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GENERAL ABSTRACT

The common beanPpaseolus vulgarid..) is a crop of great economic and
social importance in Brazil and one of the bas@tsof the Brazilian population.
Several diseases occur in this crop, causing Yoslses and/or decreases in seed
quality, such as Fusarium wilt, caused Fysariumoxysporumf. sp. phaseoli
(Fop). This organism can be spread by seeds and lassified as a Regulated
Non-Quarantine Pest in Brazil. The current knowrhuods for its detection and
identification in seeds are blotter tests and ssgtéctive agar medium, followed
by a pathogenicity test. The goals in this work eves extend knowledge on
seed transmission dfop in common bean as well as to investigate the close
interaction between that fungus in infected sedu®ugh GFP technique
associated to scanning electron microscopy andstabksh a protocol for
detection of this fungus in seeds by real time P@RCR). In paper 1,
transmission rates of the pathogen from artifigiahnd naturally Fop-
contaminated seeds to emerged plants were testeal.sTrains ofFop, two
genotypes of bean, two environment temperaturef@mndinoculum potentials
were used in the experiments with artificially intated seeds, in order to assess
the symptomatic and asymptomatic plants. The frecri®f symptomatic plants
was lower than 5% but the transmission rates dddhmants were 100%. The
transmission rates of asymptomatic plants were arth 49.7% for BRSMG
Majestoso and Ouro Negro, respectively. In respectomparison between
temperatures, the rates were 54.4% at 20 °C a8t 25 °C. FoFop strains,
the transmission rates were 83.6% and 94.2% forOB&Rnd FOP014. The
mean rate at P3 was 64.4% and 58% at P1. Fronssiayawith naturalliFop-
contaminated seeds, transmission rates were |dwear those determined for
inoculated seeds, ranging from 8.1% to 16.7%. jrep&,Fop was transformed
by green fluorescent proteins (GFP) containing tesistance gene of



hygromycin-B. Seed infection by the transformiedp was visualized in the
embryo, including the plumule, and in the endospeAmlarge amount of
fluorescent mycelium was observed externally onnbseedling roots, which
presented vascular discoloration, which is thecgipsymptom of Fusarium wilt
disease. In paper 3, the results of the experinmntaolecular detection ¢fop

in common bean seed samples showed that the sppdifiers and probe used
as part of the qPCR protocaol in this study werdbgdao detecFop in infected
seeds with high sensitivity, at 0.25%Fadp incidence. TagMan assays provided
more reliable, sensitive, effective and quickeuhssthan SYBR Green assays,
which confirm previous reports for other pathosyse Analysis of naturally
Fop- contaminated seeds by qPCR correlated with esdfilthe blotter test but
further studies are needed to optimize samplingsatdampling of seed health

testing using PCR-based assays.

Key-words: Fusarium wilt, green fluorescent proteiaed pathology, real-time

PCR,Phaseolus vulgaris



RESUMO GERAL

O feijoeiro Phaseolus vulgarisL.) € uma cultura de grande importancia
econdmica e social no Brasil por ser uma das dibésicas da populacéo
brasileira. Diversas doencas ocorrem nessa cuttatsando perdas na producéo
e/ou reduzindo a qualidade das sementes, com@sgooda murcha de fusarium,
cujo agente etioldgico é€usarium oxysporumf. sp. phaseoli (Fop). Esse
organismo pode ser disseminado por sementes sdficlado como Praga Nao
Quarentenaria Regulamentada no Brasil. Os métodosiecidos para sua
deteccéo e identificacdo em sementes sbmtber teste o meio semiseletivo,
ambos seguidos pelo teste de patogenicidade. @hjete, neste estudo,
ampliar os conhecimentos na transmissaéagpor sementes de feijdo, assim
como investigar a interacdo enffep, em sementes infectadas por meio da
técnica de GFP, associada a microscopia eletréiécavarredura, além de
estabelecer um protocolo para sua deteccao em srdmfeijdo por PCR, em
tempo real (QPCR). No artigo 1, as taxas de tressni do patégeno foram
testadas, a partir de sementes artificialmentet@almente associadas &op
para plantas emergidas. Dois isolado$-dp, duas cultivares de feijoeiro, duas
temperaturas e quatro potenciais de inéculo forilimados nos testes a partir
de sementes artificialmente inoculadas, com aifiadé de avaliar as plantas
sintomaticas e assintomaticas. A frequéncia degdasintomaticas foi menor do
gue 5%, com taxas de transmisséo de 100%. As texaransmissdo de plantas
assintomaticas foram 57% e 49,7%, para BRSMG Majese Ouro Negro,
respectivamente. Em relacdo as temperaturas, as tasam 54,4% a 20 °C e
52,3% a 25 °C. Para isolados lgéep, as taxas de transmisséo foram 83,6% e
94,2% para FOP005 e FOP014. A taxa média no P&4{dbs e, 58% no P1. A
partir dos ensaios com sementes naturalmente adsscad-op, as taxas de
transmissdo foram menores do que aquelas deterasiregartir de sementes



inoculadas, variando de 8,1% a 16,7%. No artigbap, foi transformado pela
insercao do gene que expressa as proteinas fleatesoverdes (GFP) e contém
0 gene de resisténcia a higromicina-B. A infecc@s dementes pelBop
transformado foi visualizada no embrido das semsenta plimula, e no
endosperma. Grande quantidade de micélio fluoréscdai observado
externamente nas raizes das plantulas de feijdoguass apresentaram
escurecimento vascular, sintoma tipico da murchtuskrium. No artigo 3, os
resultados dos experimentos sobre deteccdo maledal&op, em lotes de
sementes de feijdo, mostraram que primers e sospkecificos, usados como
parte do protocolo de gPCR neste estudo, foraneiggvara detectdfop em
sementes infectadas, com alta sensibilidade, &0d5incidéncia do patégeno
em sementes. Os ensaios com TagMan fornecerantadssiimais confiaveis,
sensiveis, eficientes e rapidos do que aquelesSdddiR Green, confirmando os
relatos anteriores para outros patossistemas. Alises de qPCR, a partir de
sementes naturalmente associadas-@m correlacionaram com os resultados
obtidos emblotter test mas estudos adicionais sdo necessarios parazatiani

amostragem e subamostragem, nos testes de sabatselos em PCR.

Palavras-chave: murcha de fusarium, proteina fhoemte verde, patologia de

sementes, PCR em tempo rédtaseolus vulgaris
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CHAPTER 1

1 GENERAL INTRODUCTION

Common beanRhaseolus vulgarid..) is a legume that provides dietary
proteins and plays an important role in human tiairi Brazil is the largest
producer of this crop and has been affected by rakbwtiseases, such as
Fusarium wilt, caused by the necrotrophic fungusarium oxysporunf. sp.
phaseoli(Fop). This disease has attracted special interest itaitegears due to
the increasing dissemination of the pathogen astmmtiwith the higher degree
of mechanization in the fields, successive plastingthe same area and for
producing more than one cycle per year (PEREIRA/MRAHO; ABREU,
20009).

Fop can be spread over long distance by associatitmsgieds (TOLEDO-
SOUZA et al., 2012) and has been listed as a ReglMon-Quarantine Pest in
Brazil. As a risk pathogen the tolerance level efozin 400 seed samples
submitted to laboratories has been proposed for @ertification programs in
order to avoid the inoculum spreading. Thus, swd@ seed-to-plant
transmission of the pathogen, influence of extehiatic and abiotic factors on
seed transmission, dynamic of seed infection anddtonization should be well
known. Pathogen detection on seeds is performedrdwitional incubation
methods which involve plating seeds by blotter rodthobservation of
morphological structures by microscopy and symptoins plants by
pathogenicity test, if necessary. These methodsladmer-intensive and time-
consuming. The incubation diagnostic proceduratiser questionable as to the
occurrence of saprophytic strains fef oxysporumon diseased common bean
plants, which are morphologically identical o oxysporumf. sp. ghaseoli
(ALVES-SANTOS et al., 2002a). In order to establisprotocol for seed testing
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to detect that pathogen, PCR-based methods whéicfaarer, more reliable and
accurate should be tested.

In this work, studies were performed with the objexs of elucidating the
transmission rate, colonization and detectioRayf in common bean seeds.

The aim in the first study was to calculate thedsteeemerged planfop
transmission rate and its occurrence in differelantp tissues in order to
understand the seed-pathogen interaction, seeshtisgsion mechanisms and the
consequence of the fungus inoculum present on seeds

In the second study, the aim was to closely foltbw seed infection and
colonization process through GFP markers and sogreiectron microscopy.

The third work was proposed to establish a faséfficient and reliable
PCR-based protocol of seed health testing to bd useoutine analysis for
detection of such a pathogen.



17

2 LITERATURE REVIEW

2.1 Economic importance oPhaseolus vulgaris..

Common bean is the third most important food legurep worldwide
(SCHWARTZ et al., 2005). It is widely consumed tigbout the world and is
considered a good source of protein (23%), compdekohydrates, dietary fiber
and some vitamins and minerals (CAMPOS-VEGA et24l13).

Common bean is the most widely grown of the foust#gs belonging to the
genusPhaseoluslt is widely cultivated in North, South, and Cehtfanerica,
Africa, Asia and throughout Europe (SCHWARTZ et a005). Myanmar, India
and Brazil are the largefthaseolugproducing nations in the world; however,
Myanmar and India produce large quantities/@fna beans while Brazil is the
largest producer of common bean (FOOD AND AGRICUIRAL
ORGANIZATION OF THE UNITED NATIONS -FAO, 2012) with an annual
production of 2,899,000 tons (ANUARIO..., 2013). Btaalso remains the
most important country for consumption of beansha world, followed by
Mexico (FAO, 2012). These two countries are neselj-sufficient in the crop,
but bean imports can be essential to supplemeitdieproduction shortfalls.

The largest producing state in Brazil is Parand &B.37% of the national
production, followed by Minas Gerais with 22.17%NBARIO..., 2013),
where the black and brown beans are the favoritengnthe consumers. For
several communities in Brazil, the common bean dstafor the major
economical activity and alternative for many jobs.

The common bean croPliaseolus vulgarid..) is cultivated in a large
number of farms with variable sizes and farmingteays in Brazil. The plant
undergoes four distinct developmental stages duitidife cycle that ranges
from 65 to 100 days. The time period required tmplete each stage varies
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among cultivars and is influenced by environmefgetors (SCHWARTZ et al.,
2005).

The irrigation system used in some fields in Braalwell as inadequate
management practices are causes for the occurrehgeany diseases in
common bean, such as Fusarium wilt. Accordingtevdiure, infected seeds are
the major source for spreading the pathogen ovey tistances (SANTOS et
al., 1996; SCHWARTZ et al., 2005).

2.2 General aspects of Fusarium wilt disease in commdean

Fusarium wilt was originally discovered in dry bedn California in 1928,
and later found in large areasthé&United States, Brazil, Colombia, Peru, Costa
Rica, ltaly, Spain, Greece, the Netherlands andtr@lefrica (ALVES-
SANTOS et al., 1999; BURUCHARA; CAMACHO, 2000; CRAR et al.,
2003). The disease is considered important in Brazil due lack of crop
rotation, intensive cultivation of common bean p&ar and the intensive
movement of machines and implements between fie(@EREIRA,
RAMALHO; ABREU, 2009).

Fusarium wilt is caused bffusarium oxysporunBchlechtend.:Fr. f. sp.
phaseoliJ. B. Kendrick & W. C. Snydepp). Symptoms of the disease occur
only on Phaseolusspp. but the pathogen is able to colonize thesrobtother
plants, particularly legumes, and produce chlampdeess without causing
symptoms or disease. InfectionPlfiaseolusdeans byFop occurs through roots
and hypocotyls, most commonly through wounds. dhitsymptoms are
yellowing and premature senescence of the lowewekaThe chlorotic
symptoms progress up the plant until all leavesbaight yellow, followed by
wilting and discoloration of foliage. If plants amfected when young, they
remain stunted. The vascular tissues usually becoeddish brown, often
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extending beyond the second node (SCHWARTZ e2@05). Severe infections

can kill the whole plant within a few weeks due finresence and activities of the
pathogen in the xylem vessels of the plant. Onhemvthe infected plant is

killed by the disease do these fungi move into iottlesues and sporulate at or
near the surface of the dead plant (AGRIOS, 2005).

The optimum temperature for disease developmeB0iSC. Extremes of
soil moisture levels do not appear to be requicedHte disease to occur but can
influence disease severity. Soil compaction andr mivainage also appear to
aggravate disease severity (SCHWARTZ et al., 2005).

In general, little information is available on mgeeent of Fusarium wilt.
Resistance td-op is usually race specific (ALVES-SANTOS et al., 262
conferred by single to multiple genes from diffdremces of beans, that have
been incorporated with conventional breeding andeocutar techniques into
various bean cultivars (BRICK et al., 2006; CRO$%le 2000; FALL et al.,
2001; PEREIRA et al., 2013; PEREIRA; RAMALHO; ABREW2009;
RIBEIRO; HAGEDORN, 1979a; RONQUILLO-LOPEZ; GRAU; ENHUIS,
2010; SALA et al. 2006; SALGADO; SCHWARTZ; BRICK, 1995). As a
consequence, correct identification of the locakres essential for the choice of
resistant cultivars (ALVES-SANTOS et al., 2002bYog rotations associated
with the use of healthy seeds are important meastoereduce levels of
inoculum in soil (TOLEDO-SOUZA et al.,, 2012). Chemli seed treatment
(MACHADO, 1986) and reduction of soil compactionyraso be useful in the
control of Fusarium wilt (JENSEN; KURLE; PERCICH)®).

2.3 Morphological and genetic aspects ¢fusarium oxysporunt. sp. phaseoli

According to Leslie and Summerell (2006)sarium oxysporurhas been
defined by morphology as an asexual reproductigctire and was placed in
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the section Elegans by Wollenweber and Reinkint@id5s. The fungus typically
has hyaline, nonseptate chlamydospores (2-4 x @1 and macroconidia
formed in pale orange, usually abundant, sporo@ochihe macroconidia are
short to medium in length, falcate to almost stigi¢hin walled and usually 3-
septate. The apical cell is short and is slightiped in some isolates. The basal
cell is notched or foot-shaped. Macroconidia arenéd from monophialides on
branched conidiophores in sporodochia and to aedessxtent from
monophialides on hyphae. Microconidia usually arsefitate, may be oval,
elliptical or reniform (kidney-shaped), and arenfi@d abundantly in false heads
on short monophialides. Maximum mycelial growth urscon culture medium at
28 °C (SCHWARTZ et al., 2005).

The pathogen is a common, widespread fungus foarsbil, being spread
over long distance by infected seeds (MBOFUNG; PRYQ010; TOLEDO-
SOUZA et al.,, 2012). The pathogen inhabits soil ar&h survive as
chlamydospores in the absence of its hosts. Soil chinges result in a
transcription factor that activates alkaline-expegs genes and inhibits acid-
expressed genes and thereby affect fungal cell throdevelopment, and
possibly pathogenicity (AGRIOS, 2005).

Pathogenic variability has been analyzedrap by the specific pathogenic
interaction of the fungus with a set of differehtaltivars (WOO et al., 1996)
and, so far, seven races have been described. |absification seems to be
related to the geographic origin, as race 2 induisolates from Brazil
(RIBEIRO; HAGEDORN, 1979b), race 3 includes isatatitom Colombia
(SALGADO; SCHWARTZ; BRICK, 1995), race 4 includeseisolate from
Colorado, USA (SALGADO; SCHWARTZ, 1993) and racénbludes isolates
from Greece (WOO et al., 1996). Races 6 and 7 whkagacterized in Spain
(ALVES-SANTOS et al., 2002b). However, the resokpathogenicity and race
characterization using the CIAT (Centro Internaelotle Agricultura Tropical)



21

differential cultivars system dfop isolates from Spain and Greece indicated
that isolates classified in the same race werehnotogeneous with respect to
virulence (ALVES-SANTOS et al., 2002b; ZANOTTI dt,2006).

Besides the pathogenic populatién,oxysporumnis commonly isolated from
asymptomatic roots of crop plants (GORDON; MARTINY97). Saprophytic
strains ofF. oxysporunon diseased common bean plants are morphologically
identical toFop. Because of this, the use of molecular marker teglad, as the
analysis of random amplified polymorphic DNA (RARDJan facilitate the
identification of the population (ZANOTTI et al.0@6).

Langin, Capy and Daboussi (1995) reported thapteeence of transposable
elementimpalain nonpathogenic isolates is able to geneticabtirtuish them
from pathogenic ones.

Previous studies reported that highly virulentisgaf Fop were able to kill
the host in two weeks and weakly virulent straiagsed only a lower degree of
damage (ALVES-SANTOS et al., 2002a). These findingsggested a
differential expression of the transcription factggnes involved in virulence,
such asFusarium transcription factor .1The gendtflencodes a transcription
factor containing a Zn(I1)2-Cys6 binuclear clusBfA-binding motif and it is
present as a multiple copy gene in highly viruemdins ofFop (RAMOS et al.,
2007). The corresponding gene was confirmed tegsssthe STE and C2H2
domains, characteristic of the fungal Stel2 trapgon factor family of proteins
(GARCIA-SANCHEZ et al., 2010; VEGA-BARTOL et al.021). Homologs of
Stel2 identified in several pathogenic fungi hagerbshown to be involved in
pathogenicity (DENG; ALLEN; NUSS, 2007; PARK et,&004; TSUJI et al.,
2003).



22

2.4 Interaction and transmission ofFusarium oxysporumf. sp. phaseoliin

common bean seeds

Infected seed is one of the causes for the inttimluof Fop into common
bean fields or production areas. The presenceep#thogen does not assure
however its transmission to plants due to interfees from several factors
related with the host, environment and pathogen QY4ADO; POZZA, 2005).
Once introduced, the pathogen can survive in s@t extended periods, on crop
residues and nonhost crops, and by forming chlaspales (HAEGI et al.,
2013).

