known about the structure, composition, and potential origin of atmospheric popul&tions o
Fusarium We hypothesized that (1) atmospheric populatiofiausriumare diverse and

dynamic across largecale temporal and spatial gradients and (2) potential sources of
atmospheric populations &lusariumextend across broad geographical regions teét these
hypotheses, autonomous unmanned aerial vehicles (UAVS) equipped with rsaropkng
devices were used to collect viable sporeSusfarium100 m above the ground level at the
Kentland Farm in Blacksburg, Virginia. One hundred and thirty isolates oFusariumwere
collected during 11 sampling flights on three days within a four day period in September and
October, 2010A portion of the translation elongation factealpha gene (TERa) was used to
assist in the identification of tHeusariumisolates to species. FusariumID and GenBank BLAST
gueries, coupled witmodetbasedohylogenetic analysesevealed at least 12 species of
Fusariumin our atmospheric collections. Two of the refereRasariumspecies together with
many of the isolas collected with UAVs comprised a poorly resolved basal region of the
Fusariumphylogeny. This poorlyesolved region may represent new specidaushrium

Species richness, evenness, and diversity varied within and among our flight popuBaodns.
trajectory analyses conducted 6 to 24 hours prior to our collections suggested the contribution of
multiple sources dfFusariumacross broad geographical regions. The actual contribution of these
hypothesized source regions to the atmospheric populatidghssafiumremains unclear, but the
diverse atmospheric populationsFafsariumsuggest that inoculum may originate from multiple
locations over large geographic distanddsere was a positive correlation between trajectory

distances over 24 hours and thember of species dfusariumwith the best fit given by a power
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law, analogous to the speciaiea relationship in ecology. This work contributes to an increased
knowledge of the life history dfusariumand how patterns in the species diversity depend on

geographic scale.

Keywords Fungi, Plant pathogen, Ascomycete, Genetic diversity, Inoculum source,

Aerobiology, Aerobiological sampling, Unmanned aerial vehicles, UAV, Ldiaance

transportUnresolved turbulence
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Introduction

Fusariumis one of the mdsconomically important genera of fungi worldwideslie and
Summerell 2006 Some species ¢fusariumare important plant pathogens, causing significant
crop losses and resulting mycotoxin contamination that may threaten human and domestic
animal healti{Berek et al. 200IMcMullen et al. 199Y. The genus contains at least 80
biological species, and 100 or more proposed phylogenetic speegie ad Summerell 2006
OO0 Do n n e)l 3omelohtBebe species cause wilts, blights, root rots and cankers in
agriculturally important crops worldwidg&eslie and Summerell 20D8Vany species of
Fusariummay be transported over long distances in the atmosfrbeneone habitat toreother
(Fernando et al. 200&atan et al. 199MaldonadeRamirez et al. 2005 chmale et al. 2005
posing a significant threat to crop and animal biosecurity with the potential to traverse county,
state, and country borders.

There are a number ofays to identify unknown isolates Btisariumto the level of
species. First, isolates Blisariummay be identified using morphological species concepts, in
which species delimitation is baskgelyon the morphology of asexual and sexual spores
producedn standard culture mediugbeslie et al. 200l Second, unknown isolates of
Fusariummay be identified by biological species concepts, in which speekmitation is
based on reproductive assays that can define mating populations, such as withfnjtkeroi
complex(Kerényi et al. 1999 Third, unknown isolates ¢fusariummay be identified to species
using phylogenetic species concepts, based largely on DNA sequence sif@Glaissr et al.
2004 Nirenberg and O'Donnell 1998This last approach has gained considerable traction in

recent years because of the ease of DNA isolation and sequencing technologies.
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Population genetic analyses may be used to develop predictianspabential sources
of fungal populationgBennett et al. 2005and may contribute to develop strategies for disease
management and contr@issegger et al. 199.7To dde, population genetic analyses have been
applied to only a few species Blisarium Previous population genetic analyses have reported
high levels of genetic diversity 6. graminearun{G. zeag (Astolfi et al. 2012 Gale et al.

2007 Lee et al. 2010Schmale et ak006 Talas et al. 2013,1Zeller et al. 2004 F.
pseudograminearurfBentley et al. 2008 F. verticillioides(Reynoso et al. 20Q09F. solani
(Mohammadi and Mofrad 20Q09. circinatum(Wikler and Gorda 2000 andF. oxysporum
(Bayraktar 201 However, few studies have examined phylogenetic relationships among
Fusariumspecies, particularly for those species that may be transported over long distances
through the atmosphere.

Previous work has shown that atmospherigytations ofFusariumare influenced by
largescale atmospheric features known as Lagrangian coherent structures (LCSs) that may serve
as atmospheric transport barriers (ATBSghmale et al. 2012 allapragada et al. 201.1n
these studies, LCSs/ATBs were associated with punctuated changes in colony forming units
(CFUs) ofFusariumrecovered from a seri@s collections with autonomous unmanned aerial
vehicles (UAVs). Though these studies observed fluctuations in CHElssafiumacross
varying temporal scales, they did not addtéssidentity (i.e., species composition) or potential
origin of atmospheripopulations ofFusarium We hypothesized that (1) atmospheric
populations ofFusariumare diverse and dynamic across lasgale temporal and spatial
gradients and (2) potential sourced-akariumextend across broad geographical regions. To
test these ypotheses, autonomous unmanned aerial vehicles (UAVs) equipped with microbe

sampling devices were used to collect viable sporésigdrium100 m above the ground level at
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the Kentland Farm in Blacksburg, Virgini& portion of the translation elongatidactor -

alpha gene (TERa) was used to assist in the identification of Fusariumisolates to species.
FusariumID(Geiser et al. 2004and GenBank BLAST quess, coupled with phylogenetic
analysedeveraging maximum likelihood and Bayesian methods, were used to identify isolates of
Fusariumrecovered from our collections. Back trajectory analyses were conducted for time
periods prior to our collections to dat@ne the potential geographic source aredsusfrium

One could in principle geographically constrain the source regiofugariumspecies and
determine correlations with species groupings and their probable geographic source regions. An
increased urerstanding of the structure, composition, and potential source regions of
atmospheric populations &lusariummay aid in the development of disease management

strategies in the future.

Materials and methods

Autonomous unmanned aerial vehicles (UAVS)

Autonomous(self-controlling) UAVs were used to colle@usariumin the lower atmosphere
l100mabove Virginia Techds Kentland Farm in Bl ac
(2013). Briefly, the UAVs flew defined sampling altitudes (100 m above groawmdl), sampling

speeds (90km/h) and sampling patterns (circle), and carried eight collection plates containing a
Fusariumselective medium on the wings. Once the UAV reached the target altitude of 100 m,

the sampling devices were opened by remote comtol the ground and exposed to the

atmosphere for durations ofd® min (Table 1). Following each sampling mission, the exposed
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plates were removed from the UAV and stored in small plastic contéamdéransport to the

laboratory.

