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Abstract

This study examined the genetic diversity of srsplbredAlternaria species in the
southwest desert of the USA by sampling 552 isslitem different habitats (soil and
plant debris) in different locations (urban anduadisturbed desert). To estimate the
genetic diversity, Amplified Fragment Length Polymloism (AFLP) fingerprinting
analysis was performed for all isolates. Stragmesentative of the sampled genotypic
diversity (n=125) were further characterized aceaydheir sporulation pattern and the
capability to produce allergenglorphological characterization assigned the majanft
the strains to thA. alternata andA. tenuissima morpho-groups with only two isolates
assigned to thA. arborescens morpho-group. AFLP fingerprinting differentiatdaetA.
arborescens morpho-groups, but could not distinguish betwéderAt alternata andA.
tenuissima morpho-groups. Western blot analysis showed thertge number of
allergenic proteins were produced by strains. @hmeteins were not specific for any
morpho-group nor source of isolation. A hieracahianalysis of molecular variance was
performed on the AFLP data to quantify molecularateon and partition this variation
among sampled locations and habitat. No statistisadnificant differentiation among
locations and habitat was detected indicating ka ¢dg@opulation structure across
environments.

Key words: Alternaria, allergens, AFLP, desert

Introduction
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Over the last twenty years, the percentage of tipeiljation affected by inhalant allergies
has increased around the world, particularly nateddustrialized countries (Kobayashi

et al. 2009; Wangt al. 2015; Vianellcet al. 2016). World Allergy Organization (WAOQO)

White Book on Allergy (Pawankat al. 2013), confirms that the incidence of asthma and

rhinitis is increasing across the globe, and thigtihcrease is in both industrialized and
developing countries (Pawanlaral. 2013). According to the World Health
Organization, the number of persons suffering femthhma is projected to reach 400

million by 2025 (Pawankar 2014)

A wide variety of fungi such aalternaria, Aspergillus, Cladosporium, and
Penicillium have demonstrated the ability to induce allergiogtpms and to sensitize
patients(Eschet al. 1993; Bush & Prochnau 2004). Most significandlgnsitization to
Alternaria alternata, a cosmopolitan mold, is a significant risk fadirasthma
development in both adults and children, especthlhge raised in a desert environment
(Halonenet al. 1997; Salcet al. 2006). In a nationwide epidemiological studyygaa
and collaborators (Gergehal. 1997) demonstrated that 3.6% of the general jaoipual
of the United States was sensitized\t@lternata. Sensitivity and exposure to airborne
Alternaria spores have been associated with respiratorytamessevere episodes of
potentially fatal asthma (O’Hollarest al. 1991; Gergemt al. 1997; Neukirclet al.

1999; Blacket al. 2000; Sanchez & Bush 2004; Dennat@l. 2006). While generally
considered as outdoor allergens (Perzanoetsi 1998; Corden & Millington 2001;
Bush & Prochnau 2004), sensitized populations arislaeven while occupying indoor
environments (Licorisket al. 1985; Li & Kendrick 1995; Flannigan 2001, Bush &

Prochnau 2004; de Arehal. 2006).
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Multiple allergens are produced Biternaria species. Burget al. (1989)
demonstrated a high diversity of allergenic prateamong strains @&. alternata through
the use of immunodetection methods. Comparingnstfeom diverse geographic areas,
Burgeet al. (1989) highlighted that variability in allergeropluction was influenced both
by strain and culture conditions. The glycoprofeaction Alt-1 produced b.
alternata (strainATCC 6663) was the first allergen compound to barabterized and its
unique molecular structure was elucidated usingtatpgraphic analysis (Yungingetr
al. 1980; Chruszcet al. 2012). Subsequent studies were able to isdiatengjor
allergenic component Alt a 1 (Portnelyal. 1990; Deards & Montague 1991; Patisl.
1992; Mathiensent al. 1992), as well as other minor allergenic compts@ush &
Sanchez 1993; Achtaat al. 1995; De Voguet al. 1996). It was shown that all species
of Alternaria tested, as well as many species in related gecamnded sequences
homologous to the gene encoding the major aller§éal, suggesting it has primary
metabolic function@ramer & Lawrence 2003; Honget al. 2005). However, the
biological role ofAlt al in the life history ofAlternaria spp. is unknown, as is the
function of the majority of these fungal allergeproducts. Recent works suggest that
Alt a 1 plays an important role in phytopathogesé&omez-Casada al. 2014;
Garrido-Arandiaet al. 2014)

Characterization ohlternaria specieshas historically been based on
morphological features of the conidia and sporataipparatus. Simmons (2007)
published an identification manual, intended toesahe entire genus with detailed
descriptions, drawings, culture, and isolation raedihese characters have been used to

delineate morphologically-defined species-groupsigd by representativAlternaria
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species (Pryor & Michailides 2002; Andrestval. 2009; Rotondet al. 2012; Lawrence
et al. 2013). Subsequent phylogenetic analyses of mlaedata have shown how these
morphological groupings encompass distinct phyletjerineages or sections (Peeeer
al. 2005; Honget al. 2006; Andrewet al. 2009; Rotondet al. 2012; Lawrencet al.
2013). However, little is known about genetic afian below the species level within
these lineages, partly due to difficulty in obtagiunambiguous identification of closely
related species and strains by classical crit&ieifenbach & Simon-Nobbe 2002).
Population genetics allows researchers to infeetlodutionary process and the
mechanisms that determine the genetic diversitgivéind among natural populations
(Hedrick 1985; Hartl & Clark 1997; Milgroom & Peav2003). In the last two decades,
molecular techniques have allowed a broader chexiaation of the population structure
of many plant pathogens, includidternaria, and allowing discrimination of closely
related species and an examination of diversitgesub-species level (Boekal. 2002;
Peevesrt al. 2002). Within theAlternaria citrus pathosystems, analyses of population
structure suggested that there are several indep#éwpcevolvingAlternaria lineages
infecting different citrus cultivars (Peewaral. 1999; Peeveet al. 2000). These results
have subsequently been confirmed with phylogersticnetwork analyses (Peeetal.
2002; Stewaret al. 2013). Likewise, phylogenetic analysesfofolani sampled from
potato and tomato in Brazil similarly identifiedveeal independently evolving
phylogenetic lineages of the pathogen that causeiths disease symptoms (Loureneo
al. 2009). However, there is still considerable amibygconcerning the species
boundaries among some closely related species é8teival. 2014). This taxonomic