The pathogen transmission from seed to seedling/pta influenced by
several factors such as inoculum potential andtiposin seed, environment,
time of infection, host resistance and soilbornecrobiota (MACHADO;
POZZA, 2005).

Velicheti and Sinclair (1991) observed that hypl&d-. oxysporumgrew
over the seed surface, in the hilar region, andl ssat of soybean. Sharma
(1992 apud SINGH; MATHUR, 2004) observed that thgphae of F.
oxysporumwere confined to the soybean seed coat and the &ikdlate
parenchyma in asymptomatic seeds and in all lagethe seed coat, stellate
parenchyma in symptomatic seeds with weak infectiormoderately infected
seeds, inter and intracellular mycelium occurredalh components. Heavy
colonization was found in the seed coat with mydelmat in the
parenchymatous region. In cotyledons the infecti@s more on the abaxial
than the adaxial surface. Infection in the embry@nds was rare. In heavily
infected seeds, aggregation of mycelium occurs iffierdnt components
including the embryonal axis.

In general, pathogen-seed interaction and trangmisgo plants can
negatively affect the yield and seed quality, risglin considerable economic
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losses. FoF. oxysporurrcommon bean seeds interaction results in redused s
germination, reduced vigor (PRYOR; GILBERTSON, 2Q0decreased pre-
emergence and post-emergence (DUTHIE; HALL, 198ftunted growth
(SCHWARTZ et al., 2005) or a combination of sympsom

The infection mechanisms involved in the interattlmetween seeds and
plant pathogenic fungi vary according to seed stingcand the nature of the
pathogens. Seed with a large embryo, such as séddgumes, may be often
expected to carry the infection of fungi in the eytb(NEERGAARD, 1977).
Several methodologies are applied to analyze tagsects, making microscopic
techniques such as scanning electron microscopM)SEansmission electron
microscopy (TEM), and fluorescence microscopy, tihels that complement
other methodologies, allowing the observation frioim-images of the changes
produced.

The studies of transmission mechanisms of pathodenigi from seeds to
plants have been developed by incubation of hastuéis in sterile culture
medium. After incubation, observations are perfatnie the microscopy to
identify the typical structures of the pathogen®JIMIE; HALL, 1987; GORE
et al., 2011; SANTOS et al., 1996; SHAH; BERGSTRQ0O0). For example,
42.8% ofFop was transmitted from common bean seed to seed{B@SITOS
et al., 1996) but very little is known about theamanisms involved.

Other techniques to monitor seed transmission tiguggens are structural
analyses by using electron microscopy (WANG; MAULE94), molecular
markers as heavy phosphorus (BAHAR; KRITZMAN; BURBM, 2009) or
through biochemical tests (MICHENER; PATAKY; WHITEQ02).

Currently, green fluorescent protein (GFP) has shdw be useful for
studying plant-fungus and fungus-fungus interaciiorvivo. Lagopodi et al.
(2002) visualized in details the tomato root catation and infection processes
by gfplabeledF. oxysporumf. sp. radiceslycopersici Sarroco et al. (2007)
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followed the colonization of carnation roots By oxysporumf. sp. dianthi
transformed with GFP and red fuorescent proteirR@h-P), observing that the
hyphae were confined within the vascular cylindgrthe endodermal cells
beginning from the zone of differentiation of valscuissues, and were able to
grow inside vessels. Vallad and Subbarao (2008)pened the infection and
colonization steps of resistant and susceptibleudet roots bygfp-tagged
Verticillium dahliae Other studies have demonstrated the transmissgidhe
GFP-labeledF. verticillioides from inoculated maize seed to plants under
different temperatures (MURILLO-WILLIAMS; MUNKVOLD2008; WILKE

et al., 2007). The results of both studies inditdtet, if maize seed is infected
by F. verticillioides, seed transmission is common and symptomless systemi

infection can be initiated under a broad rangeoifteratures.

2.5 Use of molecular techniques in seed health tdet fungal detection

Plant pathogens that causes seed discoloratiorreonigibly evident as
mycelium or as fruiting structures, have a greatssince to be detected and
subsequently discarded (ELMER, 2001). However, npashogens infest the
seeds and use them as a vehicle for transportafidhe inoculum over long
distances (ELMER, 2001). There are many types sbcations between seed
pathogens and their hosts. Agarwal and Sinclai®{19eported that pathogens
associated with seeds are more localized on seeds.cdhis external
contamination is also considered as infestatiorseds. The infection of the
seeds is observed when the pathogen is intermadglized on seeds, colonizing
them.

Long distance movement and establishment of disedeeeign regions are
favored by asymptomatic colonization of the seecdth® pathogen (ELMER,
2001). So, accurate seed health testing for sepdlathogens is an important
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tool of disease management for reducing the chaoicdisease spread and for
being helpful in decision making regarding the appiate use of seed
treatment, and other practical application in seedtification programs

(MBOFUNG; PRYOR, 2010).

Seed health testing is an essential managementfdoothe control of
seedborne and seed-transmitted pathogens and wesitio be an important
activity for their regulation and control throughyposanitary certification and
guarantine programs in domestic and internatioealdstrade (MORRISON,
1999).

F. oxysporuntf. sp. phaseoli has been proposed in Brazil as ‘Regulated
Non-Quarantine Pest’ and its tolerance level in mmm bean seed samples is
zero from a total of 400 analyzed seeds in a reutst, according to National
Program of Seed Health Quality Control. Conventionathods recommended
for detection ofFopin common bean seeds are the blotter test andhgladeds
in semi-selective medium supplemented with PCNB BE®RCH;
BRAGULAT; CABANES, 2010; BRASIL, 2009; SOUSA, 2006)These
methods are not able to differenciate formae sfEsiiaaces or saprophytic
isolates that are morphologically identical to pagbnic isolates. In this case,
pathogenicity test should be performed to obtdlialvke informations about the
pathogen occurrence in each seed lot. In additibose methods are time-
consuming, labor intensive, require skilled persbnand are not suited for the
rapid and high-throughput type of testing, as dededrin screening commercial
seed (ALVES-SANTOS et al., 2002a; MBOFUNG; PRYOR1@). The low
level of sensitivity and specificity of the currdsblogical methods are obstacles
for their adoption in routine analysis (MBOFUNG; Y8R, 2010).

Therefore the development of a reliable, rapid aedsitive diagnostic
method that allows for the detection and quantifcaof Fop in common bean

seeds is essential. The polymerase chain readd@R) assay has been used
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widely as a diagnostic method, as it allows foredgon of extremely small
guantities of specific target DNA (LEE; TEWARI; TBBRNGTON, 2002).

Diagnostic methods based on polymerase chain oea(HCR) have high
analytical sensitivity to discriminate between €ifint strains of fungi and have
been used to detect a number of form specialesinwite F. oxysporum
complex (ALVES-SANTOS et al, 2002a; ATTITALLA etl.a 2004;
CHIOCCHETTI et al., 2001; DITA et al., 2010; MBOF@®Y PRYOR, 2010;
SILVA; JULIATTI; JULIATTI, 2007; ZHANG et al., 2005). In addition tagh
sensitivity and specificity, PCR-based methods hheeadvantage to process a
large number of samples within a short period mwietiand can be conveniently
applied to commercial seed testing and certificatithe method also detects all
pathogen inoculum present both within the seed andthe seed surface
(GLYNN; EDWARDS, 2010). However the high levels mflysaccharides and
phenolic compounds frequently present in seed nifectathe efficiency of
DNA extraction, and the presence of PCR inhibitoa negatively impact
successful amplification of the recovered DNA (DBER et al., 1995; MA;
MICHAILIDES, 2007; MURILLO; CAVALLARIN; SAN SEGUNDO, 1998;
ZOUWEN et al., 2002).

In literature several reports provide the poteityiabf using molecular
techigues in seed health testing. A successfuhplawas thaise of specific
primers and PCR to identifilletia indica on wheat seed through the washing
extraction method, separatifig indica from T. barclayanaand otherTilletia
spp (SMITH et al., 1996). Other reports of PCR cid@ and quantification
were Rhynchosporium secalis asymptomatic wheat seedlots (LEE; TEWARI;
TURKINGTON, 2002) and~. oxysporunt.sp. lactucaein commercial lettuce
seedlots (MBOFUNG; PRYOR, 2010). The results ohbabrks demonstrated
the potential of the PCR assays as an alternatize kealth testing method.
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Diagnostic methods based on polymerase chain oea(CR) have high
analytical sensitivity (MBOFUNG; PRYOR, 2010) andvie been developed
along immunoassays and nondestructive seed hesst, tsuch as ultrasound,
optical and infrared analyses, and biopsis (theoka&inand analysis of tissue
cores from seeds) (MUNKVOLD, 2009).

According to Munkvold (2009), the PCR-based methdals detecting
pathogens in seeds have begun to be implementbd regetable seed industry
and in some official seed testing laboratoriesgfieality control, but this process
has been slow in international seed testing progrdrne author still described
some reasons for the slow adoption: costs, techeigpertise, poor quality
DNA, PCR inhibitors from seed extracts (leadingfdfse negatives), remnant
DNA from nonviable pathogen propagules (potent@l false positives) and
sample sizes. Several strategies have been dedeloe/ercome the technical
impediments. For improving the DNA quality, commiat®NA extraction kits
have been recommended but they are not able toveealbinhibitors in some
specific cases (MA; MICHAILIDES, 2007). For atteting the effects of PCR
inhibitors, various techniques have been suggebtedMa and Michailides
(2007), like the use of commercial DNA extractiats lcombined with additions
of amplification facilitators in DNA extraction anelCR reaction buffers. The
magnetic capture hybridization (MCH) is anothergadure that can concentrate
target DNA and separate it from inhibitory composirehd nontarget DNA,
increasing sensitivity of the PCR (HA et al., 200aUNKVOLD, 2009;
WALCOTT,; GITAITIS; LANGSTON JUNIOR, 2004). Some amaches to
ensuring that PCR is detecting DNA from viable pa#n cells are the use of
BIO-PCR coupled with nested-PCR, flow cytometrypoopidium monoazide.
BIO-PCR involves propagation of putative pathogeoppgules on a culture
medium and subsequent PCR (MUNKVOLD, 2009). NeSt€R is also used to
enhance the sensitivity and specificity of the diéte (ROBENE-
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SOUSTRADE et al., 2010). The use of propidium mamba can selectively
remove free DNA from dead cells (MUNKVOLD, 2009)r8e conflicts exist
about sample sizes and more studies need to béodedeand refined about this
topic.

The introduction of real-time PCR technology, whisktharacterized by the
inclusion of a fluorescent reporter molecule infeggaction that yields increased
fluorescence with an increasing amount of produBtAD has improved and
simplified methods for PCR-based quantification.eThuantification of a
pathogen upon its detection and identificationisiraportant aspect as it can
estimate potential risks regarding disease devetopnspread of the inoculum,
and economic losses. Apart from this potentialpribvides the information
required to make appropriate management decisiblfi&/ENS; THOMMA,
2005). According to Mumford et al. (2006), there aanges of alternative real-
time detection chemistries which are used for tlantppathogens detection,
including SYBR Green, TagM&nand FRET. SYBR Green is a method based
on DNA-intercalating dyes. Methods based on sejpardtetween the reporter
and quencher dyes by cleaving of labeled-probe NEedj) results in an
increase of fluorescence, which is related to tmeunt of amplified product.
Methods using fluorescent resonance energy traf§IRET) probes, where
spatial separation between the reporter and quenlgles is achieved through a
loss of complex secondary structure due to probedibg, as ‘Molecular
Beacons’and ‘Scorpion primers’.

Several studies have been done to analyse thaimealPCR as a tool for
seed health tests through detection and quanidicaif pathogenic fungi in
different plants and seeds. Bilodeau et al. (2038d three different reporter
technologies, TagMan, SYBR Green and Molecular Beado differentiate
Phytophthora ramorunfrom 65 Phytophthoraspp. and to detect the target DNA
in infected plants of different hosts. The chengstrwere P. ramorum
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detectable but TagMan seemed to be more sendithibiers et al. (2007) used
a real-time PCR with SYBR Green chemistry to qigrRotrytis acladaB. allii
and B. byssoideassociated with onion seeds, reporting the sditgibif the
technique that was able to detect the pathogenoifittie 23 seedlots. loos et al.
(2009) reported a new, sensitive and specific dietegrotocol combining an
enrichment procedure with a TagMan real-time PCRawsthat allowed
detection of 0.1% infestation level dfusarium circinatumin artificially
contaminated pine seeds as well as in seed obt&immdnaturally infected pine

stands.



30

REFERENCES

AGARWAL, V. K.; SINCLAIR, J. B.Principles of seed pathology2™ ed.
Boca Raton: CRC, 1997. 539 p.

AGRIOS, G. NPlant pathology. 5" ed. Burlington: Elsevier Academic, 2005.
922 p.

ALBORCH, L.; BRAGULAT, M. R.; CABANES, F. J. Compiaon of two
selective culture media for the detectiorFasariuminfection in conventional
and transgenic maize kerndlgtters in Applied Microbiology, Oxford, v. 50,
n. 3, p. 270-275, 2010.

ALVES-SANTOS, F. M. et al. A DNA-based procedure ifo planta detection
of Fusarium oxysporurfisp. phaseoli Phytopathology, Saint Paul, v. 92, n. 3,
p. 237-244, Mar. 2002a.

ALVES-SANTOS, F. M. et al. Genetic diversity Blisarium oxysporuratrains
from common bean fields in Spa#ypplied and Environmental
Microbiology, Washington, v. 65, n. 8, p. 3335-3340, Aug. 1999.

ALVES-SANTOS, F. M. et al. Pathogenicity and rabamcterization of
Fusarium oxysporurfisp.phaseoliisolates from Spain and Gree&tant
Pathology, Malden, v. 51, n. 5, p. 605-611, Oct. 2002b.

ANUARIO da agricultura brasileira. Sdo Paulo: FNéh6ultoria &
Agroinformativos, 2013. 480 p.

ATTITALLA, I. H. et al. A rapid molecular method faifferentiating two
special formslycopersiciandradicis-lycopersic) of Fusarium oxysporum
Mycological Research Frankfurt, v. 108, n. 7, p. 787-794, July 2004.

BAHAR, O.; KRITZMAN, G.; BURDMAN, S. Bacterial fruiblotch of melon:
screens for disease tolerance and role of seeshtiasion in pathogenicity.



31

European Journal of Plant Pathology Wageningen, v. 123, n. 1, p. 71-83, Jan.
20009.

BILODEAU, G. J. et al. Molecular detection Bhytophthora ramorurhy real-
time polymerase chain reaction using TagMan, SYB&eG, and molecular
beaconsPhytopathology, Saint Paul, v. 97, n. 5, p. 632-642, May 2007.

BRASIL. Ministério da Agricultura, Pecuaria e Abaadmento. Secretaria de
Defesa Agropecuari®egras para analise de sementeBrasilia, 2009. 395 p.

BRICK, M. A. et al. Reaction to three races of Fusa wilt in thePhaseolus
vulgaris core collectionCrop Science Madison, v. 46, p. 1245-1252, May/June
2006.

BURUCHARA, R. A.; CAMACHO, L. Common bean reactitmFusarium
oxysporunf.sp. phaseolj the cause of severe vascular wilt in Central i
Journal of Phytopathology, Berlin, v. 148, n. 1, p. 39-45, Jan. 2000.

CAMPOS-VEGA, R. et al. Common beans and their nigiestible fraction:
cancer inhibitory activity: an overviewoods Basel, v. 2, n. 3, p. 374-392,
Sept. 2013.

CHILVERS, M. I. et al. A real-time, quantitative RGeed assay f@otrytis
spp. that cause neck rot of oniétant Disease Saint Paul, v. 91, n. 5, p. 599-
608, May 2007.

CHIOCCHETTI, A. et al. PCR detection Blisarium oxysporurfisp. basilici
on basil.Plant Disease Saint Paul, v. 85, n. 6, p. 607-611, June 2001.

CRAMER, R. A. et al. Characterization Bfisarium oxysporurisolates from
common bean and sugar beet using pathogenicitysaasa random-amplified
polymorphic DNA markersJournal of Phytopathology, Berlin, v. 151, n. 6, p.
352-360, June 2003.



32

CROSS, H. et al. Inheritance of resistance to fusawilt in two common bean
racesCrop Science Madison, v. 40, p. 954-958, July/Aug. 2000.

DE BOER, S. H. et al. Attenuation of PCR inhibitionthe presence of plant
compounds by addition of BLOTT®lucleic Acids ResearchOxford, v. 23, n.
13, p. 2567-2568, Sept. 1995.

DENG, F.; ALLEN, T. D.; NUSS, D. L. Stel2 transdign factor homologue
CpST12 is down-regulated by hypovirus infection eeglired for virulence and
female fertility of the chestnut blight fung@yphonectria parasitica
Eukaryotic Cell, Washington, v. 6, n. 2, p. 235-244, Feb. 2007.

DITA, M. A. et al. A molecular diagnostic for tragl race 4 of the banana
fusarium wilt pathogerRlant Pathology, Malden, v. 59, n. 2, p. 348-357, Apr.
2010.

DUTHIE, J. A.; HALL, R. Transmission dfusarium graminearurfrom seed
to stems of wintern whed®lant Pathology, Malden, v. 36, n. 1, p. 33-37, Mar.
1987.

ELMER, W. H. Seeds as vehicles for pathogen impioriaBiological
Invasions Wageningen, v. 3, n. 3, p. 263-271, Sept. 2001.

