1' frontiers
in Microbiology

ORIGINAL RESEARCH
published: 10 November 2015
doi: 10.3389/fmich.2015.01248

OPEN ACCESS

Edited by:
Laure Weisskopf,
University of Applied Sciences
Western Switzerland, Switzerland

Reviewed by:

Kemal Kazan,

Commonwealth Scienti ¢ and
Industrial Research Organization,
Australia

Jutta Ludwig-Mdiller,
Technische Universitat Dresden,
Germany

*Correspondence:
Seogchan Kang
sxk55@psu.edu

Specialty section:
This article was submitted to
Plant Biotic Interactions,
a section of the journal
Frontiers in Microbiology

Received: 22 July 2015
Accepted: 26 October 2015
Published: 10 November 2015

Citation:
Bitas V, McCartney N, Li N, Demers J,
Kim J-E, Kim H-S, Brown KM and
Kang S (2015) Fusarium Oxysporum
Volatiles Enhance Plant Growth Via
Affecting Auxin Transport and
Signaling. Front. Microbiol. 6:1248.
doi: 10.3389/fmich.2015.01248

®

CrossMark

Fusarium Oxysporum Volatiles
Enhance Plant Growth Via Affecting
Auxin Transport and Signaling

Vasileios Bitas *, Nathaniel McCartney %3, Ningxiao Li #, Jill Demers *, Jung-Eun Kim ?,
Hye-Seon Kim *, Kathleen M. Brown *® and Seogchan Kang *34*

! Department of Plant Pathology and Environmental Microbiofly, The Pennsylvania State University, University ParkAP
USA, 2 Department of Entomology, The Pennsylvania State Univetgi University Park, PA, USA? Center for Chemical
Ecology, The Pennsylvania State University, University faPA, USA,* Intercollege Graduate Degree Program in Plant
Biology, The Pennsylvania State University, University fka PA, USA,° Department of Plant Science, The Pennsylvania State
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Volatile organic compounds (VOCs) have well-documented ks in plant-plant
communication and directing animal behavior. In this studywe examine the less
understood roles of VOCs in plant-fungal relationships. Bhogenetically and ecologically
diverse strains ofFusarium oxysporum a fungal species complex that often resides in
the rhizosphere of assorted plants, produce volatile componds that augment shoot
and root growth of Arabidopsis thalianaand tobacco. Growth responses of A. thaliana
hormone signaling mutants and expression patterns of a GUSeporter gene under
the auxin-responsive DR5 promoter supported the involvem& of auxin signaling in
F. oxysporum volatile-mediated growth enhancement. In addition, 1-napthylthalamic
acid, an inhibitor of auxin efux, negated F. oxysporum volatile-mediated growth
enhancement in both plants. Comparison of the pro les of vaitile compounds produced
by F. oxysporumstrains that differentially affected plant growth suggestthat the relative
compositions of both growth inhibitory and stimulatory conpounds may determine
the degree of plant growth enhancement. Volatile-mediatedsignaling between fungi
and plants may represent a potentially conserved, yet mostloverlooked, mechanism
underpinning plant-fungus interactions and fungal niche daption.

Keywords: auxin signaling, chemical effector, fungal ecology , plant growth and development, volatile organic

compounds

INTRODUCTION

Organisms in multiple kingdoms use volatile metaboliteseamis-chemicals for intra- and inter-
species communication and manipulation. Such function ofouas volatiles produced by animals
and plants has been well-documentéth{dwin et al., 2002; Herrmann, 20Q1@&lthough available
data on microbial semio-volatiles, especially those produog fungi, is rather limited, they
also seem to participate in modulating sexual reproduction ticding physiology and growth
within and between species, antagonizing other organisnisgaordinating symbiosisiGavkelova
et al., 2006; Young, 2009; Bennett et al., 2012; Morath €2@l2; Bitas et al., 20)L3Volatile
compounds produced by certain plant growth promoting rhizoleaizt enhanced plant growth,
induced systemic resistance against pathogens and/ordasetkabiotic stress toleranéey( et al.,
2003, 2004; Han et al., 2006; Zhang et al., 2007; Kwon e0a&l),. In contrast, bacteria, such as
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strains ofSerratiaspp.,Pseudomonaspp. andStenotrophomonas TABLE 1 | F. oxysporum  strains screened in this study.