deficiency has a direct impact on the ability ofdical personnel to accurately assess
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extrinsic factors contributing to asthmatic cormht and provide therapies toward
disease management.

The objective of this study was to characterizeegje and allergenic diversity of
Alternaria spp. sampled from two different habitats, soil ataht debris, and different
location, urban and desert areas, of the desénecdouthwest USA. Isolates were also
classified morphologically and correlated with gigmdiversity revealed by neutral
AFLP markers and immunological studies. Diversigs compared between samples
from undisturbed desert areas and human inhabitexhudesert areas. Further
comparison was made among samples from soil amd gédoris in each area. Another
fundamental aspect of this work was to comparelhiaeacteristics of the sampléd
alternata with those of typicaA. alternata isolates from which commercial allergen

preparations are made for clinical sensitizaticatitg.

Material and methods
Sampling protocol.

Soil and plant debris were sampled from 6 locatiansative Sonoran desert
ecosystems and 23 urban locations within and sodiog the city of Tucson, AZ. For
each native desert site, sample plot delimitatias wonducted according to native
habitat sampling protocol described in Stetkl. (1999). Briefly, at each site, three
sample plots (20 A were established 100 m apart and samples welezted from two
different habitats (desert soil and decaying vageta The same protocol was applied to
sample the urban landscape sites, with the exaepfithe distance between plots as

some sites did not permit a distance of 100 m.
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I solation of Alternaria spp.

Plant debris and soil samples were processed foliptihhe method described in
Pryor & Michailides (2002) with a few modification®riefly, 4 g of each sample were
added to 40 mL of 0.1% agar solution (1/10 dilutier) and mixed on an orbital shaker
for 1 hr at 180 rpm. Serial dilutions (1/10 and@DLwere obtained and 2@ of each
dilution were inoculated on acidified potato desg@gar (APDA) supplemented with
0.25 mL of Mertect 340-F (Syngenta, Basel, Switzsd) (Hong & Pryor, 2004). Plates
were incubated for 7 days at 25°C under fluoreskgint. Fungal colonies were
examined using a stereo-microscope at 40x maghditéOlympus, SZX12) and
Alternaria spp. were transferred to acidified weak potatdrdese agar (AWPDA, Pryor
& Michailides 2002) supplemented with 0.2 g/L thadicide Bayleton WP (Miles, Inc,
Kansas City, MO). When contaminating fungi wereamteredAlternaria colonies
were further subcultured to AWPDA supplemented Wity of the fungicide Botran
75WP (Gowan Company, Yuma, AZ). The modified AP&x#d AWPDA efficiently
promoted the selective growsiternaria species from soil and plant debris samples
while suppressing the growth of bacteria and otleataminant fungi. Once pure
cultures were obtained from the positiernaria isolates, single-spored cultures were
obtained and stored on sterilized silica gel at.4°C
DNA extraction and AFLP analysis

For DNA extraction and genetic analysiternaria isolates were grown on
potato dextrose agar (Difco Laboratories, Detidif, covered with sterile cellophane
film, at 23°C for one week. A subset of isolatemresentative of all haplotypes

recovered in the Tucson area, was selected fdrduenalysis. Also included in the



162 analysis were the three strainsAdtiernaria commonly used in comparative studies and
163  representing three distinct sporulation morpholsgile alternata group (EGS 34-016,
164  ex-epitype ofA. alternata), the tenuissima group (EGS 35-015, commonly ased

165  surrogate for the type & tenuissima), and the arborescens group (EGS 39-128, ex-type
166  of A. arborescens). (Pryor & Michailides 2002; Rotonda al. 2012; Simmons 2007,

167 Woudenbergt al. 2015). Also included was an isolate commonly usdte

168  preparation of allergen extracts used in sensitizdesting, ATCC 1168 (American Type
169  Culture Collection, Manassas, VA).

170 Mycelia were collected in 1.5 mL microfuge tubesgently scraping the plate
171  with a sterile spatula. DNA extraction was perfethiollowing the method described in
172  Hong & Jung (2004). Amplified Fragment Length Robrphism (AFLP) was

173  performed using modifications of the method of \ébal. (1995) using a fluorescence-
174  labelled primer as described in Hoetgal. (2006). Selective PCR was carried out

175  utilizing the single primer combination Eco-AG/M&E. All PCR were conducted

176  using a PTC-100 thermal cycler (Bio-Rad, Walthardy)MTwo independent AFLP

177  reactions were performed for each isolate to agsgeatability of fingerprint patterns.
178  PCR products were analyzed by a Perkin-Elmer 3100 sequencing machine (Applied
179  Biosystems, Foster City, CA) with the size marker, GeneScan-500 (ROX; Applied