FALL, A. L. et al. Detection and mapping of a mdjocus for Fusarium wilt
resistance in common bedrop Science Madison, v. 41, p. 1494-1498,
Sept./Oct. 2001.

FOOD AND AGRICULTURAL ORGANIZATION OF THE UNITED
NATIONS. FAOSTAT. Rome, 2012. Available from:
<http://faostat3.fao.org/faostat-gateway/go/to/dmad/Q/QC/E>. Access in: 31
Oct. 2013.

GARCIA-SANCHEZ, M. A. et al. Fost 12, tHeusarium oxysporurhomolog of
the transcription factor Stel2, is upregulatedrduplant infection and required
for virulence.Fungal Genetics and BiologyPhiladelphia, v. 47, n. 3, p. 216-

225, Mar. 2010.



33

GLYNN, N. C.; EDWARDS, S. G. Evaluation of PCR agséor quantifying
seed-borne infection yusariumandMicrodochiumseedling blight pathogens.
Journal of Applied Microbiology, Oxford, v. 108, n. 1, p. 81-87, Jan. 2010.

GORDON, T. R.; MARTYN, R. D. The evolutionary bigp of Fusarium
oxysporumAnnual Review of Phytopathology, Palo Alto, v. 35, p. 111-128,
1997.

GORE, M. E. et al. Seed transmission of vertiaifliwilt of cotton.
Phytoparasitica, Wageningen, v. 39, n. 3, p. 285-292, July 2011.

HA, Y. et al. Simultaneous detectionAfidovorax avenasubspcitrulli and
Didymella bryoniaen cucurbit seedlots using magnetic capture hybaititbn
and real-time polymerase chain reacti®hytopathology, Saint Paul, v. 99, n.
6, p. 666-678, June 2009.

HAEGI, A. et al. A newly developed real-time PCRagfor detection and
guantification ofFusarium oxysporurand its use in compatible and
incompatible interactions with grafted melon gepety.Phytopathology, Saint
Paul, v. 103, n. 8, p. 802-810, Aug. 2013.

I00S, R. et al. Sensitive detectionFafsarium circinatunin pine seed by
combining an enrichment procedure with a real-fpakymerase chain reaction
using dual-labeled probe chemistRhytopathology, Saint Paul, v. 99, n. 5, p.
582-590, May 2009.

JENSEN, C. E.; KURLE, J. E.; PERCICH, J. A. Intdgthmanagement of
edaphic and biotic factors limiting yield of irrigal soybean and dry bean in
MinnesotaField Crops ResearchPhiladelphia, v. 86, n. 2/3, p. 211-224, Mar.
2004.

LAGOPODI, A. L. et al. Novel aspects of tomato rootonization and infection
by Fusarium oxysporurh sp.radices-lycopersicievealed by confocal laser
scanning microscopic analysis using the greendkment protein as a marker.
Molecular Pant Microbe Interaction, Saint Paul, v. 15, n. 2, p. 172-179, Feb.
2002.



34

LANGIN, T.; CAPY, C.; DABOUSSI, M. J. The transpdia elemenimpala a
fungal member of theel-mariner superfamilyMolecular and General
Genetics Berlin, v. 246, n. 1, p. 19-28, Jan. 1995.

LEE, H. K.; TEWARI, J. P.; TURKINGTON, T. K. Qualfitation of seedborne
infection byRhynchosporium secalis barley using competitive PCRIlant
Pathology, Malden, v. 51, p. 217-224, Apr. 2002.

LESLIE, J. F.; SUMMERELL, B. AThe fusarium laboratory manual. Ames:
Blackwell, 2006. 388 p.

LIEVENS, B.; THOMMA, B. P. H. J. Recent developmei pathogen
detection arrays: implications for fungal planthmmens and use in practice.
Phytopathology, Saint Paul, v. 95, n. 12, p. 1374-1380, Dec. 2005

MA, Z.; MICHAILIDES, T. J. Approaches for eliminaiyy PCR inhibitors and
designing PCR primers for the detection of phytbpgenic fungiCrop
Protection, Philadelphia, v. 26, n. 2, p. 145-161, Feb. 2007.

MACHADO, J. C. Tratamento de sementes de feijaoSIMPOSIO
BRASILEIRO DE PATOLOGIA DE SEMENTES, 2., 1986, Caimgs.Anais...
Campinas: Fundacao Cargill, 1986. p. 131-137.

MACHADO, J. C.; POZZA, E. A. Razbes e procedimemnias 0
estabelecimento de padrdes de tolerancia a pat®gemsementes. In:
ZAMBOLIM, L. (Ed.). Sementesgualidade fitossanitaria. Vicosa, MG: UFV,
2005. p. 375-398.

MBOFUNG, G. C. Y.; PRYOR, B. M. A PCR-based assarydetection of
Fusarium oxysporurfisp.lactucaein lettuce seed?lant Disease Saint Paul, v.
94, n. 7, p. 860-866, July 2010.

MICHENER, P. M.; PATAKY, J. K.; WHITE, D. G. Rated transmitting
Erwinia stewartiifrom seed to seedlings of a sweet corn hybrideqtgue to
Stewart’s wilt.Plant Disease Saint Paul, v. 86, n. 9, p. 1031-1035, Sept. 2002



35

MORRISON, R. H. Sampling in seed health testPigytopathology, Saint
Paul, v. 89, n. 11, p. 1084-1087, Nov. 1999.

MUMFORD, R. et al. Advances in molecular phytodiasfics: new solutions
for old problemsEuropean Journal of Plant Pathology Wageningen, v. 116,
n. 1, p. 1-19, Jan. 2006.

MUNKVOLD, G. P. Seed pathology progress in acadesmid industryAnnual
Review of Phytopathology Palo Alto, v. 47, p. 285-311, 2009.

MURILLO, I.; CAVALLARIN, L.; SAN SEGUNDO, B. The deelopment of a
rapid PCR assay for detectionFaisarium moniliformeEuropean Journal of
Plant Pathology, Wageningen, v. 104, n. 3, p. 301-311, Apr. 1998.

MURILLO-WILLIAMS, A.; MUNKVOLD, G. P. Systemic infetion by
Fusarium verticillioidesn maize plants grown under three temperaturenegi
Plant Disease Saint Paul, v. 92, n. 12, p. 1695-1700, Dec. 2008

NEERGAARD, P.Seedpathology. London: The MacMillan, 1977. v. 1, 839 p.

PARK, G. et al. Independent genetic mechanisms atetlirgor generation and
penetration peg formation during plant infectionthie rice blast fungus.
Molecular Microbiology, Malden, v. 53, n. 6, p. 1695-1707, Sept. 2004.

PEREIRA, A. C. et al. Infection processFaisarium oxysporurfi sp.phaseoli
on resistant, intermediate and susceptible bedivaxd. Tropical Plant
Pathology, Vicosa, MG, v. 38, n. 4, p. 323-328, July/Aug130

PEREIRA, M. J. Z.; RAMALHO, M. A. P.; ABREU, A. B. Inheritance of
resistance téusarium oxysporurhsp. phaseolibrazilian race 2 in common
bean.Scientia Agricola, Piracicaba, v. 66, n. 6, p. 788-792, Nov./De@%20

PRYOR, B. M.; GILBERTSON, R. L. A PCR-based assaydetection of
Alternaria radicinaon carrot seed?lant Disease Saint Paul, v. 85, n. 1, p. 18-
23, Jan. 2001.



36

RAMOS, B. et al. The gene coding for a new tramsizm factor {tf1) of
Fusarium oxysporurfisp.phaseoliis only expressed during infection of
common bearfungal Genetics and BiologyPhiladelphia, v. 44, n. 9, p. 864-
876, Sept. 2007.

RIBEIRO, R. L. D.; HAGEDORN, D. J. Inheritance amature of resistance in
beans td-usarium oxysporurh sp.phaseoli Phytopathology, Saint Paul, v.
69, n. 8, p. 859-861, Aug. 1979a.

RIBEIRO, R. L. D.; HAGEDORN, D. J. Screening fosigance to and
pathogenic specialization Blusarium oxysporurfi sp.phaseolj the causal

agent of bean yellow®hytopathology, Saint Paul, v. 69, n. 3, p. 272-276, Mar.
1979b.

ROBENE-SOUSTRADE, I. et al. Multiplex nested PCRedtion of
Xanthomonas axonopodis. allii from onion seed#\pplied and
Environmental Microbiology, Washington, v. 76, n. 9, p. 2697-2703, May
2010.

RONQUILLO-LOPEZ, M. G.; GRAU, C. R.; NIENHUIS, J.aviation in
reaction ta~usariumspp. identified in a common bedPhaseolus vulgarik.)
population developed for field-based resistana®od rot and wiltCrop
Science Madison, v. 50, p. 2303-2309, Nov./Dec. 2010.

SALA, G. M. et al. Reaction of genotypes of commioean to four races of
Fusarium oxysporurf spphaseoli Summa PhytopathologicaPiracicabay.
32, n. 3, p. 286-287, July/Sept. 2006.

SALGADO, M. O.; SCHWARTZ, H. F. Physiological spalization end effects
of inoculum concentration drRusarium oxysporurfi sp.phaseolin common
beansPlant Disease Saint Paul, v. 77, n. 5, p. 492-496, May 1993.

SALGADO, M. O.; SCHWARTZ, H. F.; BRICK, M. A. Inhéance of
resistance to a Colorado raceFafsarium oxysporurfi spphaseolin common
beansPlant Disease Saint Paul, v. 79, n. 3, p. 279-281, Mar. 1995.



37

SANTOS, G. R. et al. Transporte, transmissibilidagetogenicidade da
micoflora associada as sementes de fefdmageolus vulgarit.). Revista
Ceres Vicosa, MG, v. 43, n. 249, p. 621-627, 1996.

SARROCCO, S. et al. Use Blisarium oxysporurh sp.dianthi transformed
with marker genes to follow colonization of caroatroots.Journal of Plant
Pathology, Bari, v. 89, n. 1, p. 47-54, 2007.

SCHWARTZ, H. F. et al. (Ed.Compendium of bean disease€™ ed. Saint
Paul: The American Phytopathological Society, 20@R p.

SHAH, D.; BERGSTROM, G. C. Temperature dependead $eansmission of
Stagonospora nodorum wheat.European Journal of Plant Pathology
Wageningen, v. 106, n. 9, p. 837-842, Nov. 2000.

SILVA, V. A. S.; JULIATTI, F. C.; JULIATTI, F. C. Btudo preliminar da
variabilidade dd-usarium oxysporurhisp.vasinfectumemGossypium hirsutum
Bioscience Journal Uberlandia, v. 23, n. 1, p. 1-6, Jan./Mar. 2007.

SINGH, D.; MATHUR, S. B. Location of fungal hyphaeseeds. In:
Hystopathology of seed-borne infection8oca Raton: CRC, 2004. p. 101- 168

SMITH, O. P. et al. Development of a PCR-based oeethr identification of
Tilletia indica, causal agent of kernel bunt of wheRlytopathology, Saint
Paul, v. 86, n. 1, p. 115-122, Jan. 1996.

SOUSA, M. V.Metodologias de inoculacéo e deteccédo Beisarium
oxysporumf.sp. vasinfectumem sementes de algodoeir@Gpssypium
hirsutum L.). 2006. 68 p. Dissertacdo (Mestrado em Fitopatajogi
Universidade Federal de Lavras, Lavras, 2006.

TOLEDO-SOUZA, E. D. et al. Fusarium wilt incidenaed common bean yield
according to the preceding crop and the soil @lagstemPesquisa
Agropecudria Brasileira, Brasilia, v. 47, n. 8, p. 1031-1037, ago. 2012.



38

TSUJI, G. et al. Th€olletotrichum lagenariunstel2like geneCST1is
essential for appressorium penetratidiolecular Pant Microbe Interaction,
Saint Paul, v. 16, n. 4, p. 315-325, Apr. 2003.

VALLAD, G. E.; SUBBARAO, K. V. Colonization of restant and susceptible
lettuce cultivars by a green fluorescent proteggal isolate o¥/erticillium
dahlia. Phytopathology, Saint Paul, v. 98, n. 8, p. 871-885, Aug. 2008.

VEGA-BARTOL, J. J. et al. New virulence groupsHasarium oxysporurh sp.
phaseoli the expression of the gene coding for the trapton factor ftfl
correlates with virulencé&hytopathology, Saint Paul, v. 101, n. 4, p. 470-479,
Apr. 2011.

VELICHETI, R. K.; SINCLAIR, J. B. Histopathology &foybean seeds
colonized byFusarium oxysporunSeed Science and TechnologBassersdorf,
v. 19, p. 445-450, 1991.

WALCOTT, R. R.; GITAITIS, R. D.; LANGSTON JUNIOR, B. Detection of
Botrytis acladain onion seed using magnetic capture hybridizadiod the
polymerase chain reactioBeed Science and TechnologBassersdorf, v. 32, n.
2, p. 425-438, July 2004.

WANG, D.; MAULE, A. J. A model for seed transmissiof a plant virus:
genetic and structural analyses of pea embryo ionds/ pea seed-borne
mosaic virusThe Plant Cell, Waterbury, v. 6, n. 6, p. 777-787, June 1994,

WILKE, A. L. et al. Seed transmission Bfisarium verticillioidesn maize
plants grown under three different temperaturemegiPlant Disease Saint
Paul, v. 91, n. 9, p. 1109-1115, Sept. 2007.

WOO, S. L. et al. Characterizationedisarium oxysporurh sp.phaseoliby
pathogenic races, VCGs, RFLPs, and RAPbytopathology, Saint Paul, v. 86,
n. 9, p. 966-973, Sept. 1996.

ZANOTTI, M. G. S. et al. Analysis of genetic dividysof Fusarium oxysporum
f.sp. phaseoliisolates, pathogenic and non-pathogenic to commean



39

(Phaseolus vulgarit.). Journal of Phytopathology, Berlin, v. 154, n. 9, p.
545-549, Sept. 2006.

ZHANG, Z. et al. Molecular detection &lusarium oxysporurfisp. niveumand
Mycosphaerella melonis infected plant tissues and s&iEMS Microbiology
Letters, Malden, v. 249, n. 1, p. 39-47, Aug. 2005.

ZOUWEN, P. S. van der et al. Development of a PG&awp forAlternaria spp
in carrot. In:ISTA-PDC SEED HEALTH SYMPOSIUM, 4., 2002, Wageninge
Abstracts... Wageningen: ISTA, 2002. p. 53.



40

CHAPTER 2 - PAPERS

Paper 1

Transmission ofFusarium oxysporumf. sp.phaseolifrom seed to emerging
plants of common bean

Transmissao dEusarium oxysporurfi sp.phaseolide sementes para plantas

emergidas de feijao

Prepared according to Seed Science and Technolodglipes

Marcella Viana de Sous3, José da Cruz Machadd

%Universidade Federal de Lavras, Departamento ddtiblogia, Caixa Postal
3037, 37200-000, Lavras, MG, Brasil.



41

ABSTRACT

Fusarium oxysporurh sp.phaseoli(Fop) causes severe losses in common bean
fields and the pathogen can be seed-transmittedd&sgminated over long
distances. The objective in this work was to ediimbe seed-to-emerged plant
transmission rates oFop in relation to different factors under controlled
conditions. The work was conducted using artiflgighnd naturally Fop-
contaminated seeds. For seed inoculation by osnteticnique two cultivars
(BRSMG Majestoso and Ouro Negro), two temperat2@sand 25 °C), two
strains (FOP0O05 and FOP014) and four inoculum piadlen(PO, P1, P2 and P3)
were used. For naturallifop-contaminated seed trials three common bean
cultivars (Horizonte, Cometa and Valente) in thseed sizes (small, medium
and large) at two temperatures (20 and 25 °C) weed. The transmission rates
from artificially and naturally contaminated seegisre 100% in symptomatic
plants although the number of emerged symptomédiatp was lower than 5%.
Asymptomatic plants contaminated wklop were observed in high frequencies
on different plant tissues, especially on hypocatytl main root, confirmetdy
pathogenicFop-positive bands in conventional PCR. A steep declf the
fungus recovery was observed in the cotyledons faatd node tissues. From
these results it was observed that the transmigsi@s ofFop from infected
bean seeds to emerged symptomatic and asymptoptaiits is quite high and

has to be considered as an important factor idlidease management.

Key-words: Fusarium wiltPhaseolus vulgarjsseed infection, seed pathology.



42

RESUMO

Fusarium oxysporurfi sp.phaseoli(Fop) é responsavel por perdas severas em
campos de producao de feijoeiro, sendo o patdgamsnitido e disseminado
por sementes a longas distancfabjetivou-se, neste estudo, estimar as taxas de
transmissdo dé-op das sementes para as plantas emergidas, em redacao
diferentes fatores sob condicBes controladas. ®altta foi conduzido
utilizando-se sementes artificialmente e naturatmessociadas déop. Para a
inoculagédo das sementes através da técnica decmmratnento osmotico foram
utilizadas duas cultivares (BRSMG Majestoso e QNegro), duas temperaturas
(20 e 25 °C), dois isolados (FOP0O05 e FOP014) g@patenciais de inéculo
(PO, P1, P2 e P3). Para ensaios com sementes|meni@ associadas &mp
foram utilizadas trés cultivares de feijao (HoritgrCometa e Valente), em trés
tamanhos de peneiras (pequeno, médio e grande)driasntemperaturas (20 e
25 °C). As taxas de transmissdo de sementes iaftifente e naturalmente
associadas aBop foram 100% para plantas sintomaticas, apesar dwmide
plantas sintomaticas emergidas ser menor do quePtntas assintomaticas e
associadas deop foram observadas em alta frequéncia, em difereatédos da
planta, especialmente no hipocotilo e raiz pridciganfirmado por bandas
positivas deFop patogénico, em PCR convencional. Grande redugédo do
crescimento fangico foi observado nos cotilédonesercdo dos cotilédones. A
partir destes resultados foi observado que as tdgasansmissédo deop de
sementes de feijdo infectadas para plantas emergslatomaticas e
assintomaticas foram elevadas e devem ser condafereaomo um fator
importante no manejo de doencgas.