spp., produce volatiles that inhibit the growth éfrabidopsis

thaliana (Vespermann et al., 2007; Kai and Piechulla, 2009Access'owa f.sp.? Geographical origin
Volatiles from Trichoderma viride a biocontrol fungus, ;gp, ciceris Spain
augmentedA. thalianagrowth (Hung et al., 201)3 and volatiles g1, ciceris Spain
produced byPhomasp. enhanced tobacco growtiigznin et al., gg05 ciceris Tunisia
2013. Similarly, a biocontrol strain ofFusarium oxysporum yg.1 ciceris California, USA
that carries ectosymbiotic bacteria produdedaryophyllene, a nrrL 38272 conglutinans Australia
volatile sesquiterpene that appeared to enhance lettuce lgrowjrrL 38340 conglutinans Unknown
(Minerdi et al., 201). However, when its symbionts were rrc 0-210 conglutinans New York, USA
removed, the strain became pathogenic, ceased producingrL 38341 conglutinans Unknown
b-caryophyllene, and failed to enhance plant growth. Volatile NrRL 38342 conglutinans Unknown
produced by ectomycorrhizal tru es Tuber spp.) inhibitedA.  NRRL 38491 conglutinans Unknown
thalianaroot growth and developmentplivallo et al., 2007 FRC O-1115 conglutinans California, USA
In this study, we characterized how volatile compoundsvrRL 36364 conglutinans Unknown
produced by diverse isolatesef oxysporuna ect plant growth ~ NRRL 34936 lycopersici Spain
using A. thaliana and tobacco. Collectively, members of thiSNRRL 36467 lycopersici Unknown
cosmopolitan soilborne fungal species complex cause diseaS®g|L 38499 lycopersici Unknown
in > 100 plant speciek@ng et al., 201y invading through the  NRRL 26383 lycopersici Florida, USA
roots and subsequently blocking water and mineral movementRRL 38445 lycopersici Unknown
through the xylem Czymmek et al., 2007; Michielse and RepNRRL 38550 lycopersici Unknown
2009; Rispail and Di Pietro, 200%Pathogenic strains typically NRRL 36570 radicis-lycopersici Unknown
exhibit narrow host speci city, causing disease only in agkn  NRRL 36572 radicis-lycopersici Unknown
or closely related plant specieisang et al., 2014 such host- NRRL 26379 radicis-lycopersici Florida, USA
specialized groups of pathogen isolates are classi ed as éormiRRL 38343 mathioli Unknown
speciales. They also asymptomatically colonize a wide spectriNRRL 22545 mathioli Germany
of plants (Michielse and Rep, 20)9Strains that belong to NRRL 22553 raphani Germany
diverse formae specialewere screened to assess how theif\RRL 38337 raphani Unknown
volatiles a ect plant growth. We demonstrate here that vddesti NRRL 37616 pisi Unknown
from F. oxysporumcan stimulate growth of plants and that NRRL 37611 pisi Australia
auxin participates in the responses to these volatiles. Hol sud/RRL 36573 phaseoli Unknown
volatiles contribute td=. oxysporumhizosphere competency and NRRL 38282 medicaginis N. Carolina, USA
pathogenesis is also discussed. NRRL 26411 fabae Unknown
NRRL 36118 cubense Unknown
NRRL 26029 cubense Unknown
MATER'ALS AND METHODS NRRL 36113 cubense Unknown
NRRL 22519 melonis Unknown
Fungal Cultures and Plant Materials NRRL 36472 melonis Unknown
Strains used in this study and their origins are listed INNRRL 22557 vasinfectum Unknown
Table 1 They were stored as conidial suspension in 20% glycersRRL 32599 vasinfectum Australia
at 80 C and were revitalized by inoculating on half-strengthNRRL 36385 cucurbitacearum Unknown
Potato Dextrose Agar (PDA) at room temperature. Seed&.of NRRL 36470 dianthi Unknown
thaliana ecotypes were acquired from Lehle Seed Co. (RounéRRL 26874 spinaciae Unknown
Rock, TX, USA). The mutants of Col-0 used in this studyNRRL 38507 zingiberi Unknown
obtained from the Arabidopsis Biological Resource Center &fRRL 38335 tuberosi Korea
Ohio State University, includeetrl(Bleecker et al., 1988; Chang NRRL 38275 caladium Florida, USA
et al., 1998 ga3oxland aux1(Marchant et al., 1999axr5and  NRRL 28973 asparagi Korea
tirl (Yang etal., 20Q4andeirl(Luschnig et al., 1998Transgenic  NRRL 26844 lactucum Unknown
carnation Korea

Col-0 containingDR5::GUSJJe erson et al., 1997vas provided NRRL 39464

by Darrell Desveaux at Unlver5|ty of Toronto. Sara May at Pena\lRRL corresponds to ARS Culture Collection at the National Center for Agricutal

State provided seeds Mfcotiana tabacunvariety Samsun.

Utilization Research and FRC indicates Fusarium Research Center Benn State. The

rst four strains were provided by Dr. Maria Jimenez-Gasco at Penn Ste.

bForma specialis or source of isolation.

I-plate Assay for Plant Growth
Enhancement by Fungal Volatiles distilled water) were kept in sterile distilled water for 2 dags
Surface-sterilized seeds (soaked for 1 min in 95% ethanskd 4 C in the dark. Sterilized seeds were inoculated on half-gfiten
three times with sterile distilled water, soaked for 15mirbP6  Murashige and Skoog (MS) salts medium supplemented with
sodium hypochlorite solution, and rinsed three times withrde ~ 0.8% (w/v) agar and 2.5% (w/v) sucro$éufashige and Skoog,
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1962 in 110 110 mm square Petri dishes (VWR, Radnor, PAfollowed by drying for 4 days at 5C. Experiments were
USA). These plates were placed in a growth chamber (Conviroconducted twice, with three biological replicates.
PGR15, Winnipeg, MB, Canada) set at@212 h light (4500 lux,
60mmol photons m 2 s 1) and 60% relative humidity. GUS Staining