180 Biosystems). AFLP profiles were read using automatic pealefiiitg and alignment

181  performed with GelComparell software (Applied Martrijk, Belgium). AFLP

182  profiles were used to estimate a distance tregusinUnweighted Pair Group Method
183  with Arithmetic Mean (UPGMA) algorithm based upamre-based Pearson correlation

184  coefficient. Manual peak filtering and alignmeregn& conducted in three steps as
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described by Hongt al. (2006). Only those peaks that showed consistiett
reproducible amplification between replicate AFleRgations were scored. The profiles
of 125 haplotypes, representative of the genetierdity observed, were interpreted with
a binary score, where 1 indicates the presendeedband and O the absence. Cluster
analysis was performed with an UPGMA algorithm lolage the Dice’s coefficient using
the software PAST v. 1.63. Bootstrap support feerppgram nodes was estimated using
1000 pseudoreplicated datasets (Hamehal. 2001).

Population structure among sampled isolates wasaed by partitioning AFLP
variation by geographical location (undisturbededlegs. urban area) or habitat (plant
debris vs. soil). Hierarchical analysis of molegulariance (AMOVA) nested within the
locations or within the habitats, implemented im@kex v. 6.5 (Peakall & Smouse
2006), were performed to estimate genetic diffea¢ion among location or habitat
(PhiRT), among populations with the same habitddcation (PhiPR), and within
populations (PhiPT). The significance of eachamce partition was determined by a
random permutation test (Peakall & Smouse 2006).

Mor phological characterization

Three dimensional sporulation patterns of the 1&8dtypes, representative of the
genetic variability assessed with the AFLP fingermg, were analyzed for following
the guidelines of previous studies (Pryor & Miclties 2002; Hongt al. 2006; Rotondo
et al. 2012). Fungi were cultured on weak potato dextemse [WPDA (Pryor &
Michailides 2002)] under strictly defined incubaticonditions (Hongt al. 2006) and
the three dimensional sporulation apparatus wasreed using a stereo microscope at

40x magnification. Characters scored includediilmaber of spores in a chain,
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frequency of branching, and secondary conidioppooéferation from apical cell or
median cell of conidia (Rotond® al. 2012). Included in this study were the three sfai
of Alternaria commonly used in comparative studies and repreggtitree distinct
sporulation morphologies; the alternata group \E@S 34-016, the tenuissima group
with EGS 35-015, and the arborescens group with B&$28 (Pryor & Michailides
2002; Rotondet al. 2012; Simmons 2007; Woudenbet@l. 2015). All isolates were
assigned into one of the three morphological gragaerding to their similarity with the
reference strains used. If isolates exhibitedidption characteristics of both
alternata andA. tenuissima (mostly long unbranched chains >6 conidia in larigit with
increasing numbers of secondary and tertiary cHaimsing) they were assigned as
intermediates, Aa/At intermediate if they resembieateA. alternata (secondary and
tertiary chain proliferation common), or as At/Addrmediates if they resembled méte
tenuissima (secondary chain proliferation infrequent, testiproliferation rare).
Protein extraction, | EF gels, and Western blotting

Profiles of allergenic proteins were examined Far subset of Tucson isolates
and four reference strainglternaria isolates were grown on V8 juice agar (Simmons
1992) at 25°C for 10 days with a photoperiod oflfiGiours light/dark. Fungal mycelia
were harvested by gently scraping the agar sukféttea spatula and then ground in
liquid nitrogen. The powder obtained was transfittee5 ml Coca’s solution (0.3%
NaHCO3, 0.9% NaCl, and 0.5% phenol) and shakef@t@m for 24 hrs. Cell debris
was spun down by centrifugation at 16,000 g fonii®. Supernatants were dialyzed
against 20 mM ammonium bicarbonate buffer for 4&rd concentrated by dialyzing

against 10% polyethylene glycol (PEG) 20,000 sotubuffered with 20 mM ammonium
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bicarbonate for 24 hr using dialysis tubing (Sp@&or MWCO: 3,500). Proteins were
resuspended in 2QfL of protein dissolving buffer [25 mM Tris-HCI (pfA.5) and 0.1%
(w/v) CHAPS] and stored at -80°C until needed. télroconcentration was determined
by Bradford’s method using the Coomassie ProtesegKit (Pierce, Rockford, IL).

Proteins were resolved by isoelectrofocusing (Ig#)electrophoresis using
Model 11l Mini IEF Cell (Bio-Rad, Hercules, CA). dyacrylamide IEF gels [acrylamide
monomer (5% T, 0.6% C), 5% glycerol, and 2% ampteolgH 3-10)] were cast on the
surface of glass plates. Two microliters of proteamples (5 gL) were loaded on the
gel using a loading template. Gels were run fon®at 100 V, 20 min at 200 V, and 1
hr at 450 V. Proteins were transferred to HybonddMbrane (GE Healthcare,
Waukesha, WI) using a trans-blot SD semi-dry etgttoretic transfer cell (Bio-Rad,
Hercules, CA) and 0.7% acetic acid as the trarsiffer. Allergens were detected by
ECL plus Western Blotting Detection Reagents (GRltheare, Waukesha, WI), 1:20
diluted composite human serum from 50 patients vaported asthma by age 5 yr, and
1:10.000 diluted HRP-labeled goat anti-human Igibadies (Antibodies Inc., Davis,
CA or KPL, Gaithersburg, MD) as secondary antibsd@lowing manufacturer’s
directions. The resulting allergen profiles wetersd as a presence/absence binary
matrix and data were analyzed according an UPGMArdhm based on Dice’s

coefficient using the software PAST v. 1.63.