Culturing and storage bFusarium

Methods for culturing-usariumwere described by Lin et al. (2B)1 Briefly, colonies recovered

from the sampling missions on tkesariumselective medium were subcultured in the

laboratory on new plates and singlgored. All singlespored culres were transferred to plates

of one quartestrength potato dextrose agar (PDA) (BD Difco, Franklin Lakes, NJ, USA)
medium containing a small piece of sterile filter paper (Fisher Scientific, Pittsburgh, PA, USA)
cut to about half the size of the pla®ultures were grown for 7 days at room temperature, and
the colonized pieces of filter paper were removed and dried in a laminar flow hood (NuAire, Inc.
Plymouth, MN, USA) overnight. Dried pieces of filter paper were placed in sterile coin
envelopes anglaced in refrigerated storage at 43pore suspensions were prepared from the
other half of the plates (not containing the filter paper) by washing the plates with a sterile 20%
glycerol aqueous (Fisher Scientific, Pittsburgh, PA, USA) solution for gahirlongterm

storage at minus 8C (Leslie and Summerell 2006

DNA extracion, PCR, and sequencing

Singlespored isolates dfusariumwere grown in 75 mL of potato dextrose broth (BD Difco,

Franklin Lakes, NJ, USA) for 5 to 7 days on a rotating shaker at 100 rpm (Barnstehuiab

Max QE 3000, Champai gn, swete filtered3htough fodr lkagers efu s p e n s i
cheesecloth and the resulting mycelium was lyophilized for 24 hr to remove water (FreeZone

2.5, Labconco, Kansas, MO, USA). The lyophilized mycelium was homogenized usiog @1
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0.5 mm zirconisasilica beads with Mini-Beadbeater (3110BX, BioSpec Products, Bartlesville,

OK, USA) forl.5 min at 2,500 rpm. DNA was extracted from the homogenized mycelium using

the Thermo/BioSprintl5 workstation (Qiagen, Valencia, CA, USA) and the Biosprint 15 DNA

Plant Kit (Qiagen, Vale c i a, CA, USA) foll owing the manuf ac
A portion of the translation elongation factealbha gene (TERa) was amplified from

each of the 135 isolates and from 69 vouché&weshriumstrains obtained from the Leslie

laboratory. PCRs wemnducted using theusariums peci fi ¢ pri mers-ef 1 (f

ATGGGTAAGGA(A/IG) GACAAGAC-306) and ef 2 (reverse primer;

GGA(G/A)GTACCAGT(G/C)ATCATGTT3 §@'Donnell et al. 1998yielding a product of

around 600700 bp(Geiser et al. 2004 Reactions werperformed using the following

conditions: an initial long denaturation (94°C for 10 min), thermal cycler for 10 cycles (94°C for

30 s, 55°C for 45 s, 72°C for 1 min) and 20 cycles (94°C for 30 s, 52°C for 45 s, 72°C for 1

min), and a final extension (729Gr 10 min), followed by cooling at 4°C until recovery of the

samples. The resulting amplification products were verified by electrophoresis in a 0.9% agarose

gel containing ethidium bromide and visualized on a UV transilluminator (Universal hood lI,

BIO-RAD, Hercules, CA, USA). PCR products were sequenced directly in both directibwes at t

University of Kentucky Advanced Genetic Technologies CenterQq@®&T C, Lexington, KY,

USA). Sequences were trimmed aaslijnedusingLasergene 9.1 software (DNASTAR, Inc.

Madison, WI, USA). Each consensus sequence served as an individual BLAST query against

both FUSARIUMID (Geiser et al., 2004) and GenBank databases. Isolates with over 95% DNA

sequence identity with voucherédsariumspecimens were assigned to the respe known

speciegGeiser et al. 2004
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Phylogenetic analyses

Modeloriented phylogenetic analyskeseraging Maximum Likelihood (ML) and Bayesian
methods wereised to assist in the identification of specdiigsariumspecies and identify the
phylogenetic relationships between the spedieeFusariumand fungal out group3enBank
accession numbeHM626644.1, AB373728.1, HM626649.1, HM626647.1 and DQ247616.1)
translation elongation factor DNA sequences were aligned using MAK&®h et al. 2005

Katoh et al. 200 Modeltest v3.7 was used to identify the optimal evolutionary model
(TrN+1+G) for use in the subsequent ML and Bayesian phylogenetic analyses. One hundred ML
bootstrap replicates were performed using GARLI ZWickl 2006. The norparametric

bootstrap values were assigned using Consense from the PHYLIP pdegsgastein 1989
enforcing consensus type Ml = 0.80. Thus, furcations showing less than 80% consensus non
paraméric bootstrap support were collapsed into a polytomy. Six independent 10 million
generation MrBayes v3.1(Ronquist and Huelsenbeck 2008ns, each with eight heated

chains (temp=0.05), werefermed. The parameter probability files from each of the MrBayes
runs were analyzed using Tracer v1.82@ambaut and Drummond 2003The resulting skyline

plots did not show obvious signs of rRoonvergence. The ESS values for the LnL parameter
ranged from 52659 and the ESS values for the TL parameter ranged frol63®2The ESS
values for the ther model parameters ranged in the thousands. The six independent Bayesian
runs showed good evidence for both independent sampling and apparent convergence.
Therefore, a single joint Bayesian analysis was generated using the sump and sumt commands
using25% burn in. The ML and Bayesian consensus trees were visualized using Figtree v1.3.1

(Rambaut 2000
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Analysis of species diversity
Species diversity was assessed using Simpsono

and evennegMagurran 2004Simpson 1949

whereP is the proportion of number of individuals of one particular species found (n) divided by

the total number of individuals found of all species (N) of each flgig,the sum of the

calculations,andi s t he number of species of each fligt
towards the most abundant species in the sample while being less sensitive to species richness

(Khan 2006.

Back trajectories and unresolved turbulence to identify potential source regions
Potential source regionsane identified by calculating the back trajectories of the passive
particles (spores) moving in the lower atmosphere. The trajectory of sampled particles was

numerically integrated backward in time, using the available velocity data for past time steps:

t,—AT
Ax = f vdt
i

0

Wheret; is the time when sampled spores are collecteddnd the integration duration. The

result of this integration was used to generate hypotheses about the potential source region for

each of the sample collections. The avd#davelocity data were used for interpolation to find the

unknown velocity at arbitrary points inside the domain of the field. Hgudbscale turbulent

velocity component is considered, then b#electories provide a single trajectory and the
sourpwe nit 0 for sampled particles (spoaes). Ho w

available, the deterministic assumption is considered no longer valid, and the true motion of the
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particles could not be determined by this interpolation technique. Quersity, we incorporated
unresolved (i.e., sugrid scale) turbulent motion to assist in the calculations of the trajectories
and the identification of potential source regions, which will in general no longer be single
geographic points, but extended gexgahic regions. Unresolved turbulence is defined as the
components of the velocity that cannot be described as a deterministic function of the grid point
data; consequently, stochastic models must be used to obtain a reasonable estimate. This refers to
theprobabilistic motion of particles that could occur with respect to the constraints imposed from
the existing velocity data at each node and at discrete time step. For the calculation of the
probabilistic source regionsve used stochastic models suitdbleatmospheric flows which
describe the time varying unresolved velocity components as a random number based on
available data on each grid point (background velocity data was based on th2 NARbdel
which covers the North America and its spatiotemip@solution is about 12 km and 3 hours,
respectively):

vixt) =v(xt) + V.(v.xt)
Wherev(x.t) shows the background deterministic velocity ql¥,x, t) is the unresolved
turbulent velocity which is a function of background velocity field as well as the position and
time. The stochastic model for our simulation was based on Fay et al. (1995) and Draxler and
Hess (1998). Due to the stochasticity of this model, we simulated the trajectories of many
individual and independent patrticles (i.e., a Monte Carlo approach)aim @iot approximately
converged probability distribution. The resulting position of those particles was considered the
probabilistic source region, as integration was performed in the badkune direction. Ideally,

one could determine the source regioonf where a backajectory intersects the ground. But
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the vertical wind component is difficult to resolve, and so three representative times are used: 6,
12, and 24 hours.