Palavras-chave: murcha de fusaridthaseolus vulgarisnfeccdo de sementes,

patologia de sementes.
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INTRODUCTION

Fusarium oxysporurSchlechtend:Fr. f. sphaseoliJ. B. Kendrick & W. C.
Snyder Fop) is the causal agent of Fusarium wilt of commoarb@haseolus
vulgaris L.), which is distributed worldwide (Alves-Santes al, 2002a) as a
soil inhabitant, being able to survive in the fowh chlamydospores or in
infected seeds (Schwarz al, 2005).

Symptoms of the disease are characterized by ditood leaves, necrosis of
the vascular system and general wilt and deatth@fcblonized plant (Vega-
Bartol et al, 2011). Highly virulent strains are able to kilromon bean plants
in about two weeks (Alves-Santes al, 2002a). The optimum temperature for
Fop development is 28 °C but for disease developnsep0i°C (Schwartet al,
2005).

The most efficient and viable management practioesFusarium wilt
control are the use of healthy seeds (Saetoal, 1996) and use of resistant
cultivars (Pereira et al.,, 2009). No informationswiaund in literature about
resistance related to seed transmissidropfin common bean seeds. A study by
Pereiraet al. (2013) indicated thatop structures were observed in the xylem
vessels of resistant cultivar &. vulgaris although no disease symptom was
observed in plants. These plants become an imgartanulum source in the
field but the question as to whether seed fronstast cultivars contaminated
with Fop inoculum is able to transmit it to seedling conéguto be
misunderstood.

Santoset al. (1996) showed that infected common bean seedsinaitience
of 14% byF. oxysporumtransmitted the pathogen to plants in a highex@ege
(42.8%). Some aspects such as genotype, enviroameonditions and

pathogenicity/ virulence of the fungus were noorgégd in their study.
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Although Fusarium wilt is one of the most importaliseases in common
bean in Brazil (Paula Juniet al, 2006), little information is known about seed-
Fop interaction as well as the plant-to-plant transinis rate in field conditions.

This work was proposed with the objective to deteenthe rates of seed
transmission ofop in common bean. This kind of information is essdror
establishing health standars for that pathosystéchaare of great interest in

Seed Certification Programs.
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MATERIALS AND METHODS

Origins of Fop strains, common bean cultivars and seed inoculatio
procedures. For this experiment twd-op strains, two cultivars of common
bean, two temperatures and four inoculum potentisdee usedfollowing the
model proposed for other pathosystems (Botelht,e2@13).

The two Fop strains, FOP005 and FOP014 were obtained from the
Mycological Collection of Seed Pathology Laboratdrgvras, MG, Brazil and
from Agronomic Institute of Campinas, Campinas, $Pazil, respectively.
These strains were identified Bsoxysporunmon synthetic-nutrient-agar (SNA)
and potato-dextrose-agar (PDA; Difco Laboratorilgmouth, MN), according
to Leslie & Summerell (2006). Single spore isolatesre prepared and
maintained on PDA. The pathogenicity was testedraicg to Alves-Santost
al. (2002a); FOP0O05 was identified as a highly virulesthogen and FOP014 as
a weakly virulent pathogen (data not showsgp was confirmed using specific
primers to conventional PCR from Alves-Santbal. (2002b).

The two Phaseolus vulgaricultivars used, BRSMG Majestoso and Ouro
Negro, are recommended for planting in the Statdiohs Gerais (Paula Junior
et al. 2010). The absence &f oxysporumin seeds was initially confirmed by
blotter test (Brasil, 2009) and conventional PC8ing the primer set published
by Alves-Santogt al. (2002b).

For inoculation of seeds, bulks of 1,000 seeds athecultivar were
inoculated through osmotic technique describeddiys8et al. (2008). Through
that technique, seeds were surface disinfectedalirsg for one minute in a 1%
NaHCIO solution followed by drying on a steriletdit paper in a laminar flow
hood. Bothisolates FOP005 and FOP014 were cultured for faxgsn potato-
dextrose-agar (PDA) medium at 22 °C. Macro and odignidia were harvested
by washing the surface of a culture with 10 mL wfrite distilled water. The
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resulting suspensions were diluted with sterile ewato obtain a final
concentrationof 1¢° spores ml* (counts adjusted with a hemacytometer).
Inoculum suspensions were sprayed on seeds andDénsBpplemented by
mannitol with osmotic potential adjusted to -1.0 &Rccording to software
SPMM (Michel & Radcliffe, 1995)Seeds were kept at 20 °C, 12h photoperiod,
for four incubation periods, 0, 36, 72 and 96h lué exposure seeds Eop
colonies. The different incubation periods weresidered as different inoculum
potentials (PO, P1, P2 and P3, respectively) of pa¢hogen.Artificially
inoculated seeds were then removed and air driedn@ght under a hood.
Negative controls were prepared for each cultivad ecubation period using
PDA supplemented by mannitol (-1.0 MPa) with absenfé-op.

Sowing artificially Fop-contaminated seeds to evaluate seed-to-plant
transmission rate under controlled conditions.

To assess the incidence of seed infectiofrdyy, 100 inoculated seeds and 100
non-inoculated seeds, without surface disinfestatieere placed on blotter test
moistened with PDB supplemented with 1 ppm of PC$Busa, 2006). The
seeds were kept in incubation room at 20 °C, 1Adtqperiod, for seven days.
The incidence of seeds wiBlop was recorded.

For estimating the potential rate of seed-to-ptearismission, the experiment
was displayed in three blocks with 20 treatmentsulivars x 2Fop strains x 4
inoculum potentials + 4 negative controls). Sixeeds of each treatment were
individually sowed in 300 mL-plastic cups, contamisoil: sand: compost
substrate (Tropstrato HA Hortalicas) in equal prtipa (by volume). The cups
were arranged in randomized blocks in two growtanchers with temperatures
adjusted to 20 and 25 °C. Light was supplied irhestelf by three horizontally
oriented cool white fluorescent bulbs (NSK T10 46B00K FL40T10-6 60Hz).
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Final evaluations were made on emerged plants afa3s-old by counting
the stand and looking at typical symptoms of Fusariwilt. Plants were
considered symptomatic when they presented yellpwivilt and/or vascular
discoloration. Those plants were counted and egptesas a percentage of the
total number of emerged plants in each treatmedm.aSymptomatic plants were
also removed from the cups and 4-cm fragmentseofrthin root, hypocotyl and
first node were cut for examination. The cotyledamse collected from 10-15
day-old plants when they fell from the plants. Bvéssue from each plant was
surface disinfestated with 70% ethanol for 2 mife $odium hypochlorite
solution for 2 min, and sterile distilled water farmin and placed in PDA
medium supplemented with 1 ppm PCNB. The matenedse kept in an
incubator with 12h photoperiod for seven days at’@Q and microscopically
examined for morphological structures &f oxysporum Plant fragments
colonized by F. oxysporumwere scored as positive transmission, and
conventional PCR were performed to confirm the fitgiof pathogenid-op.

Symptomatic plants as well as each plant fragmehtsymptomatic plants
with or without presence &f. oxysporurmgrowth were frozen in liquid nitrogen
and ground into a fine powder. DNA extractions weeeformed using Wizafd
Genomic DNA Purification Kit (Promega, Madison, Wdccording to the
manufacturer’s protocol.

Amplifications were performed in thermocycler (Mgéne TC 9600-G;
Labnet International Inc.; software V3.3.4C), prirset from Alves-Santost al.
(2002b) (B310: 5-CAGCCATTCATGGATGACATAACGAATTTC-3' and
A280: 5-TATACCGGACGGGCGTAGTGACGATG-3'), and the ogponents
were added following the protocol of PlatinfiniTaqg DNA polymerase
(Invitrogen, Carlsbad, CA). The amplification catmliis were as follows: a
denaturation step for 5 min at 94 °C, followed by d@mplification cycles
consisting of 1 min at 94 °C, 1 min at 65 °C, andnih at 72 °C. A final
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extension step was performed for 5 min at 72 °@n@es of the PCR products
were run on 1.2% agarose gels with GelR@&iotium) in 1x Tris-borate-EDTA
buffer, and DNA was visualized by L-Pix HE (LocdB®tecnologia, Cotia, SP).

Sowing naturally Fop-contaminated seeds.Seeds from three cultivars of
Phaseolus vulgari&., Cometa, Horizonte and Valente, obtained in 26bén
Fop-infected fields of Embrapa (Rice and Bean) ArroZegdo, Santo Antdnio
de Goias, GO, Brazil were used in this study. Fbp-susceptible cultivars were
separated in sieve sizes during seed processidgthage different seed sizes,
small, medium and large, were used. Seed infeaticidence byF. oxysporum
was determined by assaying 400 seeds without sudiinfestation on blotter
test modified for addition of 1 ppm of PCNB.

Seeds were placed on PDA modified by addition ohittal -1.0 MPa,
calculated by software SPMM (Michel & Radcliffe,98) for three days. Seeds
with Fusarium sp. growth were collected and sown individually3060 mL-
plastic cups containing 1 part soil: 1 part sang@aft of organic compound (by
volume). The experimental unit was 60 plastic cuyth three blocks arranged
in randomized blocks in each of two growth roomi2Gand 25 °C. The plants
developed until 25 days after sowing. The collecteriod, types of fragments
of plant with plating procedures on culture mediaina analysis by conventional
PCR were performed as the same for artificikliyp-contaminated seeds.

Symptomatic or asymptomatic plants that showe@adtlone fragment with
Fop-mycelial growth, which was positive through contiemal PCR, were
counted asFop-positive transmission in each treatment. The rabés
transmission ofFop from seeds to plants were estimated by dividirgrthmber
of Fop-positive transmission by number of sowed seed@andultiplying by
100.
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Data analysis. For both experiments, analyses of variance wereemaa
transmission rate of symptomatic and asymptomaaiote from artificially and
naturallyFop-contaminated seeds as well as the percentagepodccurrence in
infected cotyledons, first node, hypocotyl and maoot. A square-root
transformation was used to equalize variancesdrotiturrence of the fungus in
each plant fragment from naturalfop-contaminated seeds. Analyses were
conducted with the general linear model (GLM) prhae of SAS ver. 9.1 (SAS
Institute Inc., Cary, NC, USA). Least significanfference (LSD) tests at the
0.05 level were calculated to compare means ofvanst and temperature, and
Tukey test was used to compare means of isolategreRsion models were
calculated to compare periods of exposition of sesém Fop (inoculum

potentials).
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RESULTS

Artificially Fop-contaminated seedsThe initial germination percentages of
common bean seeds of both cultivars used in thidysBRSMG Majestoso and
Ouro Negro were 97% and 95%, respectively. Theltesf the botter test and
conventional PCR showed that both common bean keedwere Fop-free.
After artificial seed infection by the osmotic tedfue, the incidence dfop in
inoculated seeds was 100%.

The influence of the biotic (cultivar, pathogenuwénce, inoculum potential)
and abiotic factors (temperature) were evaluatedividually because no
statistical differences were found by the inte@tthietween them (Appendix 1).

Typical symptoms of Fusarium wilt in emerged plasiteommon bean at 25
°C were observed in 3.9% of the plants (Fig. 1A% for BRSMG Majestoso
and 2.3% for Ouro Negro (Fig. 1B) and 4.2% for Mhyjgkirulent strain
(FOPO0O05) compared to 2.3% of the weakly-virulene ¢gOP014) (Fig. 1C).
However, all symptomatic plants presented higbp incidence in culture
medium with a 100% transmission rate in these plaMiost incidence of the
pathogen in emerged plants was found in asymptorpégnts (Fig. 1 A, B, C),
with transmission rates ranging from 54.4% at 20t6%2.3% at 25 °C (Fig.
1A); 49.7% to 57% for Ouro Negro and BRSMG Majest(isig. 1B); 83.6% to
94.2% for FOP005 and FOPO014 (Fig. 1C), respectively

Regression equations were obtained for potentiakmission rates and seed-
Fop contact period (inoculum potential). Linear eqomtivas used relating that
the potential transmission rate of symptomatic tslancreased by 0.0273 for
each 1 hour in the period of seEdp contact (Fig. 2A). The coefficient of
determination was 0.78 and not significant. Polyrmbnequations showed
maximum potential transmission rate for asymptooplints related to periods



51

of Fop exposure around 71 h, with significant coefficiehtletermination (0.97)
(Fig. 2A).
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plants:A) in two temperatures (20 and 25 °®) in two cultivars
(BRSMG Majestoso and Ouro Negrd}) with two Fop isolates
(FOP 005 and FOP 014) and rop (negative control)

100 -
¥, =0.0273x+0.2336 Yg =-0.013x*+1.8439x+ 1.5924

RE =0.7802 R:=0.9708
30 -

Trans mission rate (%)
()]
o

40 -
20 -
0 — —4 + .
o 36 72 108

Period of Fop exposition (h)

A # Symptomatic W Asymptomatic
100
o0 -

Emerged plants (%)
=

+
+*
60
30 A ¥, =0002: - 05078x + 83376
B =1020454
40 . . . |
0h(P0) 36h (P1) 12h (P2) @6h (P3)
B Seed-Fop contact period (inoculum potential)
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(inoculum potentials): Oh (P0), 36h (P1), 72h (Ray 96h (P3)A)
Seed-to-plant transmission rate (%) with symptomatand
asymptomatic plant®) Emerged plants at 25 days after planting

The population of symptomatic plants ranged fro8%4.(P1) to 3.2% (P3)
whereas asymptomatic plants with presence of patiiodg-op ranged from
56.2% to 61.3% (Fig. 2A). The emerged plants froimculated seeds showed
variable decrease according to the inoculum pakntised in this study (Fig.
2B). The highest frequence of isolationFadp occurred on hypocotyl followed
by main root, cotyledons and first node of asymgtten plants (Fig. 3).
Recoveries oFop from hypocotyl were 55.8, 57.6% for 20 and 25 F@y( 3A),
56.7% for both cultivars (Fig. 3B), 0, 93, 96% fam-inoculated seeds, FOP005
and FOP014 (Fig. 3C), and 0, 62.4, 65.3, 61.4 %Pfor P1, P2 and P3 (Fig.
3D).
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of 25-days old asymptomatic common bean plardhageolus
vulgarisL.) assessedy) in two temperatures, 20 and 25 ®);in two
cultivars, BRSMG Majestoso and Ouro Negf) with two Fop
isolates, FOP 005, FOP 014 andFuap (negative control); an®) in
different seed~op contact period/inoculum potentials 0 h (P0), 36 h
(P1), 72 h (P2) and 96 h (P3)

Naturally Fop-contaminated seedsA low proportion of symptomatic plants,
lower than 1.5%, were observed at 20 and 25 °@lioultivars and seed sizes
(Fig. 4).

However, for the results of conventional PCR, gthptomatic plants were
pathogenicFop-positive corresponding to al00% transmission iate¢hese
plants. The results of conventional PCR also shawat-op as non-pathogenic
F. oxysporunwere present in asymptomatic plants. The colonie wimilar in
culture medium but they were genetically distingalde. Fop was found in
asymptomatic plants, having 13.0% and 10.4% tragsion rate at 20 and 25
°C, respectively; for cultivars Valente, Cometa atatizonte the transmission
rates were 8.1%, 10.3% and 16.7%, respectivelyi%49.7% and 10.6% for
small, medium and large sizes of common bean seesjsctively (Fig. 4).

Fop was recovered from each plant fragment with gieeidence in the
hypocotyl followed by main root and a steep declifiche fungus recovery in

the cotyledons and first node (Fig. 5).
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Figure 5. Fusarium oxysporunfi sp. phaseolirecovery frequency (%) in four
different fragments (hypocotyl, main root, cotyledcand first node)
of 25-days old asymptomatic common bean plar®hageolus
vulgaris L.) assessedd) in two temperatures, 20 and 25 °B) in
three cultivars, Valente, Cometa and Horizor@g;with three seed
sizes, small, medium and large, obtained by seeckpsing
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DISCUSSION

The seed-to-plant transmission rates, as calcuiatéds work, provided an
estimate about the risk of usikpp-contaminated/infected seeds of common
bean. The results indicate that by the individualgsis of the factors used in
this study (Appendix 1), like temperature, host @gpe, pathogen population
and its biomass (inoculum potential) on seeds factahe normal development
of plants and the beginning of the disease proded#erature, information on
that kind of interaction is found for some pathasgss such as those involving
F. verticillioides in maize (Wilkeet al, 2007), Verticillium dahliaein cotton
(Goreet al. 2011),F. graminearumin winter wheat (Duthie & Hall, 1987). In
those pathosystems a close relationship was ako lsetween seed infection
and effects of the pathogens on initial plant depelent.

The estimated rate of seed-to-plant transmissiorFab in artificially
inoculated seeds was higher than rates that octuiwe naturally Fop-
contaminated seeds. The fungus biomass presemoenlated seeds may be
higher which explains this difference. Plants irettgld at 20 °C did not show
Fusarium wilt symptoms at 25-days after sowing, anly a low percentage of
symptomatic plants were observed at 25 °C (Fig..1Me influence of
temperature on Fusarium wilt development in comrbean has not been well
characterized and understood. Ribeiro & Hagedo@v9q}) reported that a low
temperature, around 20 °C, is the optimum for tiéease development. Other
authors mentioned that high temperature associttebigh moisture is the
favorable environmental condition to cause Fusariiih disease in common
bean (Pastor-Corrales & Abawi, 1987; Buruchara &@eho, 2000; Pereiret
al., 2011). The results of this work indicate thatséfed is infected witlrop,
seed transmission can be initiated under a brasgkraf temperature conditions.
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The two genotypes exhibited asymptomatic plants wpitesence of the
pathogenicFop (Fig. 1B). The resistance of both cultivars usedhe present
work was not able to avoid the presence of pathbgemass on seeds with their
consequent infections, moving to plants showing not showing typical
symptoms.