Results

I solation of Alternaria spp
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A total of 552Alternaria spp. isolates were sampled. Of these, 126 weeenaa from
plant debris collected in desert areas, 50 frorhssonples collected in desert areas, 243
from plant debris collected in urban areas, andfi@d8 soil samples collected in urban
areas. Single-conidial isolates were establish@d £ach isolate to minimize the
potential for isolation of multiple genotypes arré\yent contamination by genetically
heterogeneoudlternaria species or other fungal species. Isolates wersepved in
sterilized silica gel for long term storage.

AFLP analysis

Based upon AFLP fingerprinting, a subset of 12&is8, representative of the genetic
diversity sampled, was selected. For this subsstrains, the final filtering and
alignment of peaks resulted in 11 to 31 zgade isolate Of a total of 81 peaks, 26 were
unique to single strains, and 1 was shared byralihs. Twenty peaks were shared by
more than 50 strains and 8 peaks were shared bg/ tm@n 10Gtrains. The cluster
analysis based on the Dice’s coefficient clearbcdminated theé\. arborescens
morphological group as a well-supported clustehwitootstrap support of 100 (Fig.1).
No other significant clusters, on the basis ofghegraphical location (desert vs. urban)
or source of sampling (plant debris vs. soil), wieferred.

AMOVA revealed that the majority of genetic vaitat (94%) was highly
localized within populations defined by locatiordarabitat of isolation (Table 2). Low
genetic differentiation was found among locationd this differentiation was significant.
No significant genetic differentiation was detectadong habitats.

Morphological characterization
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Characterization of sporulation pattern showed tivatmajority of the 125 strains
belonged to thé. alternata andA. tenuissima morpho-groups. Only two strains
(BMP1089 and BMP1616 isolated from desert plantideind urban soil, respectively)
were characterized as members ofAharborescens morpho-group. On the basis of the
comparison with thé. alternata andA. tenuissima reference strains EGS34-016 and
EGS 34-015, respectively, only a few isolates eixdibthe typical sporulation pattern of
each species described by Simmons (1992) and oy Briichailides (2002). Of the

125 isolates analyzed, twenty-seven isolates wssigrmed to the alternata morpho-group
and seventeen were assigned to the tenuissima oxgrplip. The remaining isolates had
an intermediate branching pattern and were classés Aa/Atintermediates. No

obvious association was found between morpho-gassmnment and geographical

location (desert vs. urban) or habitat (plant defesi. soil).

Immunological variation

Western blot analysis revealed the presence aabadbtwenty-four unique bands,
nine of which were common to approximately 70%hef $trains. The number of bands
ranged from 4 to 18 per isolate, but most of tleaies were characterized by at least 8
bands. WhiléA. alternataisolate ATCC 11680 clustered closely with other gket
isolates, it had a distinct profile, (Fig. 2). Télaster analysis based on allergen bands
did not separate th& arborescens isolates as a defined group and no other clusters

observed on the basis of the location and or hadiitgolation (Fig. 3).
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Discussion

Previous studies of allergies associated Witkrnaria spp have focused on the
characterization of the major allergens producedlbgrnaria alternata isolates from
different locations (Deards & Montague 1991; Aclatal. 1995; Kurup & Banargee
2000; Bush & Prochnau 2004). This study is the fosattempt to characterize a large
number ofAlternaria isolates collected from different locations andhirdifferent
habitats, based on their ability to produce alleig@roteins and their underlying genetic
diversity. Interestingly, our morphological chaexzation revealed only two isolates
displaying typical traits of thA. arborescens morphological group. This was concordant
with the output of the cluster analysis of the ARBfiles that resolved these two
isolates as a genetically distinct cluster. Indage of plant pathosystems, previous
research has highlighted how both spegiedternata andA. arborescens can be
predominantly associated with a specific diseased@iet al. 2002; Peevest al. 2005;
Harteveldet al. 2014; Rotond@t al. 2012). The rarityA. arborescens suggests that this
species is uncommon in the desert habitats arnikiy ko be less significant in the
production of allergic inhalant disease for pogolad in this area. However, the allergen
profiles were similar to those produced by therali&a and tenuissima morpho-groups.

Population genetic studies Alfternaria species associated with plant disease
have shown that distinct lineages are associatédesich host, resulting in host-
pathogen specificity (Akimitsat al. 2003; Lourenceat al. 2009). In this study, even if
significant, genetic differentiation related to gdimg location was low with high genetic

variability within both location and habitat. Thuke hypothesis that different
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environments support distindtternaria populations has to be rejected in favor of a more
global regional population or populations not cagdlin this study. The heterogeneity
found is likely related to the fact that the geAligrnaria encompasses different species
of saprophytes that are commonly found in soilldecaying plant tissues (Thomma
2003).

Although morphological traits may be used to idgrdistinctive morphological
groups, the high variability observed in the 3-dinsienal sporulation pattern made the
morphological traits unsuitable to group the isedan well-defined clusters within tiAe
alternata morpho-group and. tenuissima morpho-group. Previous systematic studies
encountered analogous difficulties in defining ble&indaries of species within this group
of fungi, suggesting that all stable charactersh lnaolecular and morphological, should
be utilized to obtain a consistent identificati®iryor & Gilbertson 2002; Pryor &
Bigelow 2003; Honget al. 2006; Andrewet al. 2009; Rotondet al. 2012; Lawrencet
al. 2013).