Trajectory distancewerecalculated as the arc length of the path traveled, appabed
by summing all the -3ninute segments$Starting from the sampling point, a bait&jectory was
calculated using a deterministic model similar to HYSPLIT. This trajectory is close to the mean
location of the probability distribution when stochastibtuent effects are included. The

position of the trajectory was recorded every 3 mintdea period of 24 hours

Results

Collections of Fusarium

We collected a total of 135 isolatesFafsariumon 11 separate UAV flights 100 m above
ground level in Sstember and October, 2010able 1). All eight sampling devices on the UAV
were exposed to the atmosphere for durationsid gin. The 11 flights were conducted on
three different calendar dates:-38p2010 (flights F147150), 29Sep2010 (flights F151
F153), and 040ct-2010 (flights F154-157) [Table 1). The fungal colony forming units (CFUSs)

from each of the collections across all eight plates ranged from 2 T@BI& (D).

Identification of Fusarium to the level of species

Two complementary approaes were used to assign tgsariumisolates to previously
characterizedrusariumspecies. The first approach queried the isolated Fusarium sequences
against both the FusariumID and GenBank databases. The top BLAST pairwise hits were used
to identify the closesFusariumspecies. Based on this pairwise similarity appraddbast 12

species ofusariumwere identified in our collectiong éble 2). Pairwise DNA similarity

47



matches are effective at identifying previously characterized genes; howeyetothet reveal

the inferred evolutionary relationships between the assigasdriumspecies. Therefore,

phylogenetic analyses were also performed to understand the phylogenetic relationships between

the Fusariumisolates and vouchered referefeesariumspecies.

Complementary ML and Bayesian phylogenetic analyses revealed considerable
phylogenetic diversity in thEusariumisolated from the air over Kentlaéhrm. Sequences for
the phylogenetic analyses included 69 vouéhesariumspecimens,ive fungd outgroupsand
135 unknown isolates from 11 UAV flight$gble SJ). Five fungal outgroups included
Geejayessia cicatricuritM626644.1, Cylindrocarpon sp. TBT: AB373728.1, Cyanonectria
buxi: HM626649.1, Nectria cyanostoma: HM626647.1 and Neocosmogpi&RL 22498:
DQ247616.1somerandomly choséungal speciethat belong tahe same familyasFusarium
Nectriaceae, but represent different gendral also these outgroups were identified using the
same single DNA sequence marker, TEF). The overathing phylogenetic results from the
ML and Bayesian analyses were largely concordant. Sixty five of 135 unknown isolates formed
well supported clades with 66 of 69 voucheFedariumspecies.This is illustrated in Figure 1
and annot at e dityaetfererticdrusaridimn egh od e n This region
clades comprised of boBusariumisolates from the air and voucherf@dsariumstrains,
showing strong bootstrap (ML analyses) and Bayesian posterior probability (Bayesian analyses)
support formost nodes. Well supported cladeg-aariumisolates with a voucherdelusarium
species provided higbonfidence species determination (Supplemental Fig S2 and S3). For
example, isolates F156N1, F156N9, and F157N3 form asuelborted sister group with

FIDN33F. lateritium (100 bootstrap and 0.99 posterior probability supports). These species
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assignments were concordant with the pairwise similarity results obtained in the BLAST
analyses (Table 2).

On the other hand, only three referefRosariumstrains €. babinda F. equiseti andF.
scripi) clustered with the remaining Rusariumisolates. This region is described as the low
density referencBusariumregion (Fig 1). The low density refererfé@sariumregion is
typified by two characteristicsThe first characteristic is that both the ML and Bayesian
consensus analyses showed overall poor support for the relative branch order within this region.
Not surprisingly, there was also inconsistent branch ordering within this region between the ML
ard Bayesian analyses (Supplemental Fig S1 and S2). Given the overall poorly supported
topology in this region it was not possible to confidently assign these isolates to any one of the
three referencBusariumstrains located in this region. ThereforesgbFusariumisolates were
assigned the species designatiofr dbabina/equisetiike. The second feature of this low
density referencBusariumregion waghatit comprised the basal region of the oveFRalsarium
phylogeny as evidenced by the proximibythe norFusarium fungal outgroup. The positioning
of the outgroup was consistent in both the ML and the Bayesian consensus analyses, showing
good bootstrap (100%) and posterior probability (1.0) support, respectively. Moreover, a
phylogram of the Bagsian consensus analysis (Supplemental Fig 1) showed relatively short
babinda/equisetiike branch lengths proximal to the fungal outgroup. This argues against the
hypothesis of a long branch artifact causing the inaccurate positioning of the futggatipu
Taken together, these phylogenetic results suggest thathdsdlina/equisetiike isolates are
closer to the inferred ancestral lineage thaegése to the more derivddgh density reference

Fusariumregion.
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Measurements of species richee and diversity

A detailed analysis of the species diversity across these flights was performe8 usmgp s o n 6 s
Index, whichincorporate both species richness (the number of species in a flight) and evenness
(the relative abundance of individuals pergeg within a flight) into a single measure

(Tuomisto 201D The results of this analysis are shown in Table 1; the relative abundance of
individuals per species for each flight shown in Table 2. Species richness (the numberes) speci
of an individual sampling mission varied from one to eight, and the species diversity across all of
the flights ranged from 0 to 3.604ble 1). Flight populations with more species or greater
evenness were considered to be more diverse. For exdhgblief-156 (8 species) was more

diverse than flight F147 (1 species). Though the species richness of two flights may be equal
(flights F148 and F155 ldea species richness of 4 in each flight population), flight F155 was
considered to be less diverse tird@8, because all four species in Fivk8emore even,

whereas therevasgreater variation in the abundance across the four species inFili8 ).

Species distribution, back trajectories and potential source regions

We observed some variation in tthistribution ofFusariumspecies among flight populations

(Fig 2). This variability extended to flight populations collected during the same sampling date
but at different times, and also between flights conducted on different sampling dates. For
exampleone speciesH. babina/equisetiike) was collected on F147, but on the next flight F148
we collected 4 different specids. fujikuroi, F. proliferatum, F. sporotrichioides, F.
babinda/equisetiike). Some species were relatively abundant across mise difghts (e.g.F.
babinda/equisetiike was collected on 10/11 of the flights fujikuroi (7/11),F.

sporotrichioideg7/11), and~. graminearun{6/11)), and yet other species were only collected
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on certain sampling dates (e . circinatumwas ony collected on a single flight, F149 on-28
Sep2010,F. lactisandF. sambucinumvere collected only on 28ep2010, and-.
armeniacum, F. avenaceuilndF. lateritiumwere collected only 081-Oct-2010) Fig 2).