One compartment of the I-plate contained half-strength PDAHistochemical staining ofin planta GUS @-glucuronidase)
for culturing F. oxysporumand the other had the MS medium activity was performed as described Jr erson et al. (1987)
described above for growing plants. One day before seedlirifter cocultivation,DR5::GUSeedlings removed from MS were
transplantation, one plug of fungal culture (5 mm in diameter)immersed in GUS staining solution, which consists of 50 mM
was inoculated on the PDA side, and a 0.5 cm-wide strip of PD&odium phosphate (pH 7.0), 10mM EDTA (pH 8.0), 2mM
along the center partition was remove#igure 1) to prevent KsFe(CN), 2mM KzFe(CN), 0.1% (v/v) Triton X-100, and
fungal overgrowth to the MS side. Five thaliana seedlings 2mM X-Gluc (5-bromo-4-chloro-3-indolyl-beta-D-glucunic
with similar size and growth stage were transplanted to the M8cid, cyclohexylammonium salt). After applying vacuum for
side by cutting and transferring 1 dmagar blocks containing 5min, they were incubated overnight at 7 in the dark
one seedling each. The control treatment for all experimentwith gentle agitation (75rpm). These seedlings were washed
consisted of PDA alone. Inoculated I-plates were sealed wittequentially with 70, 80, and 90% ethanol solutions until al
Para Im and placed in a growth chamber under the conditionschlorophylls were removed and were stored in 90% ethanol

described above. at 4 C until imaging. Staining patterns were observed using a
stereomicroscope (Olympus SZ60, Center Valley, PA, USA) and
F. oxysporum Volatiles NPA Treatment

After cocultivation, each plant was removed, and its rootsewe o <iock solution of 1-naphthylthalamic acid (NPA; Sigma-

detached from the shoot. After removing any excess MOIStUr&|qrich. St. Louis. MO USA) in DMSO was used to produce MS
on the leaves using a paper tissue, each shoot was weighfaining 1, 5, and 16M NPA. Control plants were cultivated
immediately. Leaf area, root length and the lateral rootsign . v containing DMSO only. A same volume of DMSO was

were measured using the image analysis software WinRHIZQsed for all treatments. Experiments were conducted twidd, w
(Regent Instruments Inc., Ch Ste-Foy, Quebec, Canada). ve seedlings per replicate

Chlorophyll content was measured spectrophotometically

as previously describedH{scox and Israelstam, 19)9After Analysis of F. oxysporum Volatile

measuring shoot fresh weight, they were placed in a sterifel15 Compounds

tube containing 5 mL. dimethy! sulfoxide (DMSO). This tube W8S ndividual strains were cultured on half-strength PDA in 1 L

incubated at 65C for 8 h and then stored in the dark at0to4 C gézf\ss ask for 7 days at room temperature. Charcoal puri ed

gzgl :r?joégglcn? rgﬁ:stlhreen:;r;tl. ;t;sforbﬁnltlzec(\)/\rl]?gn:n?risuregralr was introduced into these asks and headspace volatiles
’ orophy . gp were collected using SuperQ volatile collection trap (ARS

gram of shoots) was calculated using the followmg_formulalnc Micanopy, FL, USA) at a rate of 0.5L/min by applying

(Asas 0.0202)C (Ae3 0.00802) VIW, where V. Is the vacuum for 24 h. Captured compounds were eluted usingii0

volume of DMSO and W corresponds to the fresh weight of thedichloromethane As internal standards, 200 ng of octané an

seedlings analyzed. Relative water content (RWC) was ciddula ) ;

! . . 200ng of nonyl-acetate, dissolved ik dichloromethane,
as previously describedshart and Bingham, 19y4RWC D -
(fregh weighf— dry weighg/(turgid weigght— dry vzeight).tef were added to the elution. Eluted compounds were analyzed

oating harvested leaves on sterile distilled water for GHgir by gas chromatography-mass spectroscopy (GC-MS) in electron
. . . . impact (El) mode using a Hewlett-Packard 6890 GC equipped
turgid weight was recorded. Leaves were weighed after giryin . :
. : with an HP-5MS bonded phase capillary column (0.25mm
in an oven at 85C. All experiments were conducted at least S } .
twice, with three biological replicates for each treatmerd ave _O.25rrm 30m; Agilent Technologies, Litlle Falls, DE, USA)
see dl,in s per replicate interfaced to a HP 5973 MS (Hewlett-Packard, Palo Alto, CA,
gsp P ’ USA). The column temperature was programmed from an initial
. temperature of 40C, with a 1 min hold time, 8C min ! to
Indirect Measurement of Fungal CO 2 and 240, and 40C min 1 to 300 C with a 3-min hold at 300C.
its Effect on Plant Growth Injections of ImL were made with the inlet in splitless mode at
We used a tripartite Petri plate (Y-plate)-based assfyi ( 250 C with a split time of 0.75 min and helium carrier gas ow
and Piechulla, 20Q%o determine whether C@ produced by rate of 0.7 mLmin®. El analysis used the default settings (ion
fungal culture contributed to plant growth. Cocultivation wa source: 230C, quadrupole: 15, and with spectra generated
performed as described above, except that only tirebaliana at 70 eV), and identi cation was performed using retention
seedlings per plate were grown due to space constraint. Omedices, the NIST 08 and Adams 09 libraries, as well as authent
compartment contained 8 mL 0.1 M Ba(O¥which reacts with  standards.
COy to form BaCQ precipitate. After 14 days of cocultivation, To determine the amount of ethylene produced by
fresh shoot weight was measured, and the dry weight of BaC@. oxysporumindividual strains were cultured in 50mL ask
was measured by ltering the solution through a lter paper containing 25 mL half-strength Potato Dextrose Broth (PDB),
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NRRL 26379 RRL 38335