The western blot analysis revealed that all isslatere able to produce a large
number of allergenic compounds with some sharedhgnsmlates and others unique to
particular isolates. In contrast to the AFLP ggpotg data and the morphological
characterization, cluster analysis of allergenifgsfdid not differentiaté. arborescens
isolates fromA. alternata/A. tenuissima isolates. This suggests that the production of
allergenic proteins is not a taxon-specific chaait contrast with previous reports of
secondary metabolites tracking phylogenetic retetigps amond\ternaria species

(Anderseret al. 2008).
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The high variability detected from the allergenfpecof Alternaria strains
suggests that the production of allergenic compsusidelated to the characteristics of
individual spores and mycelial fragments, not furggeecies. In fact, studies on
aerosolized fungal fragments showed how the higlteotration of this particle is tightly
associated with allergenic reaction and manifestadif severe asthmatic episodes (Li &
Kendrick 1995; Li & Kendrick 1996). The associatiof allergens with fungal cell walls
is supported by Mitakakiat al. (2002), who speculate that the Alt a 1 proteimi®lved
in spore germination. Further support is giverii®/Twaroch and colleagues’ findings
(2012), which show the Alt a 1 protein is localizectlusively in the cell wall of
Alternaria species spores, which mediate the allergic reagtomce inhaled.
Interestingly, Lizaso et al. (2006) found that todture filtrate fromAlternaria cultures
to be the most adequate source of allergens fablkesting an in-house reference (IHR)
preparation foA. alternata allergen extract manufacturing, suggesting théejpmas
secreted in some waysubsequent studies have led to the isolation aadhcterization
of additional allergenic components and similahgit functions are under investigation
(Buddet al. 1983; Portnoyet al. 1990; Pari%t al. 1991 Deards & Montague 1991; Bush
& Sanchez 1993; Breintenbaehal. 1995).

Immunotherapy for IgE mediated allergic diseaseldss proven successful in
case of asthma and rhinitis (Higgins & Looney 200B)ngal sensitivity is well
recognized, but the wide range of allergens prodibgedifferent strains can make the
recognition of sensitized patients less accuratge@ally considering the practice of
using only one strain to prepare allergenic extiacskin tests. Despite the significant

progress in allergen standardization, it still remalifficult to assess the effective dose
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and composition for a successful immunotherapygdieR009). In the present study, we
show howAlternaria isolates investigated share some allergen protdgthsthe strains
ATCC 11680, but they also were characterized bywmallergen proteins. Clarifying
the role of specific allergens is a fundamentagb stedetermine the exact relationship of
allergenic response and development of asthmas sthdy highlights the high genetic
and allergenic variability withillternaria isolates even within a defined region and
suggests the potential for commercial developmerggion-specificAlternaria allergen

preparations for use in standardized tests thatméte allergen sensitization in children.
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Figure captions

Fig. 1. Distance phenogram estimated among 125 haplqgtippssed on UPGMA
clustering of genetic distances generated fromAfReP data. Bootstrap values greater
than 70% are indicated at each node. Location abddt of isolation are indicated as

follow: DPD: desert plant debris, DS: desert 9dPD: urban plant debris, US: urban soil.

Fig. 2. Detection of allergenic proteins by Western analygth human serum pools
from 50 patientsvith reported asthma since 5 years age. Protegne resolved by
isoelectrofocusing (IEF) gel electrophoresis. 1-A3lternata ATCC 11680A.
alternata EGS 34-016A. arborescens EGS 39-128A. tenuissma EGS 34-015, BMP
1073; BMP 1117; BMP 1118; BMP 1119; BMP 1125; BMFY@&; BMP 1179; BMP

1200; BMP 1229.

Fig. 3. Distance phenogram estimated among 125 haplqtippsesed on UPGMA

clustering of genetic distances generated fronalileegen data. Location and habitat of
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679 isolation are indicated as follow: DPD: desert pldabris, DS: desert soil, UPD: urban
680 plant debris, US: urban soil.

681



Table 2. Analysis of molecular variance (AMOV A) for Alternaria spp. populations based on 81 AFLP loci.

Estimated Phi
Sour ce of variation df SS MS variance Percentage Value P Value

Among locations 1 33627 33627 0447 6% 0.063  0.001
Among popul ations within location 2 12.114 6.057 0.000 0% 0.000 0.616
Within populations 121 802322  6.631 6.631 94% 0.061  0.001
Total 124 848.064 7.078 100%

Among habitats 1 6.180 6.180 0.000 0% 0.000  1.000
Among popul ations within habitat 2 39561 19781  0.428 6% 0.061  0.001
Within population 121 802322  6.631 6.631 94% 0.030  0.004
Total 124 848.064 7.059 100%




TABLE 1. Isolation origin, source, and morphological classification of the 125 Alternaria haplotypes

characterized in this study.