Numerical Monte Carlo simulations with 10&lividual particles and based on stochastic
models for unresolved turbulence revealed some important observations. First, the probabilistic
potential source regions were not Gaussian distributions. Second, the distance between the
centroid of the probalistic source regions and the deterministic solution increased with time.
Third, the stretch and spread of potential source regions depended on the background flow field
and for different sampling times, different potential source configurations are expEigure 3
shows the potential source regions for 28, 29 Sep and 1 Oct 2010 respectively. The sampling
| ocation is shown by the green mark (Virginia
backward integration times were considered (6, 12 and @h@ach represented by different
shades of gray. Note that all the data corresponding to daily sampling flights are presented in
these three figures (for the first and the last day we had four and for the second day we had three
sampling flights).

Trajectory distances over 24h ranged from 394 km to 1,1154gMj. There was a
positive correlation® = 0.477,P = 0.027 between trajectory distance and number of

speciesS with the best fit given by a power law with exponent 0.66&) 4).

Discussion
Previous work has shown that Lagrangian coherent structures (LCSs), also known as
atmospheric transport barriers (ATBs), were associated with punctuated changes in atmospheric

populations ofFusarium(Schmale et al. 2012 allapragada et al. 201 1.ittle is known about
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the structure, composition, and potential origin of atmospheric populatitnsaftum. We
used UAVs to collect viable sporeskidsarium100 m above the ground level to test the
hypotheses that (1) atmospheric populationSusfariumare diverse and dynamic across large
scale temporal and spatial gradients and (2) potential sourEesafiumextend across broad
geographical regions. This study contributes to an increased understanding of the life history of
Fusarium

FusariumID and GenBank BLAST queries, coupled with modeinted phylogenetic
analysedeveraging maximum likelihoodna Bayesian statistical methods, revealed at least 12
species ofFusariumin our collections. Two of these speckeshabindaandF. equisetiformed a
large poorly resolved (i.e. polytomy) with a large number of flight isolates that together
comprised thenore basal regions of tlk@isariumphylogeny. Thesg. babinda/equisetiike
strains may represent the more ancestral state &luseriumspecies complex present in these
analyses. This poorly resolved region was not an artifact of fast evolvingsprdieather
many closely related isolates that likely diverged very rapidly from one another. Additional
phylogenetic analyses evaluating multiple loci will be required to resolve fusseiumisolates
into one or more distinct species in the future.

Some of the species recovered from our collections were exeageé. avenaceum,
F. graminearum, F. oxysporyrR. sporotrichioidesetc.) since these species have been reported
in agroecosystem(&ernando et al. 200&atan et al. 199Martin 1988 Schmaleet al. 2003.
Previous work by Schmale et al. (2012) reported that isolatesgraminearuntollected 40 to
320 m above ground level were pathogens on wheat and produced trichothecene mycotoxins.
Other species recovered in our populations were ungghée.g.F. lactisandF. circinatunj.

Isolates ofF. lactishave been reported from California, but to our knowledge have not been
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reported in the state of Virgin{heslie and Summerell 20D6AnN isolate ofF. circinatum causal
agent of pitch canker disease of pine, was collected on F149. Though the first réport of
circinatumin the U.S. was oRinus virginianain the state of North Carolin@&lirenberg and
O'Donnell 1998, this fungus has not been reported previouslhénstate of Virginia. Recent
greenhouse studies (Hill, Lin, and Schmale, unpublished observations) have demonstrated that
the isolate of. circinatumcollected on F149 can cause pitch canker on a susceptible
greenhousgrown pine hostRinus echinata The potential source region for this isolate~of
circinatumis unknown, but modeling efforts conducted as part of this work suggest the
contribution of multiple potential sources across broad geographical regions west and northwest
of our sampling site, tluding Virginia, West Virginia, Kentucky, Ohio, and Indiana (&g
3(a)).

Species richness, evenness, and diversity varied within and among our flight populations,
supporting our hypothesis that atmospheric populatiofRsigdriumare diverse and dynam
We used an index combining both species richness and abundance to provide an indication of
Fusariumspecies diversity for each individual sampling flight. This diversity is likely influenced
by many factors, including potential inoculum sources ancceaegiongBennett et al. 2005
Leslie and Summerell 200Ma & al. 2004 Schmale et al. 20Q6Based on the information
reviewed in Leslie and Summerell (2006), sdrusariumspecies have specific plant hosts (e.g.,
F. lactisand fig) while other have broad h@ahges (e.gF. oxysporuf Some species appears
to be associated with specific geographic areas fe.tactishas mostly been observed in
California, USA)(Leslie and Summerell 20D6while others are ubiquitous (e.§.,
graminearum, F. fujikuroi, F. oxysporyretc.). It is interesting that we collected species of

Fusariumwhich represent so many differerdriationsof the life history ofFusarium species
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representing both broad and narrow host ranges, and species representing both broad and narrow
source regions worldwide.

Back trajectory analyses conducted 6 to 24 hptos to our collections suggested the
contribution of multiple sources &usariumacross broad geographical regions. Fortuitously,
the wind was coming from a significantly different direction each day, which provides a means
to geographically constraihe corresponding source regions for Busariumspecies sampled:
F. circinatum, F. proliferatumandF. verticillioideswere only collected on 28ep2010, which
came primarily from wesmnorthwest of the sampling sitg; lactisandF. sambucinumvere ony
collected on 2%5ep2010, primarily from eastoutheast of the sampling site; &d
armeniacum, F. avenaceuandF. lateritiumwere only collected on 60ct-2010, primarily
from north of the sampling sité. babina/equisetiike, F. fujikuroi,andF. sporotrichioides
were collected in large numbers on28p2010 and 040ct-2010, but not 2%5ep2010,
suggesting source regions to the west and north of the sampling site. Similarly, the collection
pattern forF. oxysporunsuggests source regions to theteaorth, and south, but not from the
west. The most ubiquitous species are those categorifedabinda/equisedtike, which was
collected in large numbers on each day, suggesting a large geographic range including the
eastern U.S. Interestingly, tigeographic pattern fdt. babinda/equisetike matchedr.
equisetj which 75% of the spores coming onOtt2010, from the north (similar to 70% fBr
equiset), suggesting host plants with a common geographic range. Overall, we notice that the
fewest pores were collected on Zep2010, where backajectory analysis indicates that at 24
hours, the source region includes a significant fraction in the Atlantic Ocean. As no host plants

are present in the ocean, this may provide an explanation for tilersspare numbers on 29
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Sep2010, i.e., the spores contributing to the sample would be limited to only the potential source
area over dry land.

Based on the assumptions of back trajectory analyses, the area of the potecgal sou
region increases withrtie.On 28-Sep2010, source regions were as follows: at 6 hours the west
of Virginia, at 12 hours the central part of Kentucky, at 24 hours the eastern part of Indiana,
south and western portions of Ohio, and the southwest of West Virginia.-SegZ®10,source
regions were as follows: at 6 hours the central part of Virginia, at 12 hours Virginia and North
Carolina, and at 24 hours the Sodttest of Virginia and West Virginia, central part of North
Carolina, East of South Carolina, and the Atlantic Oc®i0+tOct-2010, source regions were
as follows: at 6 hours the central part of West Virginia, at 12 hours the-Wh Pennsylvania,
North-East Ohio, and Lake Erie, at 24 hours the North Michigan, Lake Huron, and North of Lake
Michigan Thus, as the patéial source region expands over time, there may be additional
opportunityfor differential source contributions from distinct geographic afBawers et al.