FIGURE 1 | Growth response of A. thaliana to F. oxysporum volatiles. (A) Mean shoot fresh weights of ecotype Col-0 cocultivated wito fungus (control) and
46 F. oxysporumstrains individually for 2 weeks are shown. Means and standé errors for nine biological replicates per treatment, wlit ve seedlings per replicate, are
shown. Isolates that did not cause statistically signi cant gowth enhancement compared to control (Tukey's testa < 0.05) are marked with star. Arrows denote the
three strains used for subsequent analyses. Images of seedlis after cocultivation with these three strains are showmi(B—E). The center partition, marked by an
arrow in (B) prevents physical contact between two compartments. A stp of fungal culture medium along the center partition was remwved at the time of fungal
inoculation to prevent fungal overgrowth to the plant side.

on an orbital shaker (75rpm) at room temperature for 3 dayscollected from each ask using a sterile syringe, then itgginto
Control was un-inoculated PDB. Prior to ethylene measuretne a GC with a ame ionization detector (HP 6890). Fungal biosas
the asks were opened inside a laminar hood for 5 min to releaseas measured after Itering the culture in each ask through
any previously produced ethylene, resealed with sterile @ubb 25mm Iter paper (GE Healthcare Bio-Sciences, Pittsburgh, PA,
stopper and incubated for 24h. A 1 mL of headspace air wadSA) and dried at 65C for 12 h. Ethylene production rate was
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calculated as ethylene producedl( per liter) per hour per g of in the seedlings cocultivated with NRRL 26379 and NRRL 38335
fungal mycelia. The experiment was conducted twice, witkeehr (Figure 4and Supplementary Figure 2).
biological replicates for each strain.

o _ F. oxysporum Volatiles Caused Multiple
Statistical Analysis Changes in A. thaliana
Collected data were analyzed by one-way ANOVA analysigg determine the time course of increase in shoot fresh weigh
using SAS 9.3 statistical analysis software (SAS Inst@d#e/, we harvested Col-0 seedlings after 5, 7, 10, and 14 days of
NC). Means were compared using a Tukey's test and statisticghcultivation with NRRL 38499, NRRL 26379, and NRRL 38335

signi cance was evaluated using the alpha vatue (0.05). (Supplementary Figure 3). The growth response to NRRL 26379
and NRRL 38335 was not signi cantly di erent from that of
RESULTS the control and NRRL 38499 treatments up to day 10, but then
growth of plants co-cultivated with NRRL 26379 and NRRL
Volatile Compounds Produced by 38335 accelerated. To test if the degree of growth enhanteme
Genetically and Phenotypically Diverse correlates with the duration of fungal volatile exposure,dah

E . culture was removed after cocultivation with these strdorss,

) oxyspo_rum Strains Enhanced the Growth 7, and 10 days, but the seedlings were not harvested untilday
of A. thaliana and Tobacco For NRRL 38335, signi cant growth enhancement compared to
We cocultivated 46 strains, representing 22 di ereiotmae  control plants was noted at 7—10 days of cocultivation, whtite
specialesand phylogenetic lineagesO(Donnell et al., 2009  NRRL 26379, it took 10-14 days of cocultivation (Supplementary
(Table 1) with A. thaliana ecotype Col-0 for 14 days to assessigure 4).

their ability to a ect A. thalianagrowth via volatile production Compared to control plants, cocultivation with NRRL 26379
(Figure 1). Compared with plants grown in the absence ofand NRRL 38335 increased the total leaf area by 2.7- and
fungal culture (control), 39 isolates (85%) signi cantlyhamced  4-fold, respectively, and the chlorophyll content by 3-fold
growth (Tukey's test with alpha value 0.05). Two isolates, (Figure 5and Supplementary Figure 5). However, RWC did not
NRRL 32599 and FRC 0-210, reduced shoot fresh weiglfgni cantly di er amongst the treatments (Tukey's test Wit
by 50 and 25%, respectively, while ve isolates caused ngipha value< 0.05). Cocultivation with NRRL 26379 and NRRL
statistically signi cant e ect. Two growth-enhancing isés that 38335 also increased the mass (4.8- and 4-fold, respejtarely
exhibited the least variation, NRRL 26379 and NRRL 3833%ptal length (3.6- and 5.2-fold, respectively) of rodtgure 6and

and one neutral isolate, NRRL 38499, were chosen for furth&ypplementary Figure 6). The lateral root density was more than
analyses. doubled Figure 6). The root to shoot ratio in plants cocultivated

As with Col-0, volatiles from NRRL 38499 did not enhancewith NRRL 26379 and NRRL 38335 nearly doubled compared to
tobacco . tabacumgrowth, but volatiles from NRRL 26379 and control plants.