L ocation Sourceor Habitat ~ Morphology?® Straing’
Culture Collection EGS A alternata EGS34-016°
Culture Collection EGS A tenuissma EGS34-015°
Culture Collection EGS A. arborescens EGS39-128°
Culture Collection ATCC A. alternata ATCC1168°
Native desert plant debris A. arborescens BMP1089
Native desert plant debris Ad Atintermediate n  BMP1091
Native desert plant debris A. tenuissma BMP1098
Native desert plant debris Ad Atintermediate = BMP1100
Native desert plant debris Aadl Atintermediate = BMP1102
Native desert plant debris Ad Atintermediate = BMP1110
Native desert plant debris Aadl Atintermediate = BMP1113
Native desert plant debris Ad Atintermediate n BMP1114
Native desert plant debris Aadl Atintermediate = BMP1117
Native desert plant debris Ad Atintermediate = BMP1118
Native desert plant debris Aadl Atintermediate = BMP1119
Native desert plant debris Ad Atintermediate = BMP1123
Native desert plant debris Adl Atintermediate = BMP1124
Native desert plant debris Ad Atintermediate n  BMP1125
Native desert plant debris Aadl Atintermediate = BMP1132
Native desert plant debris light sporulation BMP1134
Native desert plant debris light sporulation BMP1137
Native desert plant debris At/ Aaintermediate = BMP1146
Native desert plant debris A. alternata BMP1149
Native desert plant debris At/ Aaintermediate = BMP1151
Native desert plant debris At/ Aaintermediate = BMP1154
Native desert plant debris A. alternata BMP1159
Native desert plant debris At/ Aaintermediate = BMP1165
Native desert plant debris A. tenuissima BMP1224
Native desert plant debris At/ Aaintermediate = BMP1228
Native desert plant debris At/ Aaintermediate = BMP1229
Native desert plant debris A. tenuissma BMP1230
Native desert plant debris At/ Aaintermediate = BMP1234
Native desert plant debris At/ Aaintermediate = BMP1235
Native desert plant debris A. alternata BMP1237
Native desert plant debris At/ Aaintermediate = BMP1240
Native desert plant debris At/ Aaintermediate = BMP1246
Native desert plant debris A. alternata BMP1255
Native desert plant debris A. tenuissma BMP1260
Native desert plant debris At/ Aaintermediate = BMP1266
Native desert plant debris At/ Aaintermediate = BMP1267
Native desert plant debris A. alternata BMP1269
Native desert soil Aal At intermediate BMP1108
Native desert soil At/ Aaintermediate = BMP1145



Native desert
Native desert
Native desert
Native desert
Native desert
Native desert
Native desert
Native desert
Native desert
Native desert
Native desert
Native desert
Native desert
Native desert
Native desert
Native desert
Native desert
Urban
Urban
Urban
Urban
Urban
Urban
Urban
Urban
Urban
Urban
Urban
Urban
Urban
Urban
Urban
Urban
Urban
Urban
Urban
Urban
Urban
Urban
Urban
Urban
Urban
Urban
Urban
Urban
Urban
Urban

soil
soil
soil
soil
soil
soil
soil
soil
soil
soil
soil
soil
soil
soil
soil
soil
soil
plant debris
plant debris
plant debris
plant debris
plant debris
plant debris
plant debris
plant debris
plant debris
plant debris
plant debris
plant debris
plant debris
plant debris
plant debris
plant debris
plant debris
plant debris
plant debris
plant debris
plant debris
plant debris
plant debris
plant debris
plant debris
plant debris
plant debris
plant debris
plant debris
plant debris

At/ Aaintermediate
At/ Aaintermediate
At/ Aaintermediate
At/ Aaintermediate
At/ Aaintermediate
At/ Aaintermediate
A. tenuissma

At/ Aaintermediate
At/ Aaintermediate
At/ Aaintermediate
A. tenuissma

At/ Aaintermediate
A. alternata

At/ Aaintermediate
At/ Aaintermediate
A. tenuissma

At/ Aaintermediate
A. tenuissma

Aal At intermediate
Aal At intermediate
At/ Aaintermediate
A. alternata

At/ Aaintermediate
A. alternata

At/ Aaintermediate
A. alternata

At/ Aaintermediate
At/ Aaintermediate
At/ Aaintermediate
At/ Aaintermediate
At/ Aaintermediate
A. alternata

A. tenuissma

At/ Aaintermediate
A. alternata

At/ Aaintermediate
At/ Aaintermediate
At/ Aaintermediate
At/ Aaintermediate
A. tenuissma

At/ Aaintermediate
At/ Aaintermediate
At/ Aaintermediate
A. alternata

At/ Aaintermediate
A. tenuissma

A. tenuissma

BMP1147
BMP1176
BMP1179
BMP1181
BMP1183
BMP1184
BMP1194
BMP1197
BMP1199
BMP1200
BMP1201
BMP1203
BMP1208
BMP1210
BMP1212
BMP1214
BMP1217
BMP1068
BMP1072
BMP1073
BMP1278
BMP1506
BMP1509
BMP1550
BMP1551
BMP1553
BMP1566
BMP1569
BMP1576
BMP1591
BMP1592
BMP1597
BMP1598
BMP1609
BMP1610
BMP1612
BMP1621
BMP1624
BMP1637
BMP1646
BMP1657
BMP1664
BMP1665
BMP1673
BMP1674
BMP1675
BMP1687



Urban plant debris A. alternata BMP1689

Urban plant debris A. alternata BMP1691
Urban plant debris At/ Aaintermediate = BMP1700
Urban plant debris A. alternata BMP1701
Urban plant debris A. alternata BMP1702
Urban plant debris A. alternata BMP1709
Urban plant debris At/ Aaintermediate = BMP1710
Urban plant debris A. alternata BMP1711
Urban plant debris At/ Aaintermediate = BMP1715
Urban plant debris A. alternata BMP1756
Urban soil At/ Aaintermediate BMP1272
Urban soil A. alternata BMP1500
Urban soil At /Aaintermediate BMP1501
Urban soil A. tenuissma BMP1504
Urban soil At/ Aaintermediate BMP1522
Urban soil At/ Aaintermediate BMP1525
Urban soil At/ Aaintermediate BMP1541
Urban soil A. alternata BMP1546
Urban soil At/ Aaintermediate BMP1582
Urban soil At/ Aaintermediate BMP1585
Urban soil At/ Aaintermediate BMP1600
Urban soil At/ Aaintermediate BMP1601
Urban soil A. arborescens BMP1616
Urban soil At/ Aaintermediate BMP1642
Urban soil A. alternata BMP1651
Urban soil At/ Aaintermediate BMP1659
Urban soil At/ Aaintermediate BMP1670
Urban soil A. alternata BMP1672
Urban soil At/ Aaintermediate BMP1679
Urban soil A. alternata BMP1696
Urban soil A. tenuissma BMP1718
Urban soil At/ Aaintermediate BMP1725
Urban soil At/ Aaintermediate BMP1727
Urban soil A. tenuissma BMP1728
Urban soil At/ Aaintermediate BMP1768
Urban soil At/ Aaintermediate BMP1802
Urban soil At/ Aaintermediate BMP1805
Urban soil At/ Aaintermediate BMP1808
Urban soil At/ Aaintermediate BMP1810