201]). However, we found no correlation of species richness with potential source regjon area
which was consistent Wi the previous research demonstrating no strong influence of spatial
structure on species richngstarrison et al. 2006 The size of the potential source region area
may be more a reflection of modeling uncertainty than an estimate of the size of the actual
contributng region, i.e., the actual source area is a small subset of the potential source region,
but is hard to pinpoint using the currently limited spatigporal resolution of meteorajical
models.Associationanaly®s of species and/or genotypigem the potatia source regions with

our flight collectionscould be one of the direct results of this stutlyough the actual

contribution of these hypothesized source regions to the atmospheric populakosaraim
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remains unclear, the diverse atmospheric s ofFusariumsuggest that inoculum may
originate from multiple locations over large geographic distances.

An increased understanding of the structure, composition, and potential source regions of
atmospheri@assemblagesf Fusariummay aid in the deslopment of disease management
strategies in the future. Future research aims to link to local (collected near the ground) and
regional (collected in the lower atmosphere with UA®@)ectionsof Fusariumacrosdifferent
sampling times, dates, asdason. The careful dissection of these linkages may provide
additional clues about the life history of thesariumand how patterns in the species diversity

depend on geographic scale.
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Supplemental Table 1.Comparisons of GenBank, FusariB, and phylogenetic analyses for all of the isolates collectearl00

above ground level during September and October, 2010.

Isolate  Flight Date Genbank Identification based on Fusariui Query FusariumID Identification based on GenBank Quer Genbank Identification  Identificaton
Accession Number (%) (%) using Garli using
method Bayesian
method
F147N  F147 28-Sep KC874683 F. incarnaturrequiseti species complésolate NRRL 610/612 Fusarium sp. NRRL 5537 627/632 F. F.
1 10 5537, MLST8a (99%) (99%) babinda/equi  babinda/equi
setilike setilike
F147N  F147 28-Sep KC87484 F. incarnaturrequiseti species complésolate NRRL 609 /610 Fusarium sp. NRRL 45996 632/637 F. F.
5 10 45996, MLST1a (99%) (99%) babinda/equi  babinda/equi
setilike setilike
F148N  F148 28-Sep KC874685 FD_01857_EFla [Fusarium sf. 608 / 608 Gibberella fujikuroi isolate V95 619/621 F. fujikuroi F. fujikuroi
2 10 (100%) (99%)
F148N  F148 28-Sep KC874686 FD_01389_EFla_2 [rusarium proliferaturh 609 /610 Fusarium proliferatum isolate 21 626/630 F. F.
3 10 (99%) (99%) proliferatum proliferatum
F148N  F148 28-Sep KC874687 FD_01857_EFla [Fusarium sp.] 619 /625 Gibberella fujikuroi partial tefl gene 639/645 F. fujikuroi F. fujikuroi
4 10 (99%) (99%)
F148N  F148 28-Sep KC874688 F. incarnaturrequiseti species complésolate NRRL 607 / 621 Fusarium cf. incarnatum M081209S1 636/640 F. F.
6 10 32993, MLST25h (98%) PCNB (99%) babinda/equi  babinda/equi
setilike setilike
F148N  F148 28-Sep KC874689 FD_01304_EFla [Fusarium sp.] 615/617 Fusarium sporotrichioides strain NRRL 628/632 F. F.
7 10 (99%) 29977 (99%) sporotichioi sporotrichioi
des des
F148N  F148 28-Sep KC874690 F. incarnatunrequiseti species complex isolate NRRI 596 / 604 Fusarium sp. NRRL 32997 621/635 F. F.
8 10 32997, MLST7a (99%) (98%) babinda/equi  babinda/equi
setilike setilike
F149N  F149 28-Sep KC874691 FD_01304_EFla [Fusarium sp.] 626 / 632 Fusarium sporotrichioides strain NRRL 643/648 F. F.
3 10 (99%) 52928 (99%) sporotrichioi  sporotrichioi
des des
F149N  F149 28-Sep KC874692 FD_01857_EFla [Fusarium sp.] 601 /602 Gibberella fujikuroi pétial tef1 gene 6221627 F. fujikuroi F. fujikuroi
6 10 (99%) (99%)
F149N F149 28-Sep KC874693 GFSC isolate NRRL 25331, MLSTGibberella 615 /624 Gibberella circinata strain NRRL25331 620/630 F. circinatum F. circinatum
7 10 fujikuroi species complex (99%) (99%)
F14N F149 28-Sep KC874694 FD_01388_EFla [Fusarium verticillioides] 642/ 645 Gibberella moniliformis strain 651/656 F. F.
8 10 (99%) PUMCH10XB00173 (99%) verticillioides  verticillioides
F149N  F149 28-Sep KC874695 F. incarnaturequiseti species complesolate NRRL 672/678 Fusarium sp. NRRL 5537 672/678 F. F.
9 10 5537, MLST8a (99%) (99%) babinda/equi  babinda/equi
setilike setilike
F149N  F149 28-Sep KC874696 F. incarnaturrequiseti species complex isolate NRRI 635/ 651 Fusarium € incarnatum M03L1209S1 654/657 F. F.
11 10 32993, MLST25b (98%) PCNB (99%) babinda/equi  babinda/equi
settlike setilike
F149N  F149 28-Sep KC874697 F. incarnaturrequiseti species complex isolate NRRI 609 / 624 Fusarium cf. incarnatum M081209S1 628/630 F. F.
12 10 32993, MLST25b (98%) PCNB (99%) babinda/equi  babinda/equi
setilike setilike
F149N  F149 28-Sep KC874698 F. incarnaturrequiseti species complex isolate NRRI 633 / 649 Fusarium cf. incarnatum M081209S1 652/655 F. F.
13 10 32993, MLST25b (98%) PCNB (99%) babinda/equi  babinda/equi
setilike setilike
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setilike

F.
babinda/equi
setilike

F.
babinda/equi
settlike

F.
babinda/equi
setilike

F. fujikuroi

F.
graminearum

F.
sporotrichioi
des

F.
babinda/equi
settlike

F.
babinda/equi
setilike

F.
sporotrichioi
des

F.
babinda/equi
setilike

F.
proliferatum

F.
babinda/equi
setilike

F.
babinda/equi
setilike

F.
sporotrichioi
des

F. fujikuroi

F. fujikuroi

F.
babinda/equi
setilike

F.
babinda/equi
setilike

F.
babinda/equi
setilike

F.
babinda/equi
seti-like

F.
babinda/equi
setilike

F.
babinda/equi
setilike

63



F150N
15
F151IN
F151IN
F151IN
F151IN
F151IN
F151IN
F15IN
F151N
10
F152N
F152N
F152N
5
F153N
1
F153N
F153N
F153N
F153N

F153N

F153N

F150

F151

F151

F151

F151

F151

F151

F151

F151

F152

F152

F152

F153

F153

F153

F153

F153

F153

F153

28-Sep
10

29-Sep
10

29-Sep

10

29-Sep
10

29-Sep
10

29-Sep
10

29-Sep
10

29-Sep
10

29-Sep
10

29-Sep
10

29-Sep
10

29-Sep
10

29-Sep
10

29-Sep
10

29-Sep
10

29-Sep
10

29-Sep
10

29-Sep
10

29-Sep
10

KC874718

KC874719

KC874720

KC874721

KC874722

KC874723

KC874724

KC874725

KC874726

KC874727

KC874728

KC874729

KC874730

KC874731

KC874732

KC874733

KC874734

KC874735

KC874736

F. incarnaturrequiseti pecies complex isolate NRRL
32993, MLST25b

F. incarnaturrequiseti species complex isolate NRR
32993 MLST25-b

FD_00986_EFla [Fusarium graminearum]
FD_01857_EFla [Fusarium sp.]