In relation to virulence ofFop strains, a higher transmission rate was
observed for a highly virulent isolate, FOP005 (Fi€), causing death of the
young plants with visible sporulation of the fungatsthe surface of the dead
plants in symptomatic plants. Weakly virulent isel§FOP014) was able to
cause some yellowing symptoms in leaves but ndingiland death during the
experimental period. Both were seed-trasmitted a8 and 94.24% to
asymptomatic plants (Fig. 1C); more studies araired to understand if they
can start an epidemy if some changes occur, likeréble environmental
conditions.

The relation between transmission rate and inocybatential (inoculum
biomass) ofFop (Fig. 2A) was not explained by linear regressidhe high
inoculum potential in seeds (P3) probably causeds#ed rot leading to the pre-
emergence death of seeds. Thus, that migh be tlee @ the low number of
asymptomatic emerged plants (Fig. 2B) with infattiy Fop.

The higher occurrence dfop in the present work was observed in the
hypocotyl fragments for all treatments followed the main root (Fig. 3)
differing from a previous study from Willket al. (2007) who observed recovery
of transformant. verticillioidesat V2 stage ranging from 60 to 80% in stems of
maize plants and more than 90% in roots. Some faatay explain these
differences, such as the inoculation method useldth studies, the differences
between species #usariumand the germination type for each family of plants
(Poaceae and Fabaceae). The occurrenEepiin the cotyledons and first nodes
can be associated to infected cotyledons remdialbaceae plants until the first
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true leaves are unfolded, facilitating the stemedtibn. After that, the
cotyledons eventually fall off and continue on #od, being an important source
of inoculum dissemination.

Rates of seed-to-plant transmission Fdp observed in this study for
naturally infected seeds are lower than the rgterted by Santost al. (1996).
Theresults in this work indicate that transmissiomesabtfFop in common bean,
ranging from 10.6% to 18.1%, were temperature, tyg@o and seed-size
dependents (Fig. 4). Santesal. (1996) observed a 42.8% rate of transmission
of F. oxysporumfrom 14% of contaminated seeds. Probably diffezenin
methodology used in both studies may be the cdub®®e conflicting results.

The highest transmission rate in this study wasesl for the cultivar
Horizonte small-seeded size at 20 °C. All symptienptants resulting from
naturally Fop-contaminated seeds died and the fungus sporulatedheir
external surface. For asymptomatic plants, pathodesp was recovered on all
assessed plant fragments, confirmed by conventi®@R, with variable
incidences (Fig. 5), according to the incidenceseoled for artificially infected
seeds.

In this work the results indicated tHadp-contaminated common bean seeds
are able to transmit the pathogen with observatidnsymptomatic and
asymptomatic plants. Seed-transmitteap was shown to be dependent on the
biomass and position of the inoculum in seeds/emte of the pathogen as well
as on some intrinsic characteristics of the hostigtance and seed size).
Usually, the symptomatic emerged plants were Idhan 4% with 100% dFop
transmission in these plants. Asymptomatic planith whe presence ofFop
reached 94% at the highestlues of inoculum biomass present on seeds. This
information is of interest for establishing tolecanlevels in seed certification
programs and for improving the seed production aradle process. The
establishment of phytosanitary standards is reduiespecially for Regulated
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Non-Quarantine Pests due the great concern inpliie seed movement and
pathogen spreading.he results of this worlconfirm the huge importance of
understanding the interaction betwdeop and seeds of common bean while
maintaining the management of this disease in ipgé@h sight and the clear

need of additional studies in this line of research
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ABSTRACT

Green fluorescent protein (GFP) has been used raarker for studying the
colonization of different crops by plant pathogems. order to follow the
colonization process blyusarium oxysporurfi sp. phaseoli(Fop) in common
bean seedsPhaseolus vulgar)s that marker was tested using one pathogenic
strain ofFop which was GFP-labeled following protocols desdfileliterature.
The transformant was tested in PDA containing hyymin-B (300 pg mt)
and conventional PCR. The transformation of thénggen can be considered
successful by taking into account the high propartf fungal colonies formed
on PDA with hygromycin-B. Bean seeds, cv. Uirapwvare surface-disinfected,
dried in a hood overnight and inoculated with ttansformed fungus using the
osmotic technique. The pathogen was detectable Holevembryonic axis,
including the plumule, and on endosperm of the comirean seeds, confirming
the infection process. GFP-tagged mycelium wasreally observed in the
roots and hypocotyl of the plants. Vascular disaiions were well developed
in advance of thé&op-infection. These results show that the pathoges atde

to colonize both external and internal tissuestédted seeds as well as external

and vascular tissues of the resulting plants.

Key-words: Fluorescence microscopy, Fusarium Wwilaseolus vulgarisseed-
pathogen interaction.
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RESUMO

A proteina fluorescente verde (GFP) tem sido atiliz como um marcador nos
estudos de colonizacdo de fitopatdgenos, em difesegulturas. Com a
finalidade de acompanhar o processo de colonizég&oisarium oxysporurf

sp. phaseoli(Fop), em sementes de feij@BHhaseolus vulgarjs aquela técnica
foi testada usando um isolado patogénicd~dp, que foi marcado por GFP,
seguindo protocolos descritos em literatur@. transformante foi testado em
BDA, contendo higromicina-B (300 pg m)L e PCR convencional. A
transformacéo do patdgeno foi considerada bem Elaeigndo-se em vista a
alta proporcdo de colbnias fungicas formadas eno BBIA, com higromicina-
B. Sementes de feijdo, cv. Uirapuru, foram destafiss superficialmente, secas
em camara de fluxo overnight e inoculadas commsfoamante pela técnica de
condicionamento osmotico, descrita em literaturgpa@geno foi detectado em
todo o eixo embrionario, incluindo a plumula, eammlosperma de sementes de
feijdo, confirmando o processo de infec¢do nedsaaigdo. O micélio marcado
por GFP foi observado externamente nas raizes ecdtip das plantas.
Escurecimento vascular foi bem desenvolvido convaneo da infeccdo por
Fop. Esses resultados indicaram que o patégeno faizodg colonizar ambos os
tecidos internos e externos de sementes infectadiam como tecidos externos e
vasos das plantas resultantes.

Palavras-chave: microscopia de fluorescéncia, naudgh fusariumpPhaseolus

vulgaris interacdo semente-patégeno.
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INTRODUCTION

Fusarium wilt is one of the most important diseasesommon bean crop,
caused by the fungu=usarium oxysporurdchlechtend.: Ff. sp.phaseoliJ. B.
Kendrick & W. C. Snyder Hop). The pathogen inhabits soil in the form of
chlamydospores and may also infest seeds (Schwart, 2005). Seeds can
carry the inoculum with no external symptoms ofegtfon, one of the most
important sources of the pathogen disseminatiom mrey distances, and still
transmit the pathogen, even in low levels of inaoul

The mechanism ofop-seed colonization and transmission are not well
understood.For some fungal-plant interactions those proceds®esge been
investigated by means of the scanning electronawoope (Alves et al., 2003;
Pereira et al., 2013) and/or green fluoresceneprdGFP) expressioim planta
(Nonomura et al., 2001; Lagopodi et al., 2002; &o et al., 2007). The main
difference between both techniques is that thro@gt it is possibléo follow
the pathogen and to understand the infection psoceseal time. This marker
has been used for studying the colonization of tthst plant by pathogenic
fungi, such as different formae specialesFafsarium oxysporumin many
economically important crops (Nonomura et al., 200dgopodi et al., 2002;
Sarrocco et al.,, 2007). Vallad and Subbarao (2@0&Jied the infection and
colonization of GFP-taggederticillium dahliaein lettuce. The authors reported
the seedborne infection was limited to the matetisdues of the achene,
including the pappus, pericarp, integument and gmeion; but the embryo was
never reachecdHowever, there are few studies monitoring the @gdém on the
seed colonization process. In order to understdred dommon bean seed
association processes Bgp a virulent strain ofFop was transformed and seeds
were inoculated with the transformed fungus with tibjective to follow the

seed and seedling/plant infection and colonization.
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MATERIALS AND METHODS

Strain selection and origin. The Fusarium oxysporuni. sp. phaseoli(Fop)

strain was obtained from Mycological Collection®ded Pathology Laboratory
at Federal University of Lavras, MG, Brazil. Theagt LAPS 156 was identified
asFop based on morphological characteristics (Leslie a3mahmerell, 2006) and
pathogenicity test (Alves-Santos et al., 2002a)ngyshe diagrammatic scale
from CIAT (Pastor-Corrales and Abawi, 1987), theist was identified as a
highly virulent pathogen, causing death or severdicted common bean plants
with 100% of the foliage showing wilt, yellowing,hlorosis, necrosis or

premature defoliation.

Fungal transformation. The selectedrop strain, LAPS-156, was transformed
with genes for green fluorescent protein (GFP) hpdromycin-B resistance
using plasmid pSCO001, provided by T. van der LedantP Research
International, The Netherlands).

Plasmid pSCO001 contains the g&BEP attached to #toxApromoter from
Aspergillus nidulanslt also includes a hygromycin-B phosphotransfergsne
(hygB) for selection in fungi.

Protocols for preparation of protoplasts were aghfitomF. graminearum
by Maier et al. (2005) with some modifications. Ttin was grown on potato-
dextrose-agar (PDA) for six days. Fifty mL of thendial suspension with
concentration adjusted to ®@onidia mL*, were added to 250 mL of potato-
dextrose-broth (PDB) and incubated at 28 °C foh Ifh a rotary shaker at 125
rpm. The resulting mycelial mass was filtered anded once with 0.7 M NaCl
solution. Then, 100 mg of the dried mycelia wereutrated with 3 mL of the
lyzing enzymes (Sigma — Aldrich, St. Louis) solatiobtained with 0.7 M NacCl
solution and 10 mg mit.of the enzyme at 28 °C for 3h in constant agita(itb
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rpm) to digest the cell walls. Protoplasts werevasted by filtering through two
layers of sterile cheesecloth. The filtrate wastrifeiged for 5 min at 4 °C and
2,000 rpm and the pellet washed by adding 3 mL.&fM) NaCl cold solution.
The pellet was resuspended in four parts of ST8 [0.sorbitol, 50 mM Tris
[pH 8.0], and 50 mM Cag)l and one part of SPTC (0.8 M sorbitol, 40%
PEG4000, 50 mM Tris [pH 8.0], and 50 mM CgCIThe protoplasts were
adjusted to 10 protoplasts mLlt in 100 uL of suspension and 10 pL of
transforming plasmid DNA (0.35-1.66 pg f)Lwere added to the tube and
incubated on ice for 30 min. One ml SPTC was mi#ttl the suspension and
incubated at room temperature for 20 min. Protdplagre mixed gently into
200 mL of regeneration medium (yeast extract [0,1%dseinhydrolysate
[0.1%], sucrose [1.0 M], granulated agar [1.6%]4at °C), poured in 94 mm
Petri dishes (20 mL per plate) and incubated at@5%or 72 h. Upon fungal
growth, 10 mL of selective agar (1.2% granulatedraigp water containing
hygromycin-B [300 pg mt]) were overlaid and further incubated.
Transformants were obtained after 4 - 15 days. Mexe transferred to fresh
plates of CM medium with 300 pug rilof hygromycin-B and incubated at 25
°C. The transformed isolates appeared bright gréearescence under
fluorescence stereomicroscope Leica DFC 310 FX 480 nm excitation/500-
to-550 emission filter block. The transform&dp isolates were purified by
single-spore isolation, and tested for their patimigjty, according to Alves-
Santos et al. (2002a). One of these transformddtésowas randomly selected
for use in further experiments.

The stability test was applied by transferring eigbnsecutive times of a
mycelium disk of the transformant to PDA withoug taddition of hygromycin-
B. After that, a mycelium disk was transferred t®AP with addition of
hygromycin-B [300 pg mt] and whether hyphae grew on it, the transformants
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were stable. The fluorescence of the transformelhtiss was observed under

microscope to confirm if they remained stable.

Determining gfp presence For DNA and protein extraction, stable transfadme
Fop isolates and the progenitor WT isolates were gramnsterile potato-
dextrose-agar (PDA) at 25 °C for seven days. Mgtetiats were harvested and
ground into a fine powder under liquid nitrogenrtifong of the powder were
used for DNA extraction using the commercial kit 2&fd® Genomic DNA
Purification Kit (Promega, Madison, WI), accorditmgmanufacturer’s protocol.
The quality and quantity of DNA were ascertaineé & NanoDrop-1000
spectrophotometer (Thermo Scientific) at 260 nmg aujusted to a final
concentration of 20 ng jLwith ultrapure water. To confirm the presencehef t
ofp gene, conventional PCR was performed on transfdramed WT isolates
using forward 5-GCGACGTAAACGGCCACAAG-3' and revers 5'-
CCAGCAGGACCATGTGTGATCG-3' primers which amplified &06-bp
fragment of thegfp sequence (de Silva et al., 2009). A 25 pL-PCR wis
prepared, containing 1x PlatinGnPCR buffer (Invitrogen, Carlsbad, CA); 25
mM MgCl, solution; 1 mM dNTP mix; 0.25 uM forward primer;26 uM
reverse primer; 1U PlatindfinTag DNA polymerase (Invitrogen); 2.0 pL
template DNA. PCR reactions were carried out in altigene TC 9600-G
(Labnet International Inc.; software V3.3.4C) cyclprogrammed for the
following parameters: 94°C for 5 min, 35 cycleQ4tC for 1 min, 53°C for 2
min, and 72°C for 1.5 min, and a final extensiomiqek of 5 min at 72°C (de
Silva et al., 2009). PCR-amplified DNA fragmentsrevéractionated in 1.2% of
agarose gel in 1x Tris-borate-EDTA buffer and vimea in GelRed
(Biotium).
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Morphological and cultural characteristics. For the set-up of this experiment,
the selected transformed isolate was transferréDw and PDA amended with
hygromycin-B (300 mg ptf) to examine the morphology and cultural
characteristics ofFop. The WT isolate was used as the control. For the
evaluation of mycelial growth index, mycelium disks4 mm in diameter were
placed in the center of the 94 mm Petri dish coinigi the culture media and
incubated at 25 °C and 12-hour photoperiod. Thendiar of the mycelium
growth was evaluated daily up to the seventh ddyour treatments were
obtained from the combination of two isolates oro teulture media. Five
replicates were used per each treatment and therimgnt was designed in
completely randomized treatments. The data wermatstd in mycelial growth
index by using the formula of Maguire (1962). Thatad were submitted to

analyses of variance and Tukey's test.

MGI = C1/N1 + C2/N2 +...+ Cn/Nn , which:

MGI: mycelial growth index

C1, C2, Cn: mycelium growth measure (cm) day-by-day
N1, N2, Nn: number of days.

Seed inoculation A commercial common bean seed Bhéseolus vulgar)scv.
Uirapuru was obtained from Federal University ofvizs / Department of
Biology (Lavras, MG, Brazil). The absence Bf oxysporumwas initially
confirmed by blotter test (Brasil, 2009) and cortimral PCR, using the primer
set published by Alves-Santos et &2002b). For that, seeds were surface
disinfected in 1% NaHCIO solution for 2 minuteddaled by drying on a sterile
filter paper in a laminar flow hood.

To investigate the penetration stepFaip in common bean seeds, five seeds
were inoculated by the osmotic technique by exmpsdirem to wild-typeFop
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culture for 36, 72 and 96 h. The negative contrals\Wwop-free seeds. All
samples were prepared for observation in SEM. Sekdsach treatment were
immersed in Karnovsky solution (Karnovsky, 1966) 24 h and soaked three
times for 10 min with sodium cacodilate buffer angihsferred to an aqueous
solution containing 30% glycerol for 30 min. Seetsre cross-sectioned in
liquid nitrogen using a scalpel (Alves et al., 2p0Bections were transferred to
1% aqueous solution of osmium tetroxide for onerkaturoom temperature and
subsequently dehydrated in an increasing acetoneeatration serie€25, 50,
75, 90 and 100%) for 10 min each and after critpmziht dried(Balzers CPD
030). Processed materials were fixed on aluminurbsstvith a double faced
tape, sputter coated with gold (Balzers SCD 05@) almserved under a LEO
EVO 40 XVP scanning electron microscope (SEM). lesagvere obtained at
lower and higher magnifications and were processaadg the Software Corel
Draw 12.

Cultures of wild-type and transformed isolates wgmavn on PDA medium
for seven days at 25°C and 12 h photoperiod. Béyds were exposed on the
colonies for 72 h; ten seeds were directly obserwd fluorescence
stereomicroscope Leica DFC 310 FX. Histopatholdgisactions from
inoculated seeds were done in order to observenfeetion of the seed tissues.
Four replications containing 10 inoculated seedswewed on paper-towel and
incubated at 25 °C with 100% humidity. Twenty sawdl were taken at three
and five days after sowing on paper-towel for obaton in fluorescence
stereomicroscope Leica DFC 310 FX. After externbbesvation, seedling
sections were prepared to visualize the intersalus in an Epi-fluorescence
microscope with Apotome system (Carl Zeiss) in ortte analyze the-op
infection and colonization in seeds and seedlings.
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RESULTS AND DISCUSSION

The transformants produced a bright green colorhiole cytoplasm of the
mycelia, macro and microconidia but not in the ausl (data not shown). The
bands obtained with transformed isolates by polaserchain reaction (PCR)
confirmed the presence gfp gene in those populations. PCR detected a 606-bp
gene sequence from th gene for all transformed isolates and no bands were
detected in wild-type isolate3.he pathogenicity of the GFP-tagg€dp was
maintained and the transformant was considered hgytdy virulent strain.
These results showed thgfp plasmid had integrated ti®p genome in 21 from
38 (55%) hygromycin-B-resistant transformants esgirey the green fluorescent
protein. Nineteen of them had reached high mitatiability with seven
successive transfers on PDA and they were demdtedtas pathogenic as wild-
type Fop, causing very severe symptoms in common bean splavttich 60-
100% of the foliage showing wilting, chlorosis, nesis, premature defoliation
or dead plants (data not shown).