®All isolates were assigned into one of the three morphological groups according to their similarity with the
reference strains used. Aa/At and At/Aaintermediate describes strains that produce mostly long unbranched
chains (>6 conidia) but with increasing numbers of secondary and tertiary chains forming. Aa/At
intermediates are more similar to A. alternata and At/Aaintermediates are more similar to A. tenuissima.

PEGS Abbreviations are as follows : EGS, E. G. Simmons, Mycological Services, Crawfordsville, IN 47933;
ATCC, American Type Culture Collection, Manassas, VA 20110-2209; BMP, B. M. Pryor, School of Plant
Sciences, University of Arizona, Tucson, AZ 85721



“Strains that have been recognized as having diagnostic morphology and have been widely used in
comparative mycology. EGS 34-016 is the ex-epitype for A. alternata, EGS 39-128 is the ex-type for A.
arboerescens, and EGS 34-015 has been used by EG Simmons and others for years as a surrogate for A.
tenuissima in the absence of atype.

“Represents a strain frequently used in in the commercial production of Alternaria alternata allergen extract
used in sensitization testing.
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BMP1234-DPD-At/Aa
BMP1235-DP-At/Aa
BMP1147-DS-At/Aa
BMP1612-UPD-At/Aa
BMP1646-UPD-At
BMP1659-US-At/Aa
BMP1700-UPD-At/Aa
BMP1675-UPD-At
BMP1802-US-At/Aa
BMP1808-US. AtJAa
BMP1696-US-A
BMP1102-DPD Aa/At
BMP1673-UPD-Aa
BMP1805-US-At/Aa
BMP1715-UPD-At/Aa
BMP1728-US-At
BMP1624-UPD-At/Aa
BMP1691-UPD-Aa

BMP1657 UPD At/Aa
BMP1642-US-At/Aa
BMP1768-US-At/Aa

5
BMP1664-UPD. AtIAa
BMP1727-US-At/Aa
BMP1687-UPD-At
BMP1701-UPD-Aa
BMP1672-US-Aa
BMP1203-DS-At/Aa
BMP1725-US-At/Aa
BMP1553 -UPD-Aa

BMP1718 US-At
BMP1146-DPD-At/Aa
BMP1522-US-At/Aa
BMP1194-DS-At
BMP1210-DS-At/Aa
BMP1091-DPD-Aa/At
BMP1110-DPD-Aa/At
BMP1119-DPD-Aa/At
BMP1197-DS. AtJAa
BMP1200-DS-At/A:
BMP1113-DPD AalAt
BMP1118-DPD-Aa/At
BMP1098-DPD-At
BMP1199-DS-At/Aa
BMP1184-DS. At!Aa
BMP1068-UPD.
BMP1100-DPD. Aa/At
BMP1224-DPD-At
BMP1525-US-At/Aa
BMP1550-UPD-Aa
BMP1123-| DPD AaIAt

BMP1591-UPD-At/Aa
BMP1600-US-At/Aa

BMP1114-DPD-Aa/At
BMP1228-DPD-At/Aa
BMP1 637- UP[LAtIAa

0-DPD-At/,
BMP1183-DS-At/Aa
BMP1117-DPD-Aal/At
BMP1154-DPD-At/Aa
BMP1134 DPD-At/Aa
137-DPD-At/Aa
BMP11 2-DPD-Aa/At

DPD-At/aa
D

BMP1230-DPD-At
BMP1582-US-At/Aa
BMP1551-UPD-At/Aa
BMP1151-DPD-At/Aa
BMP1108-DS-At/Aa
BMP1181-DS-At/Aa
BMP1810-US-At/Aa
BMP1124-DPD-At/Aa
BMP1072-UPD-Aa/At
BMP1145-DS-At/Aa
BMP1217-DS-At/Aa
BMP1585-US-At/Aa
BMP1601-US-At/Aa
BMP1246-DPD-At/Aa
BMP1267-DPD-At/Aa
BMP1260-DPD-At
BMP1569-UPD-At/Aa
BMP1609-UPD-At/Aa
BMP1266-DPD-At/Aa
BMP1541-US-At/Aa
BMP1269-DPD-Aa
BMP1208-DS-Aa
BMP1592-UPD-At/Aa
DPD-Aa

BMP1509-UPD-At/Aa
BMP1665-UPD-At/Aa
A.alternata

BMP1073- UPD AaIAt
BMP1506-UPi
BMP1710- UPD AtIAa
BMP1149-DPD-Aa
BMP1597-UPD-At
BMP1689-UPD-Aa
BMP1670-US-At/Aa
BMP1702-UPD-Aa
BMP1125-DPD-Aal/At
BMP1229-DPD-At/Aa
BMP1272-US-At/Aa
BMP1576-UPD-At/Aa
BMP1500-US-At/Aa
BMP1504-US-At
BMP1566-UPD-At/Aa
BMP1674-UPD-At/Aa
BMP1546-US-Aa
BMP1159-DPD-Aa
BMP1278-UPD-At/Aa
BMP1237-DPD-Aa
BMP1610-UPD-Aa
A.alternata*
BMP1598-UPD-At
BMP1621-UPD-At/Aa
A.arborescens
BMP1089-DPD-Aar
BMP1616-US-Aar