NRRL 38335 resulted in 2.5- and 3-fold shoot weight increases,
respectivelyKigure 2). Growth responses of nine additionAl ~ Growth Responses of A. thaliana Hormone
thallangeﬁotytpetshto volatt)lles frodm NERIL026$;]9 a?d NRRL 3§33§ignaling Mutants Suggest the
were similar to those observed in Col-0 with a few exception . : .
(Figure 3). Ecotype C24 responded positively to NRRL 2p637§nV0|_ve_ment of Auxin Signaling in
but negatively to NRRL 3833Figure 3 and Supplementary Mediating Growth Enhancement by
Figure 1). Ecotype Mh-0 was neutral to NRRL 26379 volatiles, blit. OXysporum Volatiles
volatiles from NRRL 38335 inhibited its growth, whereas Egety To elucidate the mechanism underlyig oxysporunvolatile-
Nd-0 responded positively to NRRL 26379 but appeared neutrahediated growth enhancement, selectethalianamutants that
to NRRL 38335. are defective in hormone signaling were exposef. toxysporum
Since elevated atmospheric g®ects plant growth Poorter  volatiles Figure 7). Based on a previous study showing the
and Navas, 2003; Baldwin, 2Q1CO, produced by microbial involvement of auxin in bacterial volatile-mediated plandgth
culture could also enhance plant growtlgi and Piechulla, enhancementZhang et al., 2007 most of the chosen mutants
2009. To determine whether C®produced byF. oxysporum are defective in auxin signaling. THETR1gene encodes an
culture contributed to plant growth, we compared Col-0 growthethylene receptor Schaller et al., 1995; Chen et al., 2002
in the presence and absence of Ba(@Hyhich removes C® The EIR1 gene, encoding a root specic auxin e ux carrier,
by forming BaCQ@ precipitate Kai and Piechulla, 2009We is involved in gravitropism l(uschnig et al., 1998 The AXR5
also compared the amounts of G@roduced by NRRL 38499, and AUX1 genes encode a repressor of auxin responseq
NRRL 26379, and NRRL 38335 by measuring the quantity aft al., 200% and an auxin inux transporter {ang et al.,
BaCQ formed, and found no signi cant di erences among them 2006, respectively. ThIR1 gene encodes an F-box protein,
(Figure 4). Col-0 seedlings grown without fungal culture but in a component of the ubiquitin ligase complex that degrades
the presence of Ba(OH)displayed reduced shoot weight (by the AUX/IAA transcriptional repressor proteins, and is thus
55%) compared to those grown in the absence of Ba¢gOH)e required for activating auxin-responsive genesérmasiri et al.,
magnitude of reduction was similar (51%) for those cocutida  2005; Kepinski and Leyser, 200Fhe GA30X1gene product
with NRRL 38499, whereas only slight reduction was recordedatalyzes the rst step in gibberellic acid biosynthesig¢hum
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FIGURE 2 | Effect of F. oxysporum volatiles on N. tabacum growth. Shoot fresh weight was measured after 2 weeks of cocultivadn with no fungus (control),
NRRL 38499, NRRL 26379, and NRRL 38335. Representative plas are shown in the insert. Means and standard errors for ninbiological replicates per treatment,
with ve seedlings per replicate, are shown. Different lettes on columns represent statistically signi cant differenes by one-way analysis of variance.

FIGURE 3 | Growth response of 10 A. thaliana ecotypes to F. oxysporum volatiles. The mean shoot fresh weight of each ecotype was measured afte2 weeks
of cocultivation with no fungus (control), NRRL 26379, and RRL 38335. Means and standard errors for six biological refgates per treatment, with ve seedlings per
replicate, are shown. Different letters on columns represe statistically signi cant differences within each ecotyp by one-way analysis of variance. Photos of ecotype
C24 after this experiment are shown in Supplementary Figuré.

et al., 200p The mutantsetrl, eirl, ga3oxland axr5 looked We also used transgenic Col-0 carrying tiER5::GUS
comparable to Col-0, upon cocultivation with NRRL 26379 andeporter, which has been widely used for monitoring the spatial
NRRL 38335Kigure 7). Howeverauxlandtirl did not exhibit and temporal patterns of auxin responseuprovsky et al., 2008;
signi cant growth enhancementgure 7). Lucas et al., 2008; Peéret et al., 200he stain permitted easy
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FIGURE 4 | Effect of CO 5, produced by fungal culture on plant growth. (A) Mean shoot fresh weights of Col-0 plants after 2 weeks of cocliivation with NRRL
38499, NRRL 26379, and NRRL 38335 in Y-plate in the presencerad absence of Ba(OH) are shown. (B) Quantities of CG, produced by these strains
wereestimated by measuring the amount of dried BaC@ precipitant formed during cocultivation. Means and standel errors for six biological replicates per
treatment, with three seedlings per replicate, are shown. fiferent letters on columns represent statistically sigmiant differences by one-way analysis of variance.

FIGURE 5 | Alterations of leaves caused by F. oxysporum volatiles. (A) total leaf area,(B) chlorophyll content, and(C) relative water content in Col-0 leaves after
2 weeks of cocultivation with no fungus (control), NRRL 3848 NRRL 26379, and NRRL 38335 are shown. Means and standard eors for four biological replicates
per treatment, with ve seedlings per replicate, are shown. Dferent letters on columns represent statistically sigmiant differences by one-way analysis of variance.
Scanned images of representative leaves used fqA) are shown in Supplementary Figure 5.
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FIGURE 6 | Root alterations caused by F. oxysporum volatiles. (A) total root length, (B) root fresh weight, and(C) lateral root density of Col-0 were quanti ed
after 14 days of cocultivation with no fungus (control), NRR38499, NRRL 26379, and NRRL 38335. Means and standard erra for three biological replicates per
treatment, with ve seedlings per replicate, are shown. Diéfrent letters on columns represent statistically signi candifferences by one-way analysis of variance.

Supplementary Figure 6 shows representative roots colleetl after this experiment.