On the basis of brightness and stability of theriscence and hygromycin-B
resistance, similarity of the transformed colonyptimlogy to the wild-type was
confirmed. The measurements of the mycelium diamefeboth colonies
showed that the mycelial growth index was higher RIDA than on PDA
supplemented with hygromycin-B (Fig. 1). Transfodvand wild-type colonies
showed the pale violet color of the typical mycedfaFop on PDA medium.
Shape and size of the transformed colonies in PDé the morphological
structures were similar to the wild-type coloniEse addition of the antibiotic to
the medium had selected the resistants. Some aliffes such as mycelial
growth index and mycelium color were found in PDApglemented with
hygromycin-B, but only GFP-taggdebp grew up on PDA supplemented with
hygromycin-B (Fig. 1), wherein they showed a diéier mycelial color ranging
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from white to orange. The same behavior with défgrpathogenic fungi was
found in previous studies (Lorang et al., 2001 s¥iset al., 2004; de Silva et al.,
20009).

1.5 - w

0.5 - J }

0 ‘

PDA PDA+ hygromycin B
Culture medium

OWild type BGFP-tagged

Mycelial growth index {(cm)

Fig. 1L Mycelial growth index (MGI) from wild type and egn fluorescent
protein-taggedrusarium oxysporurf sp.phaseoliisolates. The isolates
were cultured for seven days in potato-dextrose-é8®A) or PDA
supplemented with hygromycin-B and the diametahefcolonies were
measured daily

From the inoculated common bean seeds #with, which was carried out to
know the most appropriate inoculum potential faidgtng the interaction in this
pathosystem with observation in SEM revealed istarg findings. For
example, no mycelium was observedrap-free seed coat (Fig. 2A) but hyphae
had colonized the seed coat after 36 h of contébt Fop colony and initiated
the seed infection process (Fig. 2B). Small combdares, the main
morphological structure df. oxysporumwere observed on seeds which were
exposed to fungal colony for 72 h (Fig. 2C) as veslla large amount of the
hyphal penetration into the seeds directly throtigh cuticle (Fig. 2D, E) and
with appressorium formation (Fig. 2F). After 9&hcontact of the seeds with
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the Fop colony a large amount of hyphae was developed on the saddce

making difficult the observation of the penetratimocess (data not shown).

N

10 pm

m 2 um

Fig. 2 Scanning electron micrographs of common bd&tmageolus vulgar)s
seed surfaceA) Fusarium oxysporurfi sp. phaseolifree seed coaB)
Hyphae off. oxysporunf. sp.phaseolicolonizing and covering the seed
coat after 36 h of inoculatior¢) Hyphae with small conidiophore on
seed coat after 72 h of inoculatidd) Direct penetration of hyphae into
the seeds after 72 h of inoculatid); Hyphae adhered to seed coat and a
hole found on seed surface after the complete paiat processF)
Hyphal penetration with formation of appressorium
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The observation on SEM is very useful but cautiams Ho be taken
concerning the presence of other fungi which magresent in the tissues of the
seeds. A similar infection process was reportedRBpman et al. (2010) who
observed direct penetration of hyphad-ofmoniliformeinto soybean seeds after
48 h of inoculation, with or without appressoriumrrhation. Murillo et al.
(1999) also showed the direct penetration of thézenaeed pericarp bk.
verticillioidesthree days after sowing the inoculated seeds.

From the Epi-fluorescence microscopbservations of 72Rop inoculated
seeds, the development Bbp mycelium on embryo was confirmed under
favorable conditions, infecting the seeds. The diyoe had colonized the
tegument, cotyledons and embryonic axis of thesé@eig. 3). The GFP marker
has proved to be a useful tool to investigate tieraction ofFop and seeds of
common bean.

GFP-expressingransgenic isolates can be visualized in livingues without
any processing or manipulation of the samples (@tel., 2003). In the present
study, hyphae eventually grew into cotyledons ef¢heds (Fig. 3B), a common
source of starch, and was able to attack the emhryaxis, where a large
amount of mycelium on plumule or first leaves wasible (Fig. 3A) when
compared with the radicle. These results diffenenf Vallad and Subbarao
(2008) who reported thaterticillium dahliae never colonized the embryo of
susceptible lettuce cultivar in naturally infecteekds. In the present study, the
seeds were artificially inoculated for 72-h andntitiee inoculum load might be
higher than in naturally infected seeds. In thelkeg post-emergence step, the
present~opin contaminated cotyledons can be transmitted édlges where it
can move to vascular tissue. When the two primeayés are unfolded in the
vegetative growth stage, the cotyledons eventdallyoff and continue on the
soil, being an important source of inoculum in fieédd. The same behavior may
occur for contaminated seed coats that remainesdh (Fig. 3C, D).
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Fig. 3. Epi-fluorescence microscope images of the sestiohthe infected
common bean seeds inoculated viatisarium oxysporurh sp.phaseol
isolate expressing green fluorescent protein (G@#9)Infected plumule
from embryo;(B) Infected cotyledong/C and D) Seed coat (tegument)
and cotyledons of the seeds

For the rolled-towel assaf,op mycelia start to grow up on roots three days
after sowing and a few symptoms were observed.r Aifte days, the roots of
the seedlings/plants were externally covered Witp-mycelium (Fig. 4), and
necrotic lesions and collapse of infected secondaoys were observed. The
green fluorescence was intense when a large anufutiite transformed~op
mycelium colonized the common bean roots five dafysr sowing (Fig. 4A)
compared to three days after sowing (Fig. 4B). €hresults are consistent with
those from Dowd et al. (2004) who observed thatenpdant genes were induced

in F. oxysporumf. sp. vasinfecturrinfected hypocotyl tissues of cotton,



78

compared with infected root tissues, suggestingiihgus may be suppressing
plant defense responses in the root tissue andemtieg more disease

symptoms.

Fig. 4. Fluorescence stereomicroscope images of the izelbrcommon bean
root by Fusarium oxysporum. sp. phaseoliisolate expressing green
fluorescent protein (GFP). Seeds were incubate®BR-tagged isolate
for 72-h and incubated on rolled-towel under fatteaconditionsA) for
three daysB) for five days;C) Negative control



79

Even though the main root and crown region exhibisevere vascular
discoloration, the fungus was absent upon closam@ation. The infected
tissues were not detected by fluorescence micrgsergmination, but only by
culturing on a semi-selective medium.

Some previous microscopic studies had examinedrdbt interactions of
many economically important crops with differefbrmae specialesof
transformed-usarium oxysporun(Lagopodi et al.,, 2002; Nonomura et al.,
2001; Sarrocco et al.,, 2007). Nevertheless, studibsut pathogen-seed
interactions are still poorly understood. In theppr the transformelop was
visualized during the infection and colonizatioroggss from common bean
seeds, confirming the presence Fadp inoculum on embryo under favorable

conditions of environment and pathogen virulence.
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CONCLUSIONS

By GFP marker it was possible to observe that ufaesrable conditions,
Fop-hyphae present on common bean seed surface mdyttstainfection
process by direct penetration using mechanicalefevith or without forming
appressorium. The fungus colonizes the cotyledodseabryo of common bean
seeds, becoming an important source of dissemmatid-op. The pathogen
moves with the seedling development, colonizingeexl and internal roots,
with observation of rotted roots and vascular dm@tion symptoms in young

plants.
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ABSTRACT

Fusarium oxysporuni. sp. phaseoli(Fop) can be introduced int®haseolus
vulgarisfields through infested seed, persisting in spithlamydospores. PCR-
based seed health testing methods can aid in greneof the long-distance
spread of this pathogen by contaminated seedsobjeetive of this study was
to develop a rapid, accurate and sensitive protfwrothe reliable detection of
Fop in common bean seeds through real-time PCR ags®GR). Seed lots
with infection incidence ranging from 0-25 to 20%re prepared by mixing
known amounts ofFop-infected seeds witlrop-free seeds of seven cultivars.
Direct comparisons between SYBR Green and TagMabRghethods were
performed using the primers based feop virulence factorftfl. The primers
produce a 63-bp product for highly virulent stragdd-op but do not produce a
positive reaction with non-pathogerftc oxysporumfrom P. vulgarisor other
sources. Under optimized conditions, both gPCRyasdatected 0-25% &fop
infection (one infected seed mixed with 388p-free seeds), but in the SYBR
Green assay PCR inhibitors interfered with the tjfieation of target DNA.
Significant linear regression models describing riglationship between results
of the qPCR assays and the artificial infectiorelswvere found for all cultivars
although the TagMan assay yielded more reliablentifization. Using a
TagMan assay, naturally infected seeds of thretvars and three seed sizes
were tested, anffop was detectable in the small-seeded lots of twaiveukt
only. Our results suggest that the TagMan assagldeed in this study is a
useful tool for detection and quantificationrfpin seeds.

Key-words: DNA quantification, Fusarium wiRhaseolus vulgaris
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RESUMO

Fusarium oxysporuni sp. phaseoli(Fop) pode ser introduzido em campos de
Phaseolus vulgariatravés de sementes contaminadas, sobrevivensalmpor
meio de clamid6sporos. Os testes de sanidade lusseadPCR podem ajudar a
prevenir a dispersdo do patdgeno a longas distmqma meio de sementes
contaminadas. Objetivou-se, neste estudo, desanveoln protocolo rapido,
eficiente e sensivel para deteccdo confiaveFale em sementes de feijdo por
meio de PCR em tempo real (QPCR). Lotes de semewotesincidéncia de
infeccdo variando de 0,25 & 20% foram preparades/es de misturas de
sementes infectadas e néo infectadas de seteacelivComparacbes entre
SYBR Green e TagMan foram realizadas usando-sérosns que amplificam o
geneftfl relacionado ao fator de viruléncia Eep. Eles produzem um amplicon
de 63 pb para isolados d®p altamente virulentos, mas ndo produzem uma
reacdo positiva para os isolados ndo patogénicés akeysporunde P. vulgaris

e outras culturas. Sob condigbes otimizadas, antsosnsaios de qPCR
detectaram 0,25% de infec¢éo pap (uma semente infectada em mistura com
399 sementes sadias) mas alguns inibidores de P@&feriram na
guantificacdo do DNA-alvo em ensaios com SYBR Grebfodelos de
regressao lineares significativos descreveramagadel entre os resultados dos
ensaios de gPCR e os niveis de infec¢éo artifipmia as sete cultivares embora
TagMan apresentou os resultados mais confiaveidizdvido-se TagMan,
sementes naturalmente infectadas de trés cultieatasianhos foram testadas e
Fop foi detectavel em lotes de sementes pequenas de acltvares. Os
resultados deste trabalho sugerem que o métodagidan pode ser (til para a
deteccdo preventiva e quantificacdo do DNA-dp em sementes de feijao.

Palavras-chave: quantificacdo de DNA, murcha darius, Phaseolus vulgaris
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INTRODUCTION

The nutritional valueof common beanPhaseolus vulgarit.., is high, with
significant concentrations of protein and mineralsgd as a result, this crop is
gaining increased international attention in adtice research for its critical
role in enhancing the nutritional quality of diefSchwartzet al, 2005).
According to the Food and Agricultural Organizati(fPAQ), in 2011 India,
Myanmar and Brazil were the leading bean produckdia and Myanmar
producing large quantities dfigna beans and Brazil the largest producer of
common bean with an annual production of 3,43418&@ric tons.

Common bean production is severely constrained byumber of crop
pathogens includingusarium oxysporunschlechtend.:Fr. f. smhaseoliJ. B.
Kendrick & W. C. SnyderKop), the causal agent of Fusarium wilt, a disease
that can reduce bean yields by as much as 30% (A&mstor-Corrales, 1990;
Cramer et al, 2003). Fusarium wilt symptoms include foliar diasis,
premature senescence of lower leaves, red-browcoldisition of vascular
tissue, and wilting, which often lead to early nmijy reduction in seed size,
yield loss, and plant death (Abawi & Pastor-Cosale990; Bricket al, 2006;
Ronquillo-Lopezet al, 2010). The pathogen is considered to be a dudhitant
that is most likely introduced into bean fieldsaibgh the use of contaminated
farm implements or infested seed (Toledo-Sceizal. 2012). It is believed that
the greatest potential for long distance dissenanabf Fop is through seed
(Santoset al, 1996; Vilelaet al, 2010), with seed-to-plant transmission rates as
high as 42-8% from naturally infested common beguls (Santost al, 1996).

An important preventive management tool for redgcite spread of
pathogens into new regions is accurate seed hegitimg (Mbofung & Pryor,
2010). Most current phytosanitary seed-health rigsts based on incubation
methods or microscopy-based methods (Munkvold, ROSRBich often require
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confirmatory pathogenicity tests. For determinihg incidence oFop infection

in bean seeds, the routine testing currently usedl blotter test followed by a
grow-out test (MAPA, 2009). A semi-selective medigsh & Snyder medium
+ PCNB (Nishimura, 2007), followed by identificatioof pathogens via
microscopy, is also traditionally recommended. Ehemethods are labor
intensive, require skilled personnel, and are ttmesuming. The occurrence of
saprophythic strains df. oxysporumon bean seeds and other related species
which are morphologically similar 6. oxysporunf. sp.phaseoliare important
limitations of these biological methods (Alves-Sanet al, 2002a). Many of
these limitations can be overcome by utilizing Pi&iRed methods for seed
health testing (Munkvold, 2009).

PCR-based detection methods are useful tools that been developed and
applied to many seedborne pathogens (Munkvold, 2808 have been proven
to be reliable alternative methods for making aatudecisions regarding the
acceptability of seeds for sale, appropriate usesadfd treatment, for seed
certification programs (Mbofung & Pryor, 2010) afiod differentiating between
nonpathogenic and pathogenic forms Fof oxysporum (Alves-Santoset al,
2002a). Previous studies showed thafFwsarium transcription factor ftfl,
contains a Zn(I1)2-Cys6 binuclear cluster DNA-bimglimotif that is related to a
virulence factor, and is characteristic of virdlétop strains (Ramot al,
2007; Garcia-Sanchez et al, 2010; Vega-Batall, 2011). This gene makes an
excellent candidate for the development of a mdéecdiagnostic method for
the detection oFopin bean seeds.

The majority of studies that have used PCR for ifipedetection of
pathogens in seeds are qualitative tests to detegbresence of the pathogen,
and not to quantify the level of pathogen contamdma(Gracia-Garzat al,
1999; Chiocchettet al, 2001; Pryor & Gilbertson, 2001; Kulik, 2008; Miooiy
& Pryor, 2010). An assay to quantify the amountpathogen DNA in seed
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health testing is desirable to measure the aatfedtion level of the seed lot and
this can be achieved through real-time PCR (Glynadvards, 2010).

Real-time PCR has great potential to replace orptement current seed
health assays for several reasons, such as speedficty, sensitivity and
guantification of the target DNA (Ganchat al, 2004; Munkvold, 2009).
Additionally, a large number of samples can be ggeed within a short period
of time and it can be conveniently applied to comuia seed testing and
certification (Mbofung & Pryor, 2010). The advargagof real-time PCR for
seed health testing are well documented but datspadng two of the most
frequently used chemistries, SYBR Green and TagNastill limited. Thus in
addition to establishing a real-time PCR assaytHerdetection ofFop in bean

seed, we also compared the relative efficacy dfehieo approaches.
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MATERIALS AND METHODS

Fungal isolates and DNA extraction.lsolates ofFop and other fungal isolates
used in this study are listed in Table 1 with thggographical origin and range
of virulence. Cultures were grown on wheat-germ ion@dand potato-dextrose-
agar (PDA; Difco Laboratories, Plymouth, MN) at 22%After seven days, each
isolate was identified based on standard morphoébgcriteria (Leslie &
Summerell, 2006) followed by pathogenicity testi(@lves-Santoset al,
2002b).