DPD = Desert Plant Debris

UPD =Urban Plant Debris

DS = Desert Soil

US = Urban Soil

A. alternata = EGS 34-016 (Aa)

A. alternata* = ATCC 11680 (Aa)

A. tenuissima = EGS 34-016 (At)

A. arborescens = EGS 39-128 (Aar)
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BMP1208-DS-Aa
BMP1119-DPD-Aa/At
BMP1228-DPD-At/Aa
BMP1123-DPD-Aa/At
BMP1149-DPD-Aa
BMP1504-US-At
BMP1132-DPD-Aa/At
BMP1134-DPD-Aa/At
BMP1147-DS-At/Aa
BMP1145-DS-At/Aa
BMP1546-US-Aa
BMP1137-DPD-At/Aa
BMP1711-UPD-Aa
BMP1715-UPD-At/Aa
BMP1718-US-At
BMP1728-US-At
BMP1805-US-At/Aa
BMP1808-US-At/Aa
BMP1091-DPD-Aa/At
BMP1506-UPD-Aa
BMP1600-US-At/Aa
BMP1509-UPD-At/Aa
BMP1229-DPD-At/Aa
BMP1597-UPD-Aa
BMP1522-US-At/aa
BMP1585-US-At/Aa
BMP1725-US-At/Aa
BMP1098-DPD-At
BMP1108-DS-Aa/At
BMP1235-DPD-At/Aa
BMP1255-DPD-Aa
BMP1117-DPD-Aa/At
BMP1576-UPD-At/Aa
BMP1184-DS-At/Aa
BMP1194-DS-At
BMP1569-UPD-At/Aa
BMP1179-DS-At/Aa
BMP1199-DS-At/Aa
BMP1125-DPD-Aa/At
BMP1566-UPD-At/Aa
BMP1500-US-Aa
BMP1224-DPD-At
BMP1272-US-At/Aa
BMP1217-DS-At/Aa
BMP1278-UPD-At/aa
BMP1553-UPD-Aa
BMP1230-DPD-At
BMP1601-US-At/Aa
BMP1240-DPD-At/Aa
BMP1234-DPD-At/Aa
BMP1212-DS-At/Aa
BMP1246-DPD-At/Aa
BMP1165-DPD-At/Aa
BMP1181-DS-At/Aa
BMP1201-DS-At
BMP1214-DS-At
A.tenuissima
A.alternata*
A.alternata
BMP1673-UPD-Aa
BMP1200-DS-At/Aa
BMP1700-UPD-At/Aa
BMP1591-UPD-At/Aa
BMP1210-DS-At/Aa
BMP1592-UPD-At/Aa
BMP1124-DPD-Aa/At
BMP1072-UPD-Aa/At
BMP1802-US-At/Aa
BMP1100-DPD-Aa/At
BMP1068-UPD-At
BMP1710-UPD-At/Aa
BMP1756-UPD-Aa
BMP1727-US-At/Aa
BMP1073-UPD-Aa/At
BMP1113-DPD-Aa/At
BMP1114-DPD-Aa/At
BMP1110-DPD-Aa/At
BMP1768-US-At/Aa
BMP1598-UPD-At
BMP1118-DPD-Aa/At
BMP1674-UPD-At/Aa
BMP1696-US-Aa
BMP1675-UPD-At
BMP1687-UPD-At
BMP1237-DPD-Aa
BMP1679-US-At/Aa
BMP1637-UPD-At/aa
BMP1672-US-Aa
BMP1670-US-At/Aa
BMP1689-UPD-Aa
BMP1702-UPD-Aa
BMP1612-UPD-At/Aa
BMP1642-US-At/Aa
BMP1621-UPD-At/Aa
BMP1665-UPD-At/Aa
BMP1659-US-At/Aa
BMP1609-UPD-At/Aa
BMP1646-UPD-At
BMP1664-UPD-At/Aa
BMP1657-UPD-At/Aa
BMP1651-US-Aa
BMP1701-UPD-Aa
BMP1691-UPD-Aa
BMP1582-US-At/Aa
BMP1269-DPD-Aa
BMP1624-UPD-At/Aa
BMP1709-UPD-Aa
BMP1501-US-At/Aa
BMP1616-US-Aar
BMP1550-UPD-Aa
BMP1541-US-At/Aa
A.arborescens
BMP1810-US-At/Aa
BMP1089-DPD-Aar
BMP1266-DPD-At/Aa
BMP1267-DPD-At/Aa
BMP1551-UPD-At/Aa
BMP1260-DPD-At
BMP1176-DS-At/Aa
BMP1525-US-At/Aa
BMP1146-DPD-At/Aa
BMP1151-DPD-At/Aa
BMP1154-DPD-At/Aa
BMP1159-DPD-Aa
BMP1183-DS-At/Aa
BMP1197-DS-At/Aa
BMP1203-DS-At/Aa
BMP1102-DPD-Aa/At
BMP1610-UPD-Aa

O
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O
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= Desert Plant Debris

Urban Plant Debris

DS = Desert Soil

Urban Soil

A. alternata = EGS 34-016 (Aa)

A. alternata* = ATCC 11680 (Aa)

A. tenuissima = EGS 34-015 (At)

A. arborescens = EGS 39-129 (Aar)
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ACCEPTED MANUSCRIPT