FIGURE 7 | Growth response of A. thaliana hormone signaling mutants to  F. oxysporum volatiles. Growth response ofsix mutants to volatiles produced by
NRRL 38499, NRRL 26379, and NRRL 38335 are shown. Means and andard errors for two biological replicates per treatmentwith ve seedlings per replicate, are
shown. Different letters on columns represent statistichl signi cant differences within each mutant line by one-waynalysis of variance.
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counting of lateral root tips and primordia. Consistent withet  TABLE 2 | Identied F. oxysporum volatile compounds.
data shown irFigure 6, the density of lateral roots iBDR5::GUS , ]
plants became signi cantly higher when cocultivated with NRRLY?'2"e compounds strains
26379 and NRRL 38335 for 7 and 14 daysggre 8 and NRRL 38499 NRRL 38335 NRRL 26379
Supplementary Figure 7). GUS activity was primarily Iocalizegja_m
at root tips and lateral root primordia in all treatments, but

. . .. . . 2-methyl-1-butanol
the magnitude of resulting GUS staining varied among stralnsE_Z_hexanal
(Supplementary Figures 7, 8). At 7 days after cocultivaticth wi 1 hexanol
NRRL 26379 and NRRL 38335, straining was stronger and more
extensive than that observed in plants cocultivated with ng ™e""-butanol acetate
fungus and NRRL 38499 (Supplementary Figure 8). However, &{"¢!"--butanol acetate
14 days after cocultivation, no obvious di erence was obsdry Benzaldenvde
between these groups. Shoot growth, root development arftf' 2-"varoxy-3-methyl butyrate
GUS activity were also analyzed in the presence of di erent: ¢3!
concentrations of 1-naphthylphthalamic acid (NPA), an auxin>-¢tanone
e ux inhibitor ( Keller et al., 2004 In the presence of mM  Hexyl Acetate
NPA, the lateral root density of plants cocultivated with NRRLP-imonene
26379 and NRRL 38335 still remained signi cantly higher thari-ethyl-4-methoxy-benzene
that observed in the other two treatments at both days 7 and 14¢ethyenyl-4-methoxybenzene
(Figure 8and Supplementary Figure 9). However, in the presencgundecanone
of 5mM NPA, lateral root formation was drastically reduced in Acora-3,7 (14)-diene
all treatments, and GUS staining was reduced compared to thatcedrene
observed with no or inM NPA (Figure 8 and Supplementary *b-caryophylene
Figure 9). Growth enhancement by NRRL 26379 and NRREb-cedrene
38335 volatiles was not a ected bymM NPA, but at higher g-curcumene
concentrations (5 and 1®M), the growth enhancement e ect cis-b-guaiene
was abolishedHigure 9). We also determined whether growth 3-(2)-cembrene A
enhancement of tobacco plants IEy oxysporum/olatlles was 3 and 5 denote the presence and absence, respectively, of each compound.
a ected by NPA (Squlementary Figure 10)- Althoth tobacca Compounds with known/suspected effect on plant growth.
plants were less sensitive to NPA tharthaliana in the presence
of 5 and 1anM NPA, growth enhancement by NRRL 26379 and
NRRL 38335 volatiles was signi cantly reduced.

ethyl-1-butanol

W W W W W W wWwwWwwWwwWwoa wwwwwwwwwwow
g W o g g g g 00w W OwWw W oW o oW w ww

O W W W W W U 0 0 W w Ja w w o wooonowww

(Supplementary Figure 11), suggesting that ethylene is not one
such compound.

Volatile Compounds Produced by DISCUSSION

F. oxysporum

Analysis of volatile compounds produced by NRRL 38499, NRRBoth plants and microbes employ multiple strategies to
26379 and NRRL 38335, using GC-MS, led to the tentativeoordinate or take control of their interactions, resulting
identi cation of several compoundsiable 2andFigure 10, but  in diverse forms of association ranging from mutualistic to
many others remain to be identi ed. Interestingly, NRRL 38499pathogenic. One strategy that has evolved convergently in
which did not enhance plant growth, produced more diversemultiple microbial kingdoms is secreting or injecting a \etyi of
compounds and higher quantities of many compounds thare ectors that manipulate plant defense machineries. Secretion
NRRL 26379 and NRRL 38335. The most abundant classeseoéctors is not limited to pathogens, e.g., symbiotic assamiat
volatile compounds were sesquiterpenes and diterpenes, rhostalso require suppression of host defense by microbial partners
which remain unidenti ed. NRRL 38499 produced many more(Evangelisti et al., 20).4E ectors include proteins [Peslandes
sesquiterpenes and diterpenes than NRRL 26379 or NRRL 38335d Rivas, 2012; Okmen and Doehlemann, 2014; Rovenich
All three isolates produced compounds that have been shown et al., 201}, metabolites Collemare and Lebrun, 20),1and
inhibit plant growth, such as 3-methyl-1-butanol, 1-hexgrb  nucleic acids\(Veiberg et al., 20)4but compared to research
octen-3-ol and 3-octanone. Even though no compounds uniquelgn protein e ectors, work on the other types of e ectors lags
produced by both NRRL 26379 and NRRL 38335 were detectethnsiderably behind. In addition to e ectors, microbes also
NRRL 26379 produced 1-2 diterpenes that appeared absescrete various molecules that a ect plant health both diyect
in NRRL 38335. These patterns suggested the possibility thand indirectly Bonfante and Anca, 2009; Bednarek et al., 010
all three strains produced plant growth enhancing volat)le(s such as siderophores for iron acquisition, enzymes for eutri
but NRRL 38499 might also produce compounds that inhibitmobilization and antibiotics. Because volatile metabolitas
plant growth, thus negating growth enhancement e ect ortravel through air and porous soils, they can potentially fuoict
even stunting plant growth. Comparison of ethylene productionas signals for both short- and long-range organismal intécas
among the three strains did not reveal signi cant di erenceseven inthe absence of water as medium. We tested the hypsthesi
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FIGURE 8 | Effect of F. oxysporum volatiles on A. thaliana lateral root development in the presence of NPA. Lateral root density (both lateral roots and