For DNA extraction, liquid cultures were preparedflnoding PDA plates
containing 5-day-old fungal colonies with 10 mL giérile distilled water and
dislodging mycelia and conidia with a sterile stitke final concentration of the
inoculum suspension was adjusted t8 @6nidia ml* and an aliquot of 2 mL
was added to 50 mL of sterile liquid DNA mediumg3east extract, 3 g malt
extract, 5 g peptone, 20 g dextrose, 2 g,8B} per liter of distilled water).
Cultures were incubated on a rotary shaker at p® for two days at 22 °C.
Mycelia were harvested by filtration through Miratti (EMD Biosciences, Inc.,
La Jolla, CA), lyophilized and then individuallyagmd with a sterilized pestle
and mortar. The fungal DNA was extracted as desdrliy Zelaya-Molinat al.
(2011). The quality and quantity of DNA was asdesdd via a NanoDrop-1000
spectrophotometer (Thermo Scientific) at 260 nmg adjusted to a final
concentration of 20 ng piLwith TE buffer.
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Table 1. Fungal isolates used in this study and charaetgrizy pathogenicity,
virulence and gPCR amplification

Specie8 Isolate Host Geographic  Sourc8 Patho- gPCR
origin gerf
Fop ATCC P. vulgaris California ATCC HVP +
18131
Fop FOP 8 P. vulgaris Colorado HFS HVP +
Fop FOP 16 P. vulgaris Colorado HFS HVP +
Fop FOP 31 P. vulgaris Netherlands HFS HVP +
Fop FOP 48 P. vulgaris Colorado HFS WVP -
Fop FOP 52 P. vulgaris Colorado HFS HVP +
Fop FOP 58 P. vulgaris Spain HFS HVP +
Fop LAPS 152 P. vulgaris Brazil MHDM  HVP +
Fop LAPS 153 P. vulgaris Brazil MHDM  HVP +
Fop LAPS 154 P. vulgaris Brazil MHDM  HVP +
Fop LAPS 155 P. vulgaris Brazil LAPS HVP +
Fop LAPS 156 P. vulgaris Brazil LAPS HVP +
Fop LAPS 157 P. vulgaris Brazil LAPS WVP -
Fop LAPS 164 P. vulgaris Brazil LAPS HVP +
Fop LAPS 165 P. vulgaris Brazil LAPS  WVP -
Fop LAPS 168 P. vulgaris Brazil LAPS WVP -
Fop CML 144  P. vulgaris Brazil LHP WVP -
Fop 2556-1 P. vulgaris Brazil MFI HVP +
Fop 6825-1 P. vulgaris Brazil MFI WVP -
Fop 9455 P. vulgaris Brazil MFI HVP +
Fop 9840 P. vulgaris Brazil MFI WVP -
Fop FOPS 018 P. vulgaris Brazil LAPS HVP +
Fop FOPS 019 P. vulgaris Brazil LAPS HVP +
Fop FOPS 020 P. vulgaris Brazil LAPS HVP +
Fop FOPS 021 P. vulgaris Brazil LAPS HVP +
Fop FOPS 022 P. vulgaris Brazil LAPS HVP +
Fop FOPS 023 P. vulgaris Brazil LAPS HVP +
Fop FOPS 024 P. vulgaris Brazil LAPS HVP +
Fop FOPS 025 P. vulgaris Brazil LAPS HVP +
Fop FOPS 026 P. vulgaris Brazil LAPS HVP +
Fov CML 1098 Gossypium Brazil LHP NP -
hirsutum
F. oxysp. 20L6 Glycine Benton, 1A ME NP -
max

F. oxysp. 258L1 G. max Blackhawk, 1A ME NP -
F. oxysp. 258L3 G. max Blackhawk, 1A ME NP -
F. oxysp. 5L7 G. max Carrol, 1A ME NP -
F. oxysp. 4219 G. max Floyd, 1A ME NP -

...Continue...
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Table 1.continuation...

Specie8 Isolate Host Geographic ~ Sourc8 Patho- gPCR
origin gerf

F. oxysp. 20L6 G. max Benton, IA ME NP -
F. oxysp. 34L2 G. max Hamilton, IA ME NP -
F. oxysp. 34T3 G. max Hamilton, IA ME NP -
F. oxysp. 4T6 G. max Sioux, 1A ME NP -
F. oxysp. 258L8 G. max Blackhawk, 1A ME NP -
F. oxysp. 1118 G. max Lyon, IA ME NP -
F. oxysp. 34L4 G. max Hamilton, IA ME NP -
F. oxysp. 61L5 G. max Taylor, IA ME NP -
F. oxysp. 55L8 G. max Johnson, IA ME NP -
F. oxysp. 36L8 G. max Marshall, 1A ME NP -
F. oxysp. 68T10 G. max Polk, IA ME NP -
F. oxysp. 372T7 G. max Harrison, IA ME NP -
F. oxysp. 21916 G. max Cass, IA ME NP -
F. oxysp. CML755 G. max Brazil LHP NP -
F.comm. 258T7 G. max Blackhawk, 1A ME NP -
F.comm. 48T1 G. max Carroll, 1A ME NP -
F.comm. 31177 G. max Carroll, 1A ME NP -
F.semit. 009 P. vulgaris Brazil LAPS -
F.sol. 008 P. vulgaris Brazil LAPS HVP -
F.vert. 010 Zea mays Brazil LAPS -
M. phaseol. 2964 G. max Guthrie Co. ESR -
S. sclerot.  Ssl G. max Nashua, IA ESR -

@ Abbreviations for especies of fungal isolates aee fallows: Fop = Fusarium
oxysporumf. sp. phaseoli Fov = Fusarium oxysporunf. sp.vasinfectumF. oxysp =
Fusarium oxysporumF.comm.= Fusarium communeF. sol. = Fusarium solani F.
vert. = Fusarium verticillioides M. phaseol= Macrophomina phaseoling. sclerot=
Sclerotinia sclerotiorum

®Abbreviations for sources of fungal isolates arefalows: ATCC = American type
Culture Collection, Rockville, MD, USA; HFS = H.FSchwartz, Department of
Bioagricultural Sciences and Pest Management, @dtnState University, Fort Collins,
CO, USA; MHDM = M.H.D MORAES, Departamento de Fitplogia e Nematologia,
Escola Superior de Agricultura “Luiz de Queiroz'irdeicaba, SP, Brazil; LAPS =
Laboratorio de Patologia de Sementes, Universidastieral de Lavras, Lavras, MG,
Brazil; LHP = L.H. Pfenning, Departamento de Fittmpagia, Laboratorio de Micologia,
Lavras, MG, Brazil; MFI = M.F. Itto, Instituto Agrmmico de Campinas, Campinas, SP,
Brazil. ME = M. Ellis, Department of Plant Pathojognd Seed Science Center, lowa
State University, Ames, IA, USA; ESR = E.Saalaud®gjPlant and Insect Diagnostic
Clinic, lowa State University, Ames, IA, USA.

“Abbreviations for virulence of the strain: HVP =ghly virulent pathogen; WVP =
weakly virulent pathogen; NP = non-pathogenic.
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dgPCR assay was carried out using the primer set FRQREDFOP2B. +: positive
amplification, -: negative amplification.

PCR protocol optimization. Fusarium transcription factor ffl) sequences
generated from Ramaa al. (2007) were used to design the primers and probe
(Table 2), using the program Primer Express® Saftweaersion 3-0 (Applied
Biosystems). The primer pairs used in previousiesuly Ramot al. (2007)
and Ren-Fengt al. (2012) (Table 2) also were validated with a srealhple of
Fop isolates used in this study (data not shown). Aperature gradient was
performed to test the primer sets, using a higlylent strain ofFop (ATCC
18131). A 25 pL-PCR mix was prepared, containingGreen GoTad Flexi
buffer (Promega, Madison, WI); 2-5 mM MgQolution; 0-39 mM dNTP mix;
2-5 uM forward primer; 2-5 pM reverse primer; 5SUTGFDNA polymerase
(Promega); 2-0 pL template DNA. PCR reactions wareed out in a Bio-Rad
thermal cycler programmed for the following paraengt 94 °C for 5 min, 30
cycles at 94 °C for 30 sec, 52-60 °C for 30 sed, & °C for 1 min, and a final
extension period of 10 min at 72 °C. Based on tlalignt PCR the optimum
annealing temperature was determined to be 60 8Ctanprimers selected for
use were QFOP2A/QFOP2B as they did not undergoepritimerization at low
temperatures (data not shown).

In order to determine the specificity of the pris€@FOP2A/QFOP2B, all
isolates listed in Table 1 were tested. The gPCGRyasand data analysis were
performed on a StepOnePlus™ Real-time PCR systgmpligd Biosystems).
For the SYBR Green assay, the PCR mix was as fell@wiL of total genomic
DNA, 25 nM of each primer, 2x SYBR Green, for aatakaction mixture of 20
pML. The gPCR cycling conditions were as follows:°@for 10 min, followed
by 38 cycles of 95 °C for 15 sec and 58 °C for h,maind the melt curve phase
of one cycle at 95 °C for 15 sec, 58 °C for 30 ard 95 °C for 15 sec (ramp

speed 0-5 °C™3. To determine the sensitivity of the primers, &g} serial
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dilutions of Fop-+total genomic DNA from highly virulent isolates @la 1) were
prepared in TE buffer (concentrations ranged frémd pL* to 10 fg puLY). The
dilution series of genomic DNA from a pure cultafeFop (FOP 58) was used
to create a standard curve. The qPCR assay wadsctaut as per the protocol
described above. Samples were run in triplicatkidiag the negative control, in

which the DNA template was replaced with sterildexra

Table 2. Oligonucleotides and probe designed for quantificabf Fusarium
transcription factor 1ftf1) gene ofFusarium oxysporur sp.phaseoli
in common bearRhaseolus vulgarik.)

Ampl.

Primer/probe  Sense Sequence (5’ — 3’) size Ref.
(bp)

QFopta700A Forward CCTGCAAGCACTGCCTACAC 121 Ramoset al.
QFopta700B Reverse TCGCTTATCGAGCGTAACCA (2007)
QFopA Forward ACATAGCGGTCTACCGTTCG 149 Ren-Fenget
QFopB Reverse GGTTACAGGAAGCCAAACCA al. (2012)
QFOP2A Forward GCCTCGGACAAATTACATGGTT
QFOP2P Probe  VIC-TGCTCGATAAGCGACCGA 03 Thisstudy
QFOP2B Reverse ATGATGCGTTCTTCCATGCA

Seed inoculation with F. oxysporumf. sp. phaseoli The commercial bean
(Phaseolus vulgar)sseed lots (Tiger's Eye, Boston Favorite, Irelaboeek
Annie, Arikara Yellow, Bountiful, Carioca and Damj)ere obtained from Seed
Savers Exchange (Decorah, IA, USA), Harris Moraads€ompany (Modesto,
CA, USA) and Grupo Farroupilha (Patos de Minas, B@zil) for use in this
study. Seed size was characterized for each cultiwa weighing four
subsamples of 100 randomly selected seeds of adtkac. Cultivars were
categorized as “large-seeded” 40 g / 100 seeds) or “small-seeded” (< 40 g /
100 seeds) in large and small seed sizes (TablEhg&)absence d¢f. oxysporum
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was initially confirmed by blotter test (MAPA, 200@nd conventional PCR,
using the primer set published by Alves-Sargbsl. (2002b). One hundred
seeds of each cultivar were artificially inoculateith a conidial suspension of
Fop using the water restriction technique describedSioysaet al. (2008).
Briefly, seeds were surface disinfested by soakarg2 minutes in a solution
containing 1% NaHCIO, followed by complete drying a sterile filter paper
under a laminar flow hood. Theolate FOP58 (Table 1) was cultured for five
days on potato-dextrose-agar (PDA) medium at 22Mi&ro and microconidia
were harvested by washing the surface of a cuititte10 mL of sterile distilled
water. The resulting suspension was diluted widmilst water to obtain a final
concentration of 10spores mLl* (determined with a hemacytometer). The
inoculum suspension was sprayed on seeds, which then incubated in a
growth chamber in the dark for three days at 25Ti@is was then followed by
air drying overnight under a hood.

Artificial infection levels, ranging from 0-25% t20-00% seed infection
incidence, were created by mixiRgp-inoculated seeds with non-infected seeds
(Table 4). Negative control seed lots consisted0ffFop-free seeds (Table 4).

In order to test the sensitivity &op detection by gPCR even at low levels
of fungal DNA per seed, 100 inoculated seeds afveul Carioca were surface
disinfested with 1% NaHCIO for two minutes, driedd hood overnight, and
blends of seeds with different artificial infectitewvels (Table 4) were prepared
for both disinfested and non-disinfested seeds rasdlts compared for the

TagMan PCR assay.
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Table 3. Commercial common beaRlfaseolus vulgaris.) seed lots used in
this study. One hundred seeds of cultivars fronfiedéht companies
were taken randomly, weighed and compared forrepttie seed size

Seed infection  Company Cultivar Seed 100-seed
size weight (g)

Tiger's Eye Large 53-20
Boston Large 51-84
Favorite
Seed Savers
Ireland Creek Large 52-56
Exchange
Annie
(Decorah, IA, USA)
Arikara Small 35.28
Artificially Yellow
infected seeds Bountiful Small 34.73
Grupo Farroupilha Carioca Small 27-80
(Patos de Minas, MG,
Brazil)
Harris Moran Seed  Dart Small 25.28
Company
(Modesto, CA, USA)
Cometa Large 24-80
Cometa Medium 16-73
Cometa Small 9-64
EMBRAPA Arroz e .
. Horizonte Large 28-19
Naturally Feijao i i
. ] Horizonte Medium 22-39
infected seeds  (Santo Anténio de i
. ) Horizonte Small 15-46
Goiéas, GO, Brazil)
Valente Large 26-92
Valente Medium 21.72
Valente Small 15-89

'The 100-seed weight is an average of four repboati
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Naturally infected seedsCommon bean seeds naturally infected \itip were
harvested from an infested area at EMBRAPA ArroFeido, a Brazilian
Agricultural Research Corporation. The seeds adluultivars of common bean
(Cometa, Valente and Horizonte) were separatedidoe snto three different
sizes (small, medium and large). The seed sizes a@racterized by weighing
four subsamples of 100 randomly selected seedsaf eategory within each
cultivar (Table 3). The presenceedp in these seeds was confirmed by blotter
test (MAPA, 2009) and conventional PCR, using dpegrimers from Alves-
Santoset al. (2002b).

Table 4. Artificial infection level of seeds witk. oxysporunf. sp.phaseoliin
seven bean cultivars

o Seed infected witk.
Infected seed/seed # replications/#

Level ) oxysporunf. sp.
tested seeds in each rep _
phaseoli(%)
1 0/400 4/100 0-00
2 1/400 1/400 0-25
3 2/400 2/200 0-50
4 4/400 4/100 1-00
5 80/400 4/100 20-00

DNA extraction from seed samples.Seed samples with differing artificial
infection levels (Table 4) as well as naturallyeicted seeds (Table 3) (400 seeds
per treatment) were ground into a fine powder usingresh Grind™ Coffee
Grinder (Hamilton Beach Brands, Inc.) prior to DN#traction. To ensure that
cross contamination did not occur the stainlessl gggnding chamber of the
grinder was treated with 70% ethanol and 10% NaH@@veen samples. Eight
subsamples (50mg each) per contamination level ussd for DNA extraction.
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In order to determine the most effective methoceliminate PCR inhibitors,
four different DNA extraction protocols were testel conventional CTAB
chloroform: isoamyl alcohol protocol (Grahaet al, 1994); a protocol that
combined three detergents with proteinase K (ZeMghna et al, 2011);
DNeasy® Plant Mini Kit (QIAGEN); and Extract-N-Amp3ted PCR kit
(Sigma-Aldrich). The genomic DNA was subsequentigdias the template for
the gPCR assays.

gPCR assayQuantitative PCR was carried out on the StepOrséPIReal-time
PCR system (Applied Biosystems). Each DNA sample leaded in triplicate
in a total reaction volume of 20 uL per sample widith reaction mix containing
10 pL of 2x SYBR Green Mastermix (Applied Biosys®m0-15uL of each
primer (concentrations 2:5 pmol P 2 pL of template DNA, and 7-7 pL of
nuclease-free water. The following cycling condiovere used: 95 °C for a 10-
min denaturation step; followed by 38 cycles of &figation at 95 °C for 15 sec
and 60 °C for 1 min; and melt curve analysis oftimgato 95 °C, cooling to 60
°C for 1 min, and heating to 95 °C at a rate of & sec. For the TagMan
assay, each gPCR reaction contained 1x TagManUr@sersal PCR Master
Mix (Applied Biosystems), 900 nM of each primer QFZA and QFOP2B, 250
nM TagMan MGB probe QFOP2P and 2 uL template DNA total volume of
20 pL. The gPCR cycling conditions for the TagMasay included a holding
stage at 50 °C for 2 min and 95 °C for 20 sec;ofedld by 38 cycles of
amplification at 95 °C for 1 sec and 60 °C for 28.s

Data analysis Any DNA extract for which the real-time PCR asgagduced a
cycle threshold (Ct) greater than that of the lgpgndard was regarded as
undetermined, and a value of 0 was noted for DNAngjéy. For the artificially
infected seeds, a 2x4 (QPCR assays x artifici@ctidn levels) factorial was
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used in the ANOVA analysis for each cultivar. Lineagression analysis was
performed using SAS version 9-3 (Statistical Analy3oftware, Cary, NC) to
plot the quantity ofFop DNA as well as the Ct value against the artificial
infection levels for seven cultivars of common hean
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RESULTS

Primer screening and gPCR assay parameters.The primer set
QFOP2A/QFOP2B amplified a 63-bp product and shoavdibh specificity for
highly virulent strains ofop. The real-time PCR assay did not amplify DNA
from weakly virulent and non-pathogenic straingo0bxysporunmand other bean
pathogens listed in Table 1. In the SYBR Greenyasba primers successfully
amplified target DNA from all of the highly virulérstrains ofFop that were
evaluated, with an efficiency of 97-517%, slope®B83 and Rof 0-94 (Fig.
1). In sensitivity tests with serial dilutions Bbp total genomic DNA, the limit
of quantification was 2 pg of target DNA with a @tlue of 36-3 (Fig. 1). The
melting curve for PCR products at the end of theliog reactions revealed a
single dissociation peak at 77-26 + 1°C, indicathmey specificity of the primers.
For the TagMan MGB probe assay, the limit of guaraiion of target DNA
was 1pg. The standard curve between log of DNA eomation vs. Cwalue
generated a linear fit with a slope of -3-46 anddr regression coefficient {R
of 0-997 and the PCR efficiency was 94-544% (Big. 1

DNA extraction and real time PCR tests on common lan seedsUse of the
DNeasy® Plant Mini Kit resulted in less inhibitiaf the PCR reaction than the
conventional CTAB chloroform: isoamyl alcohol protd or the protocol
combining three detergents with proteinase K.