FD_00986_EFla [Fusarium gramaarum]

F. incarnaturrequiseti species complex isolate NRR|

32522, MLST18b

F. incarnaturrequiseti species complex isolate NRR|
32522, MLST18b

FD_01119_EFla [Fusarium graminearum]
FD_01119_EFla [Fusarium graminearum]
F. oxysporum species complex isolate NRRL 28391

MLST103

GFSC isolate NRRL 25200, MLSTGibberella
fujikuroi species complex

F. oxysporum species complex isolate NRRL 28391
MLST103

F. incarnaturequiseti species complex isolate NRR|
32993, MLST25b

F. incarnaturrequiseti species complex isolate NRR|
32993, MLST25b

GFSC isolate NRRL 25200, MLSTGibberella
fujikuroi species complex

F. incarnaturrequieti species complex isolate NRRL
32993, MLST25b

FD_01853_EFla [Fusarium sp.]
F. incarnaturrequiseti species complex isolate NRR
32522, MLST18b

F. incarnaturrequiseti species complex isolate NRR
32993, MLST25b

591 / 605
(98%)

604 /619
(98%)

618 /619
(99%)

587 /588
(99%)

511/535
(96%)

599 / 599
(1009%)

611/612
(99%)

546 / 554
(99%)

625/ 628
(99%)

618 /619
(99%)

620 /634
(98%)

604 / 605
(99%)

580 / 605
(96%)

601/616
(98%)

605 / 618
(98%)

589 / 605
(97%)

630/ 633
(99%)

602 / 603
(99%)

553 / 564
(98%)

Fusarium cf. incarnatum M0B81209S1
PCNB

Fusarium cf. incarnatum M081209S1
PCNB

Gibberella zeae strain NRRL 31084

Gibberella fujikuroi isolate V22

Gibberella zeae isolate CS3005

Fusarium sp. NRRL 32522

Fusarium sp. NRRL 32522

Gibberella zeae isolate CS3005

Gibberella zae isolate G5S

Fusarium oxysporum strain NRRL 43431

Fusarium lactis strain NRRL25200

Fusarium oxysporum strain NRRL 26404

Fusarium cf. incarnatum M081209S1
PCNB

Fusarium cf. incarnatum M081209S1
PCNB

Fusarium lactis strain NRRL25200

Fusarium cf. incarnatum M081209S1
PCNB

Fusaium sporotrichioides strain F95
Fusarium cf. incarnatum DFBR010 isolate
M02-70335-4

Fusarium cf. incarnatum M081209S1
PCNB

610/611
(99%)

623/625
(99%)

622624
(99%)

607/611
(99%)

531/555
(96%)

610/612
(99%)

618/621
(99%)

622/668
(94%)

611/612
(99%)

618/619
(99%)

620/634
(98%)

615/618
(99%)

604/617
(98%)

614/615
(99%)

613/628
(98%)

608/611
(99%)

655/658
(99%)

609/610
(99%)

579/582
(99%)

F.
babinda/equi
setilike

F.
babinda/equi
setilike

F.
graminearum

F. fujikuroi

F.
graminearum

F.
babinda/equi
setilike

F.
babinda/equi
setilike

F.
graminearum

F.
graminearum

F.
oxysporum

F. lactis

F.
oxysporum

F.
babinda/equi
setilike

F.
babinda/equi
setilike

F. lactis

F.
babinda/equi
setilike

F.
sporotrichioi
des

F.
babinda/equi
setilike

F.
babinda/equi
setilike

F.
babinda/equi
setilike

F.
babinda/equi
setilike

F.
graminearum

F. fujikuroi

F.
graminearum

F.
babinda/equi
setilike

F.
babinda/equi
setilike

F.
graminearum

F.
graminearum

F.
oxysporum

F. lactis

F.
oxysporum

F.
babinda/equi
setilike

F.
babinda/equi
setilike

F. lactis

F.
babinda/equi
setilike

F.
sporotrichioi
des

F.
babinda/equi
setilike

F.
babinda/equi
setilike

64



F153N
F153N
10

F153N
11

F153N
12

F153N
13
F154N
1
F154N
F154N
F154N
F154N
F154N
F154N
F154N
F154N
11
F155N
1
F155N
F155N

F155N

F155N

F153

F153

F153

F153

F153

F154

F154

F154

F154

F154

F154

F154

F154

F154

F155

F155

F155

F155

F155

29-Sep
10

29-Sep
10

29-Sep
10

29-Sep
10

29-Sep
10

1-Oct-
10

1-Oct
10

1-Oct
10

1-Oct-
10

1-Oct-
10

1-Oct
10

1-Oct
10

1-Oct
10

1-Oct
10

KC874737

KC874738

KC874739

KC874740

KC874741

KC874742

KC874743

KC874744

KC874745

KC874746

KC874747

KC874748

KC874749

KC874750

KC874751

KC874752

KC874753

KC874754

KC874755

FD_01119_EFla [Fusarium graminearum]

FD_01307_EFla [Fusarium sp.]

F. incarnaturrequiseti species complex isolate NRR|
45996, MLST1a

F. incarnaturrequiseti species complex isolate NRR|
5537, MLST8a

F. incarnaturrequiseti species complex isolate NRR
32993, MLST25b

FD_01114_EFla [Fusarium graminearum]

FD_00986_EFla [Fusarium graminearum]

F. incarnaturrequiseti species complex isolate NRR
32522, MLST18b

F. incarnaturrequiseti species complex isolate NRRI
32522, MLST18b

FD_01119 EFla[Fusarium graminearum)

F. oxysporum species complex isolate NRRL 40182
MLST99

FD_01304_EFla [Fusarium sp.]

F. incarnaturrequiseti species complex isolate NRR|
36123, MLST4b

FD_01853_EFla [Fusarium sp.]

F. incarnaturequiseti species complex isolate NRR|
34039, MLST1b

FD_01857_EFla [Fusarium sp.]