lateral root primordia) of Col-0 containindR5::GUSin the presence of 0, 1, and 5mM NPA was determined after cocultivation with no fungus (camol), NRRL 38499,
NRRL 26379, and NRRL 38335 for 7(A) and 14 (B) days. Means and standard errors for two biological replicas per treatment, with ve seedlings per replicate, are
shown. Different letters on columns denote statisticallyigni cant differences within each treatment by one-way anafsis of variance.

FIGURE 9 | Effect of NPA on volatile-mediated growth enhancemen  t. The shoot fresh weight of Col-0 containingDR5::GUSwas measured after cocultivation
with no fungus (control), NRRL 38499, NRRL 26379, and NRRL 35 for 7 (A) and 14 (B) days in the presence of NPA. Means and standard errors for tee
biological replicates per treatment, with ve seedlings pereplicate, are shown. Different letters on columns denotetatistically signi cant differences within each NPA

treatment by one-way analysis of variance.

Frontiers in Microbiology | www.frontiersin.org 10 November 2015 | Volume 6 | Article 1248



Bitas et al. Fungal volatiles on plant growth

FIGURE 10 | Volatile compounds produced by  F. oxysporum . Headspace volatiles from no fungus (bottom, control), NRRB8499, NRRL 26379, and NRRL
38335 cultured on PDA were analyzed using GC-MS. Asterisksehote compounds that have been shown to affect plants in preiously published studies.

that certain volatiles produced by plant-associated fungica e study we showed that volatiles from genetically and ecotilyi

their interaction with plants. diverse strains Table ) signi cantly enhanced plant growth
. (Figures 13). This ability likely contributes to its rhizosphere

Multifaceted Roles of F. oXysporum competency by increasing nutrient availability, since erdeal

Volatiles? root growth (e.g.Figure 6) would be expected to increase plant-

Potential bene ts of producing volatiles that enhance plantderived exudates as well as root tissue for potential coftioa.
growth are likely to be found ifF. oxysporura main ecological Another potential bene t comes from the root developmental
niches, the rhizosphere and within plants. The rhizospherehange caused by its volatiles. Volatiles from NRRL 26379
o ers rich nutrient sources for micro ora (e.g., root exudz=d, and NRRL 38335 not only increased the root biomass but
mucilage, dead root cells). Accordingly, the rhizosphembdbis also doubled the density of lateral root&iguresg 8 and
diverse groups of microbes and serves as their “playgrounBupplementary Figure 7). Root penetration By oxysporum
and battle eld” (de Weert and Bloemberg, 2006; Raaijmakersccurs primarily through the meristematic region of primary
et al., 200R Due to competition among rhizosphere dwellersand lateral roots Bishop and Cooper, 1983; Turlier et al.,
and antimicrobials released by plants, the membership tG994; Czymmek et al., 200For pathogenic strains, increased
this community (i.e., rhizosphere competency) requires a feormation of lateral roots will likely facilitate infectiorby
prerequisites de Weert and Bloemberg, 2006The frequent presenting more potential entry points to the vascular system.
presence of-. oxysporunin the rhizosphere of diverse plants, NRRL 38272, a previously characterized pathogenic stram of
including those that are not considered as their hostsicolm  thaliana (Ospina-Giraldo et al., 2003; Czymmek et al., 2007
et al., 201} indicates its broad rhizosphere competency. In thisas well as most other strains that are likely to be pathogenic
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to crucifer plants (formae specialesnglutinans, mathioliand and Supplementary Figures 7-9). Mutation of eith&UX1,
raphan), enhancedA. thaliana growth (Figure 1). Since the encoding an auxin in ux transporter ang et al., 20Q6or
integrity of adjacent cortical cells is disrupted during hgbh TIR1, encoding an auxin receptor that regulates the expression
growth of F. oxysporunthrough the vascular systel@fymmek of auxin-responsive gene®lfarmasiri et al., 2005; Kepinski
et al., 200), another possible role of volatile compounds is to actnd Leyser, 2005negated growth promotion b¥. oxysporum

as phytotoxic virulence factors. volatiles Figure 7). In addition, chemical inhibition of auxin
] e ux blocked volatile-mediated growth promotion in both
Which Compounds Affect Plant Growth? A. thaliana and tobacco Figures § 9). Temporal and spatial