Statistically significant differences were observdmbtween artificial
infection levels for each cultivar. Significantdiar regression models describing
the relationship between results of the qPCR semsdya and the artificial
infection levels were found (P < 0-0001) for theBRY Green as well as the

TagMan assays.
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Figure 1. Standard regression lines of five-point 10-foletrial dilution of
Fusarium oxysporunf. sp. phaseoliDNA comparing SYBR Green
and TagMan assays. Threshold cycles (Ct) wereegafainst the
log of genomic DNA standard curves of known coneditns. Data
are an average of three separate runs of the qB&Y a

Pathogen DNA quantity decreased as the percerteaf imfection decreased
(Fig. 2), increasing the Ct value (Fig. 3). In ®%¥BR Green assay, the mean Ct
value ranged from 23-961 to 37-462 according toirtfection level and the

amount ofFop genomic DNA present, which was estimated baseti@known
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Figure 2. Regression lines of detection and quantitieBuxfarium oxysporurh
sp.phaseoliDNA (ng) plotted against the artificial infectioaviels of
seven common bean cultivars, comparing SYBR GreehTagMan
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assays by real-time PCR. A) Tiger's Eye; B) Bosfemvorite; C)
Ireland Creek Annie; D) Arikara Yellow; E) BountifuF) Carioca; G)
Dart. Data are an average of nine replicationfiiee separate runs of
the gPCR assay

standard samples, and ranged from 10-70 ng to §:2Hpwever, two
dissociation peaks were observed from the meltingecanalysis, one at 77-26
+ 1 °C and the other around 62 °C, indicating thatondary nonspecific
products were present in the samples. The secoakl ywas lower when the
DNeasy® Plant Mini Kit was used in comparison wtitle conventional CTAB
chloroform: isoamyl alcohol protocol (data not simpw

The mean quantity of the target DNA detectable lentbed seed samples
varied with the artificial infection level, gPCR says, bean seed genotype,
pathogen biomass present in the atrtificially inatedl seeds and seed size (Fig.
2).

Tiger's Eye (TE)
Y1E =-0.3761x + 32.409 R? = 0.8864

Boston Favorite (BF)
Ygg = -0.4206x + 31.739 R2 = 0.9099

Ireland Creek Annie (ICA)
Y|ca = -0.3216x + 31.214 R? = 0.7507

® Arikara Yellow (AY)
—— Yay =-0.3218x + 30.445 R? = 0.8823

Ctvalue

® Bountiful (Bo)
—— Ypo =-0.3423x + 29.345 R? = 0.8516

® Carioca (Ca)
—— Ycg = -0.3535x + 32.759 R2 = 0.8739

® Dart (Da)
—— Ypg =-0.2747x + 30.029 R = 0.8851

20 T T T T
0.25 05 1 20

Avrtificial infection level of seeds with
Fusarium oxysporum f. sp. phaseoli (%)

Figure 3. Regression lines of threshold cycles (Ct) foreseeultivars plotted

against the artificial infection levels of commomean seeds with
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Fusarium oxysporunt. sp. phaseolj detected by TagMan gPCR
assay. Each dot represents an average of 24 data po

The slopes generated from the TagMan and SYBR Gessays were
similar in all cultivars, except for Dart and Boifut The TagMan efficiencies
ranged from 91 to 95% for larger-seeded beans &nd 9% for the smaller-
seeded beans (Fig. 2). The efficiencies ranged #fbrio 91% for SYBR Green
assays (Fig. 2).

The amount ofFop DNA analyzed by the TagMan assay was greatly
reduced by the disinfestation step after seed iation but infected seeds were
still detectable even in a seedlot with 0.25% itifet(data not shown).

Naturally infected seeds were positive in the sensdbed size for two
cultivars, Cometa and Valente, in both gPCR assaybe SYBR Green assays,
the Ct values were 37-18 and 37-28, which corsel@teapproximately 0-0160
ng of Fop DNA. In the TagMan assays, the Ct values were Bal 37-46,
which correlates to approximately 0.0010 ng of DNA.
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DISCUSSION

A rapid, sensitive and accurate seed health testieiinod to detedfop in
seeds would be a useful tool to prevent the spré#us pathogen and to ensure
that seed quality and phytosanitary requiremergsnaet. Real-time PCR-based
Fop detection and quantification assays were develapdtis study. Specific
oligonucleotides allowed for the detection of higkirulent strains ofFop in
bean seed samples without the need to perform laogenicity test. PCR
primers to discriminate highly virulent strains Bbp have been previously
developed using random amplified polymorphic DNAAfD) based on a
sequence characterized amplified region (SCAR) dispensable chromosome
(Alves-Santoset al, 2002a; Ramost al, 2007; Garcia-Sanchezt al, 2010;
Vega-Bartolet al, 2011). In this study, the primer set and probeaewe-
designed using the sequenceFafsarium oxysporunzinc finger transcription
factor 1 {tfl), (GenBank accession number ABB97391), and adafied
detection ofFop in bean seeds. The primer set QFOP2A/QFOP2B detplif
63-bp DNA fragment froniop and highly virulent strains were detectable at 1
pg of DNA. The assay was highly specific when eatdd against template
DNA from a range of closely related and unrelatedghl species, including
common fungal beans seed microbiota. Additiondhg, assay did not amplify
common bean DNA. These results support the hypsthgsAlves-Santost al.
(2002a) and Ramost al. (2007) thatftfl is associated with the virulence
phenotype in strains &fop. The use of reliable oligonucleotides that alldais
the distinction of highly virulent strains and wédhkon-virulent strains of.
oxysporumin bean seeds is of great diagnostic importanceicpkarly as they
are morphologically indistinguishable. In additithe test outlined in this study
is less laborious and time consuming than the &gathogenicity test that is

currently used for routine analysis.
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A coffee grinder was used in this study to grind bean seeds into a fine
powder, which we determined is an essential stegbiainingFop DNA for the
gPCR assays. However, PCR inhibitors are commanind in DNA extracts
from seeds (Pryor & Gilbertson, 2001; Walcettal, 2004; Ma & Michailides,
2007) and often interfere with DNA amplification RCR assays. In this study,
the use of the DNeasy® Plant Mini Kit decreasedRE® inhibitors, improving
the sensitivity of the SYBR Green as well as TagM&CR assays. However,
some secondary nonspecific products were stillgmesm the DNA harvested
from seeds, as evidenced by the second peak 10ef@vithe main peak,
interfering with target DNA quantification when SRBGreen was used. New
methodologies, such as magnetic-capture-hybridize®iCR (MCH-PCR), have
been developed that significantly increase theiteits of pathogen detection
using qPCR (Walcottt al, 2004; Haet al, 2009), and adapting this technique
for the detection oFop in bean seeds should be explored. We determiregd th
the TagMan assay was more reliable and more senglitan the SYBR Green.
This is the result of the specific nature of thelyg such that a fluorescent signal
is only generated in the presence of the specffiR Product, in contrast to the
SYBR Green dye which intercalates with any doultansled DNA. Although
no significant differences could be found in theoamt of target DNA between
the two assays, TagMan assay results were moeblehvith higher slopes and
linear regression coefficients for the differenttivars (Fig. 2). These results are
consistent with those reported by Chenal. (2013) who observed that the
TagMan MGB probe and SYBR Green dye assays wete sgjimilar.

Seed sampling is key to obtaining accurate seelthiteat results due the low
transmission rates of many important pathogenséds (Morrison, 1999). In
both gPCR assaysop DNA was detectable in 0-25% of seed infection
incidence, corresponding to one infected seed mindd399Fop-free seeds. At
present, the common seed health testing methodef@ctingF. oxysporumn
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bean seeds is a blotter test (MAPA, 2009). UswmaBigmple of 400 bean seeds is
taken from the representative seed lot and is tised for the blotter test without
surface disinfestation. In this study, although 4@@ds were used, the seeds
were divided into subsamples of 400, 200 or 10@seespectively (Table 4).
We ascertained that using 100-seed subsamples qadbdess variation in the
guantities of target DNA obtained for each cultif@@ig. 2). This is likely due to
the fact that the fungal spore contamination iserttsmogeneous in the lower
volume of powder, than it would be in a compositmple.

Another important consideration is that the inooulload in individual
infected seeds may vary, and this could influetheeamount of pathogen DNA
quantified by PCR (Glynn & Edwards, 2010). For ttéason, qPCR results can
vary widely in samples according to seed size afettion incidence (Fig. 2, 3).
We observed this in our study, and chose two arione small- and one
large- seeded) to further assess the relationgtipeen visual infection severity
of individual seeds and the corresponding quastitiEfungal DNA. Severely
infected seeds of cv. Bountiful (small-seeded) gateel a template DNA
guantity around 75 ng. The quantities of DNA foe tlveakly infected seeds
were close to 8 ng. For the severely and weaklgciefd bigger-seeds, cv.
Ireland Creek Annie, the DNA gquantities ranged leetw2 and 27 ng (Fig. 4).
For seed size, in the same inoculation period,sthaller seeds had increased
mycelium biomass on the seed surface comparecettather ones. As a result
we compared the biomass of the pathogen to seed &l determined that
guantity of target DNA varied more in the smalleeds than in the bigger-seeds
(Fig. 4). The four smaller-seeded cultivars usethia study generated smaller
slopes, thus decreasing the gqPCR efficiencies @h llechniques (Fig. 2).
Clearly the number of seeds as well as the numisutisamples required needs
to be optimized to improve the sensitivity, codtegéncy and accuracy of the
sampling procedure.
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We compared non-disinfested artificially infectazbds with seed that were
surface disinfested and found that surface didiafies significantly decreased
the amount of external pathogen biomass on seédsn &e high specificity of
the primer set and TagMan qPCR assay we were adilé to detectop
infection 0-25% even when seed surface disinfestatias performed (data not
shown). The reduction in fungal biomass associaftié¢ul surface disinfestation
also was evident when surface-disinfested and nginfested seeds were
planted in the greenhouse. Emergence was 90%dp+free seeds, 56-7% for
surface disinfested seeds, and 25% for non-surd&infested ones (data not
shown). Our results indicate that greater biomasd-ap on seed surface

facilitates detection by the qPCR assay.

Weakly infected seeds ]

Severely infected seeds -

Weakly infected seeds

Ireland Creek
Annie

Bountiful

0 20 40 60 80 100
Quantity of Fusarium oxysporum f.sp. phaseoli
DNA (ng)

Figure 4. Quantification ofFusarium oxysporurfi sp. phaseoliDNA in seeds
of a large-seeded (Ireland Creek Annie) and a sseated
(Bountiful) bean cultivar using the TagMan gPCRagssSeeds were
separated into weakly or severely infected categodccording to
visual signs of the pathogen. Each data bar reptesm average of
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nine replications of infected seeds that were indizlly analyzed by
TagMan gPCR assay

The objective of this study was to improve theatglity and increase the
speed of the detection method Fayp on seeds using the same conditions as the
standard seed health test (i.e. using 400 seed®wrisurface disinfestation).
The SYBR Green assay was effective for detectidmbutifor quantification of
Fop in common bean seeds, presumably due to the pesdrRCR inhibitors,
as evidenced by the peak around 62 °CHop-free seeds (negative control)
(data not shown). Highly-viruleritop was successfully detected and quantified,
even at low levels, in naturally infected samplsig the DNeasy® Plant Mini
Kit, specific primer set and TagMan gPCR assay. @®trating that this
protocol is a viable alternative to the currentdséwalth testing method,
providing accurate, sensitive, and reliable dedeciind quantification dfop in
common bean samples. Speed is particularly enhafed one day to
completion compared with 7-30 days for the blotest and grow-out test. For
laboratories that have real-time PCR equipmenttacighical expertise, the cost
for a routine analysis using this protocol #éop detection in common bean

seeds is moderate.
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FINAL COMMENTS

The seed quality in crops such as common beanfi;mdamental importance
based on the fact that seeds may carry on infedtieeulum of several
pathogens aBusarium oxysporurf sp phaseoli(Fop) which causes one of the
most damaging diseases to that crop, besides beingborne pathogen. By the
intensive cultivation of beans the inoculumfafp accumulates in the soil and in
a short time these areas become useless for thasafyculture for long periods
of time. In this way the control of common beandskealth against pathogens
as Fop and other equally pathogenic nature, becomes tseRor the
successful ofFop management is needed that reliable and faster taetec
methods of this pathogen in seeds are ready anithlaleafor using by the
certification programs in addition to seed treattmemose aim is avoid the seeds
as the vehicle of the pathogen inoculum, spreadingver long distances
between fields.

Although information is found in the literature warious aspects related to
the life cycle of the pathogen and the diseaseeciytiBrazil conditions, it is
clear that the more solid knowledge about this gmthtem, especially regarding
the interaction between the pathogen and bean ,sisedsll low and this has
created difficulties in the development of moreeefive strategies to control this
disease in Brazil. Importantly, the Fusarium wilt bean is widespread in
regions of this crop and none diagnosis test o fhéthogen inoculum in
commercial seed lots in the country has been peddrin organized and
systematic way. One of the arguments against amtopfi seed health testing for
Fop has been the lack of reliable and faster methadissf detection.

One of the purpose of the studies in this thesis W determine the
transmission rate dfop in bean seeds by using artificially and natur&lbp-
contaminated seeds and having as reference sonwsfdbat interfere more
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directly on the cycle of this biological interagticas in the case of temperature,
pathogen virulence, genotypes of host, and theulnat potential that can be
associated with seeds used by producers of thigespdn Paper 1, the aim was
to establish the transmission rate of the funguguestion from seeds. By the
inoculation technique used, different levels ofpgen infection were obtained,
and thereafter making evaluation on the transnrissates in both symptomatic
and asymptomatic plants under controlled conditiohgultivation. From the
results, rates of the pathogen transmission bysseédean cultivars ranged
from 49.7 to 100%. Noteworthy is the high numbernoh-germinated seeds
resulting from the action of the pathogen in thisrkv This inoculum plays
certainly an important role as inoculum sourcetf@ disease development in
field, being responsible for the survival of thahmmen in these circumstances.
This research line should be pursued with the fomus onFop transmission
from infected plants to seeds in the field.

The observation of the infection and colonizationgesses and movement of
Fop from infected bean seeds to resulting plants igreft interest in order to
make decisions on the appropriate use of thosessegmtactice. For this type of
study, the GFP technique proves extremely effedtveproviding conditions to
make observations in real time on the various factimterfering in this
biological interaction. The results of the studiescribed in Paper 2, make clear
that the use of the GFP technique coupled with rebiens in the scanning
electron microscope are important tools for betitedlerstanding the models of
colonization and parasitism of plant tissues framfiedéted seeds. By GFP
markers and scanning electron microscopy was pessitverify and to register
the colonization of different tissues of seeds]uding the embryo and thus
understanding one cause of death of infected Seegie-emergence. In lower
inoculum potential the pathogen tends to colonimetissues of the seed coat,
and at higher inoculum potential the pathogen f@sashe embryo, thus
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compromising the performance of seeds. By mearkisftool it is possible to
guantify and to monitor the dynamics of parasitisihthe fungus in question in
the tissues of plants grown from inoculated se&tis. next step in this line of
research should be the use of the GFP techniqéaltev the movement and
colonization of tissues of plants resulting frorfettted seeds by the pathogen in
guestion.

The need to provide methods for increased accluaadyfaster execution for
detection of pathogens in seeds is in general at@nt on agricultural systems
with high demand for seed health analysis. Fortitleation of pathogens with
morphological similarities as in the caseFafsariumspecies, the development
of specific and reliable methods for their detattio seeds is a goal of current
research programs in the country. In addition twidgical methods with some
selectivity properties for the speci€sisarium oxysporumuyse of PCR-based
technigues are needed not only to differentiatsdtspecies with high accuracy
but to provide conditions to make the seed heaebtirtg viable for application in
the certification programs. By means of qPCR as®y,0bject of the study in
Paper 3 was shown th&bp even in low incidence, 0.25%, and with lower
inoculum potential was reliably detected in commiosan seeds. For the
adoption of this technology in seed health quafitpgrams in the country
further steps have to be followed such as the pobdtwalidation by the
accreditated authorities.
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APPENDIX

Appendix 1. Summary table of analysis of variaregarding to the percentage
of stand, potential transmission rates of sympt@mptants, asymptomatic
plants and total.

Mean Square and Pr > F

Sourcé DF Stand Symptomatic Asymptomatic Total
T 1 10.7573 445.2865* 127.4321 96.2995
Cv 1 5516.6537* 14.5675 1678.2792* 1380.1275*
S 2 7216.8982* 160.3750* 95851.1530* 102568.4686*
Ip 3 1444.5083* 18.2978 177.7598* 246.0402*
t*cv 1 1611.9246* 14.5675 0.9830 23.1189
t*s 2 147.4537 60.3750 27.2395 63.0475
t*ip 3 862.0424* 18.2978 11.3019 3.9061
CV*s 2 2432.1759* 29.5115 68.8262 70.3149
cv*ip 3 173.8830 0.0184 56.5654 57.2761
s*ip 4 686.3426* 15.8257 49.8161 77.7450
t*cv*s 2 248.8426 29.5115 6.5487 63.4621
t*cv*ip 3 893.1607* 0.0184 30.2921 31.7082
CV*s*ip 4 904.3982* 6.1000 70.7170 26.2019
t*cv*s*ip 8 246.7593 10.9629 62.0922 37.4094
Block 1 30.8196 0.3011 73.1239 82.8089
CcVv 22.856 197.46 11.44 9.24

T Abbreviations for: t = temperature; cv = cultivars Fop strain; ip = inoculum
potential.