FD_01119_EFla [Fusarium graminearum)]

F. incarnaturrequiseti species complex isolate NRR|
32997, MLST7a

F. incarnaturrequiseti species complex isolate NRR|
32997, MLST?7a

647 / 650
(99%)

531 /554
(96%)

569 / 604
(94%)

609 / 610
(99%)

634 /651
(97%)

613/616
(99%)

608 / 609
(99%)

598 / 598
(100%)

599 / 599
(100%)

604 /618
(98%)

629 / 629
(100%)

605 / 606
(99%)

507 / 540
(94%)

607 / 609
(99%)

603 / 605
(99%)

584 / 587
(99%)

628 /629
(99%)

594 / 604
(98%)

597 / 606
(98%)

Gibberella zeae isolate G5S
Fusarium sambucinum partial {&&lpha
gene

Fusarium cf. incarnatum HOA07S4
PCNB

Fusarium sp. NRRL 5537

Fusarium cf. incarnatum M0B81209S1

PCNB

Gibberella zeae strain LMSA 1.09.129

Gibberella zeae straNRRL 31084

Fusarium sp. NRRL 32522

Fusarium sp. NRRL 32522

Gibberella zeae isolate CS3005

Fusarium oxysporum strain NRRL28359

Fusarium sporotrichioides EFalpha gene,

strain: CBS 119839

Fusarium cf. incarnatum DFBR010 isolate
MO02-7079S5

Fusarium sporotrichioides strain NRRL
53434

Fusarium spNRRL 34039

Gibberella fujikuroi isolate V95
Gibberella zeae isolate CS3005

Fusarium spNRRL 32997

Fusarium sp. NRRL 32997

613/613
(100%)

532/554
(97%)

6221625
(99%)

624/628
(99%)

651/654
(99%)

644/649
(99%)

617/621
(99%)

604/605
(99%)

616/619
(99%)

623/637
(98%)

628/629
(99%)

624/624
(100%)

533/554
(97%)

613/615
(99%)

618/623
(99%)

598/604
(99%)

649/652
(99%)

599/610
(99%)

604/615
(99%)

F.
graminearum

F.
sambucinum

F.
babinda/equi
settlike

F.
babinda/equi
settlike

F.
babinda/equi
setilike

F.
graminearum

F.
graminearum

F.
babinda/equi
setilike

F.
babinda/equi
setilike

F.
graminearum

F.
oxysporum

F.
sporotrichioi
des

F.
babinda/equi
setilike

F.
sporotrichioi
des

F.
babinda/equi
setilike

F. fujikuroi

F.
graminearum

F.
babinda/equi
setilike

F.
babinda/equi
setilike

F.
graminearum

F.
sambucinum

F.
babinda/equi
settlike

F.
babindaéqui
settlike

F.
babinda/equi
setilike

F.
graminearum

F.
graminearum

F.
babinda/equi
setilike

F.
babinda/equi
setilike

F.
graminearum

F.
oxysporum

F.
sporotrichioi
des

F.
babinda/equi
setilike

F.
sporotrichioi
des

F.
babinda/equi
setilike

F. fujikuroi

F.
graminearum

F.
babinda/equi
settlike

F.
babinda/equi
setilike
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F155N
F155N
F155N

F155N
10

F155N
11

F155N
12

F155N
13

F155N
14
F155N
F156N
F156N
F156N

F156N

F156N

F156N
F156N
9
F156N
10

F156N

F156N
13

F155

F155

F155

F155

F155

F155

F155

F155

F155

F156

F156

F156

F156

F156

F156

F156

F156

F156

F156

1-Oct
10

1-Oct
10

1-Oct

1-Oct

10

1-Oct
10

1-Oct
10

1-Oct
10

1-Oct-
10

1-Oct-
10

1-Oct
10

1-Oct
10

1-Oct
10

1-Oct
10

1-Oct
10

1-Oct
10

1-Oct
10

1-Oct
10

1-Oct

1-Oct
10

KC874756

KC874757

KC874758

KC874759

KC874760

KC874761

KC874762

KC874763

KC874764

KC874765

KC874766

KC874767

KC874768

KC874769

KC874770

KC874771

KC874772

KC874773

KC874774

F. oxysporum species complex isolate NRRL 26962
MLST89

F. incarnaturrequisetispecies complex isolate NRRL
32522, MLST18b

F. incarnaturrequiseti species complex isolate NRR|
32522, MLST18b

F. incarnaturrequiseti species complex isolate NRR|
32522, MLST18b

F. incarnaturrequiseti species complex isolate NRR|
32522, MLST18b

FD_01119_EFla [Fusarium graminearum]

F. incarnaturrequiseti species complex isolate NRR|
5537, MLST8a

F. incarnaturrequiseti species complésolate NRRL
5537,MLST8-a

F. incarnaturrequiseti species complex isolate NRRI
45996, MLSTla

FD_01345_EFla [Fusarium lateritium]

F. axysporum species complex isolate NRRL 40182
MLST99

FD_01857_EFla [Fusarium sp.]

FD_01857_EFla [Fusarium sp.]

F. incarnaturrequiseti speciesomplex isolate NRRL
32997, MLST7a

FD_01304_EFla [Fusarium sp.]

FD_01345_EFla [Fusarium lateritium]

F. incarnaturrequiseti species complex isolate NRR|
32522, MLST18b

FD_01843_EFla [Fusarium armeniacum]

F. incarnaturrequiseti species complex isolate NRR|
45996, MLST1a

623/ 625
(99%)

599 / 599
(100%)

598 /599
(99%)

599 / 599
(100%)

600 / 601
(99%)

573 /580
(99%)

654 / 655
(99%)

556 / 556
(100%)

590 / 594
(99%)

610/ 635
(96%)

605 / 606
(99%)

596 / 600
(99%)

545 / 546
(99%)

595 / 603
(99%)
615/ 617
(99%)

626 / 652
(96%)

597 / 600
(99%)

594 / 597
(99%)

576 /611
(94%)

Fusarium oxysporum, strain ISPaVe1018

Fusarium sp. NRRL 32522

Fusarium cf. incarnatum DFBR010 isolate

M02-7033S4

Fusarium spNRRL 32522

Fusarium cf. incarnatum DFBR010 isolate

MO02-7033S4

Gibberella zeae strain LMSA 1.09.107

Fusarium sp. NRRL 5537

Fusarium sp. NRRL 5537

Fusarium sp. NRRL 45996

Fusarium lateritium isolate F0104

Fusarium oxysporum strain NRRL 38361

Gibberella fujikuroi isolate V9

Gibberella fujikuroi isolate V22

Fusarium equiseti EEalpha gene, strain:
MAFF 236723

Fusariumsporotrichioides strain NRRL
29977

Fusarium lateritium isolate F0104

Fusarium cf. incarnatum DFBR010 isolate
MO02-7085S4

Fusarium armeniacum strain NRRL 6227

Fusaium cf. incarnatum HOZ¥07S4
PCNB

626/628
(99%)

610/612
(99%)

610/612
(99%)

610/612
(99%)

612/614
(99%)

579/587
(99%)

654/655
(99%)

574/577
(99%)

609617
(99%)

630/645
(98%)

619/623
(99%)

599/604
(99%)

561/564
(99%)

611/615
(99%)
625/628
(99%)

650/664
(98%)

608/611
(99%)

603/604
(99%)

629/633
(99%)