Volatile pro les (Figure 10andTable 2 present an enigma, since patterns of GUS activity irDR5::GUSplants indicated earlier
both growth-promoting and growth-inhibiting compounds were (before shoot biomass enhancement became visible) anuiggro
detected, along with compounds with unknown e ects. NRRLactivation of lateral root development via auxin signaling
38499, but not growth-enhancing strains NRRL 26379 and NRR{Supplementary Figures 7-9). Volatiles from other microbes
38335, seems to produtecaryophyllene, a sesquiterpene thatthat enhanced plant growth similarly a ected root growth and
was previously reported to enhance lettuce growdingrdietal.,  development Zhang et al., 2007; Gutierrez-Luna et al., 2010;
201). In addition, NRRL 38499 produced more compounds inHung et al., 2018 Bacillus subtilus/olatile-mediated growth
both the number and quantity than NRRL 26379 and NRRLenhancement ofA. thalianawas also blocked by NPAZ(iang
38335, and no compounds appear unique to the latter twoet al., 200y, suggesting that manipulation of auxin transport
These patterns raised the possibility that NRRL 38499 mighind signaling using volatiles is a mechanism employed by
produce both growth-inhibitory and -stimulatory compounds, diverse microbes. As discussed above, this manipulatioty like
thus making their net e ect on plants neutral. Although speci ¢ contributes to the tness of plant-associated microbes.
compound(s) that are inhibitory remain to be conrmed, Kidd et al. (2011)showed that several genes involved in
previous studies suggest some candidates, such as 3-methyluxin signaling were di erentially regulated in response to
butanol, 1-hexanol, 1-octen-3-ol, and 3-octanorféglire 10.  F. oxysporuninfection. In addition, mutants in some of these
Volatiles produced by trues, which inhibitedA. thaliana genes, as well as several other mutants defective in auxin
growth, included these compounds, and their synthetic we1si  transport or signaling, were more resistant o oxysporum
also inhibited A. thaliana growth (Splivallo et al., 2007 [Inhibition of auxin e ux by NPA and 2,3,5-trioidobenzoic ad
Additional candidates include volatile terpenes. Some t@pe also enhanced resistance. Collectively, these resukigsuthat
have been shown to inhibit the growth of other organismsF. oxysporunexploits auxin transport and signaling to facilitate
including plants Collado et al., 2007; Kramer and Abraham,infection in A. thaliana Clearly, F. oxysporumvolatiles are
2013. More abundant production of volatile sesquiterpenes angandidate signals for this manipulation.
diterpenes by NRRL 38499 than NRRL 26379 and NRRL 38335
(Figure 10 suggests that some of these terpenes may inhibE TURE DIRECTIONS
plant growth. An attempt to test this supposition by disrupting
the production of these groups of terpenes in NRRL 38499 vigxploration of plant-microbe communication through volatil
targeted mutagenesis of their biosynthetic genesis in @s8r  compounds will likely reveal novel mechanisms underpinning
It was suggested that promotion of plant growth by microbialplant-microbe interactions and o er potential applications
volatiles could simply be a result of G@nrichment during (Morath et al., 2012; Bitas et al., 201Given the vast diversity
cocultivation Kai and Piechulla, 2009We found no signi cant  of fungi associated with plants and their seemingly critigait
dierence in CO, production among growth-promoting and mostly underexplored, roles in plant health, concerted e a@is
neutral strains of F. oxysporum Removal of CQ using needed to understand if and how volatiles produced by sucifun
Ba(OH), reduced the growth oA. thalianawithout fungus and  a ect plant growth and how such molecules are perceived and
cocultivated with NRRL 3849%{gure 4), indicating that carbon  processed by plants. Another key question is whether vatatile
xation via photosynthesis still limits plant growth even whe from F. oxysporunand other fungi also a ect other traits. Several
plants are cultured on sucrose-containing medium. Howevesstudies showed that volatiles produced by several bactpeaies
no signi cant reduction in growth was observed for plants enhanced both plant growth and stress resistariziéa¢ et al.,
cocultivated with NRRL 26379 and NRRL 38335g(re 4), 2013. Since increased plant growth supports microbial growth
arguing against the proposition that increased £@oduction in the rhizosphere, enhanced resistance to biotic and abiotic
solely drove plant growth enhancement. Higher chlorophyll instress also provides improves potential habitat for the fungus
the plants exposed to volatiles from NRRL 26379 and NRRunder unfavorable environmental conditions. In additioas
38335, but not by volatiles from NRRL 38499 suggests moigiscussed above, manipulation of plant growth and development
active photosynthesis in plants cocultivated with the growth via volatile production may also facilitate infection. Idecation

promoting strains. of speci ¢ volatile compound(s) that a ect plant growth and

. L. their biosynthetic pathways iifr. oxysporunis a key step to
Mechanism Underpinning Growth address these questions. Exposure of plants to synthetiomsrsi
Enhancement by F. oxysporum Volatiles of candidate compounds has been employed to identify batteria

Manipulation of auxin transport and signaling By. oxysporum and fungal volatiles compounds that enhance plant growth (e.g
volatiles seems to underpin growth enhancemefiggres 79  Ryu et al., 2003; Splivallo et al., 2R0Xlthough this approach
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is not su cient for proving their involvement in a ecting plant State College of Agricultural Sciences. (Jeanne and Charles
growth in the eld, it helps identify candidate compounds for Rider Endowment and Strategic Collaboration Seed Grant) and
further research. Knowledge of the identity and biosynitet the Penn State Center for Environment geoChemistry and
pathways for fungal volatile semio-chemicals, in combmati Genomics. We would like to thank Sara May for providing
with targeted genetic manipulation, will help conrm their tobacco seeds and allowing us to use a stereoscope, Emily
involvement in plant growth via disruption of their biosyntbis.  Pfeufer for assistance with statistical analysis, Maria rdéne

Ryu et al. (2003used this approach to show the involvement of Gasco for providind-. oxysporunf. sp.ciceristrains, and Darrell
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