F.
oxysporum

F.
babinda/equi
setilike

F.
babinda/equi
setilike

F.
babinda/equi
settlike

F.
babinda/equi
setilike

F.
graminearum

F.
babinda/equi
setilike

F.
babinda/equi
setilike

F.
babinda/equi
setilike

F. lateritium

F.
oxysporum

F. fujikuroi
F. fujikuroi

F.
babinda/equi
setilike

F.
sporotrichioi
des

F. lateritium

F.
babinda/equi
setilike

F.
armeniacum

F.
babinda/equi
setilike

F.
oxysporum

F.
babinda/equi
setilike

F.
babinda/equi
setilike

F.
babinda/equi
settlike

F.
babinda/equi
setilike

F.
graminearum

F.
babinda/equi
setilike

F.
babinda/equi
setilike

F.
babinda/equi
setilike

F. lateritium

F.
oxysporum

F. fujikuroi
F. fujikuroi

F.
babinda/equi
setilike

F.
sporotrichioi
des

F. lateritium

F.
babinda/equi
setilike

F.
armeniacum

F.
babinda/equi
setilike
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F156N
14

F156N
15

F156N

F156N

18

F156N
19

F156N
20

F156N
21

F156N
22

F156N
24

F156N
27

F156N
28

F156N
29

F156N

F156N
32

F156N
33

F156N
35

F156N

F156N

37

F156N

F156

F156

F156

F156

F156

F156

F156

F156

F156

F156

F156

F156

F156

F156

F156

F156

F156

F156

F156

1-Oct
10

1-Oct
10

1-Oct

1-Oct

10

1-Oct
10

1-Oct-
10

1-Oct
10

1-Oct-
10

1-Oct
10

1-Oct-
10

1-Oct
10

1-Oct
10

1-Oct
10

1-Oct
10

1-Oct
10

1-Oct
10

1-Oct

1-Oct

10

1-Oct

KC874775

KC874776

KC874777

KC874778

KC874779

KC874780

KC874781

KC874782

KC874783

KC874784

KC874785

KC874786

KC874787

KC874788

KC874789

KC874790

KC874791

KC874792

KC874793

FD_01857_EFla [Fusarium sp.]

F. incarnaturrequiseti species complex isolate NRR|
32522, MLST18b

GFSC isolate NRRL 44887, MLSTGibberella
fujikuroi species complex

F. incarnaturrequiseti species complex isolate NRR|
32993 MLST25-b

F. incarnaturrequiseti species complex isolate NRR
32522, MLST18b

FD_01853_EFla [Fusarium sp.]

F. incarnaturrequiseti species complésolate NRRL
32997, MLST7a

FD_00986_EFla [Fusarium graminearum]

F. incarnaturrequiseti species complésolate NRRL
5537, MLST8a

FD_01857_EFla [Fusarium sf.

F. incarnaturrequiseti species complésolate NRRL
32522, MLST18b

FD_01857_EFla [Fusarium sp.]
F. incarnaturrequiseti species complésolate NRRL
5537, MLST8a

FD_01857_EFla [Fusarium sf.

FD_01317_EFa [Fusarium sf.

F. incarnaturrequiseti species complésolate NRRL
32993, MLSR5b

F. incarnaturrequiseti species complésolate NRRL
28029, MLST3b

FD_01304_EFla [Fusarium sg.

F. incarnaturrequiseti species complésolate NRRL
32522, MLST18b

602 / 604
(99%)

615/ 619
(99%)

600 /601
(99%)

601/ 621
(97%)

614 /615
(99%)

591/ 623
(95%)

618 /628
(98%)

619 /620
(99%)

612/ 612
(100%)

603 / 604
(99%)

614 /615
(99%)

608 / 611
(99%)

641/ 68
(99%)

614 /616
(99%)

607 / 623
(97%)

610/ 626
(97%)

620 /622
(99%)

614 /617
(99%)

614/ 615
(99%)

Gibberella fujikuroi isolate V95

Fusarium cf. incarnatum DFBR010 isolate
MO02-7085S4

Gibberella fujikuroi partial tefl gene

Fusarium cf. incarnatum M081209S1
PCNB

Fusariumcf. incarnatum MLSTs 18 and
18b clone spt134

Fusarium sporotrichioides strain NRRL
53434

Fusarium cf. incarnatum M0B81209S1
PCNB

Gibberella zeae strain NRRL 31084

Fusarium cf. incarnatum NRRL 43498

Gibberella fujikuroi isolate V95

Fusarium cf. incarnatum MLSTs ¥8and
18b clone spt134

Gibberella fujikuroi isolate V22

Fusarium cf. incarnatum NRRL 43498

Gibberella fujikuroi isolate V22

Gibberella avenacea voucher FR®869

Fusarium cf. incarnatum M081209S1
PCNB

Fusarium cf.mcarnatum MLST 3 clone
spt072

Fusarium sporotrichioides strain NRRL
29977

Fusarium cf. incarnatum MLSTs ¥Band
18b clone spt134

617/622
(99%)

628/632
(99%)

598/599
(99%)

628/637
(99%)

6241627
(99%)

596/628
(95%)

631/635
(99%)

623/625
(99%)

624/626
(99%)

613/616
(99%)

6201622
(99%)

614/617
(99%)

632/635
(99%)

618/620
(99%)

618/622
(99%)

636/641
(99%)

627/630
(99%)

618/621
(99%)

619/622
(99%)

F. fujikuroi

F.
babinda/equi
settlike

F. fujikuroi

F.
babinda/equi
setilike

F.
babinda/equi
setilike

F.
spaotrichioi
des

F.
babinda/equi
setilike

F.
graminearum

F.
babinda/equi
setilike

F. fujikuroi

F.
babinda/equi
setilike

F. fujikuroi

F.
babinda/equi
setilike

F. fujikuroi

F.
avenaceaum

F.
babinda/equi
setilike

F.
babinda/equi
setilike

F.
sporotrichioi
des

F.
babinda/equi
setilike

F. fujikuroi

F.
babinda/equi
settlike

F. fujikuroi

F.
babinda/equi
setilike

F.
babinda/equi
setilike

F.
sporotrichioi
des

F.
babinda/equi
setilike

F.
graminearum

F.
babinda/equi
setilike

F. fujikuroi

F.
babinda/equi
setilike

F. fujikuroi

F.
babinda/equi
setilike

F. fujikuroi

F.
avenaceaum

F.
babinda/equi
setilike

F.
babinda/equi
setilike

F.
sporotrichioi
des

F.
babinda/equi
setilike
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F156N
40

F156N
41

F156N
F156N
43

F156N
44

F156N
45

F156N
47

F156N
49
F157N
F157N
F157N
F157N
F157N
F157N
6
F157N
7
F157N
F157N

F157N

F157N
11

F156

F156

F156

F156

F156

F156

F156

F156

F157

F157

F157

F157

F157

F157

F157

F157

F157

F157

F157

1-Oct
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Supplemental Fig S1.Phylogram oBayesian phylogenetic analysi®ed branches are
referenceé~usariumstrains, and black branches &tesariumstrains sampled during the flights.
Grey branches indicate ndfusarium fungal strains used as an out group to root the tree.

Branch lengths indicate the posterior nucleotide substitution rate.
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Supplemental Fig S2.Cladogram of Ryesian phylogenetic analysianch colors are

de<ribed in Supplemental Fig SMlode labels indicate posterior probabilities for each node.
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Supplemental Fig S3.Maximum Likelihood phylogene analysis cladogram. Branch colors
are described in Supplemental Fig S1. Node labels indicatparametric bootstrap support

values.
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