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communities must be addressed. We suggest that expiodhigextract agar (MEA), a medium commonly used in
the occurrence of endophytes in a diversity of tropical faedbphyte studies (e.g. Carrollfiélu& Sutton 1977,
trees, and assessing endophyte communities for evideBtemiood-Pike, Stone & Carroll 1985, Szitail2993) and
host preference and spatial variability, will create a nlugwn to yield large numbers of diverse endophytic isolates
needed context into which single-species surveys ofFefichet al2000). We incubated plates at room temperature
dophyte diversity may be placed. Here, we discussatiibwith ambient light, assessing each plate for hyphal growth
widespread occurrence of fungal endophytes in a diesexy three days for 21 days.
assemblage of woody angiosperms in a lowland, moist
tropical forest in central Pariaaral describe the frequency
with which endophytic fungi were recovered from leaveBr@portions of leaves and leaf segments colonised by
three of those tree species. Then, focusing on a large newabghytes
of endpphytlc fungi isolated from two of those tree specigsin - ested four healthy, mature leavésrtio old) from
a previous survey (Arnatial 2000), we explore patterns of oo . . .
. : . each of three individuals of nine plant species at BCI, choosing

host preference and spatial heterogeneity using a frequr(]an - .

. L - ) imillozt'species that represent both a subset of common species
based index of similarity (Morisita-Horn index) and a S|m|Ia[| % : -
: - at BCIl, and a diverse array of host families. In all,
index based on presence-absence data (Ssirgmtser). ) : . : .

. : epresentatlves of nine plant families were surveyed, including
Finally, we discuss several approaches for further expk) g i | . ia th | .
tropical endophyte diversity nacardium exce @macardlaqaa,afaetlat gmn@ﬁ a'COL.JFtI

' acea), Gustavia superfiacythidacgaouriri myrtilloides
(Melastomatacgakrichilia tubercula@sieliaceyeHeisteria

MATERIALS AND METHODS concinngOlacaceaeOuratea lucerf®chnacdad’sychotria
. marginat@Rubiaceaandrheobroma caf&terculiacgakfter
Study site plating leaf segments as described above, we assessed

Formerly a hilltop within contiguous tropical forest, B4tigPortion of leaves colonised by endophytes by counting
Colorado Island, PanbfBCl; ~ 9°9%N, 7951«W) was the number of leaves yielding at least one endophytic fungus.
isolated in 1911 when the Chagres River was dammed Yye further assessed three species in three plant families for
construction of the Pana@anal (Leigh & Wright 1990)pr0portion of leaf segments colonised by endophytes. For six
Maintained as a ®eld station by the Smithsonian TroR¥®s of each species, we assessed proportion of leaf
Research Institute since 1921, BCI consist4 50 ha of Segments colonised by endophytebifepncinn®. lucens

moist, semi-deciduous, lowland tropical forest. Roughly 3¥gI - cacaby counting the number of leaf segments per leaf
thirds of the island is covered by mature fore®0 y old; Yielding one or more endophytic fungi.

the remainder of the island consists of late secondary forest

approximately 70+100y old (Croat 1978, Sagers & Coley

1995). In younger forest on BCI, where endophyte surld®ykpreference and spatial heterogeneity

were conducted, approximately 110 species of shrubs\@pgscribed by Arnoket al (2000), we marked emerging

trees > 2465 cm DBH occur per hectare (Lang, Knighte§yves on nine individuals lgisteria concinaad 10

Anderson 1971). The region has a mean annual temperagyg® fuals oburatea luceims January-February (early dry

27°C and receives 2600 mm of precipitation annuallyge@ion) at two similar, forested sites at BCI. Site I, located near

which 90% falls during the May-December wet season (Lgigltart of David Fairchild trail, included 10 individuals of

Rand & Windsor 1982). O. lucenand ®ve dfl. concinn&ite 1I, located on Bocanegra

trail near marker 30, included four individuéls adncinna

and several~(4) unmarked individuals @f lucensvithin

10 m. Sites are separated®y00 m of intact forest.

For surveys of endophyte abundance across species Rran February-July, we harvested 42 lea@elsicénéall

within leaves (see below), healthy leaves were harvégiadsite I) and 41 leavestbfconcinn@l?7 from site |; 24

washed in running tap water, and processed within four fiaurs site Il). Leaves ranged in age frétnm® to 6 mo.

of collection. From each washed leaf, we cut 16 adjdfmudphytes were isolated as described in Atradi®000);

1 mm~ 2 mm segments of the lamina from midway betwkea y, leaves were processed as described above, except that

the petiole and leaf tip, and between the midvein and mdrgin. each leaf, we cut 96 leaf segments -t12wnm),

Leaf segments were surface-sterilised by sequential washgade sterilised all, and haphazardly selected 24 segments for

0525 % sodium hypochlorite (2 min) and 70 % ethanol (2 phatng. This approach increased the probability of encounter-

and then were rinsed with sterile, distilled water and allanganany endophyte species per leaf by increasing the area

to surface-dry under sterile conditions. This methodrash which leaf segments were drawn.

surface-sterilisation has been shown to edectively eliminéte subcultured hyphal tips from distinct colonies emerging

bacteria, yeasts, fast-growygomyceteand other puta- from leaf segments onto new 2% MEA plates to obtain pure

tively epiphyllous organisms from endophyte cultures (Arnoldnies, and stored isolates on MEA slants as vouchers in a

et al 2000, see Schudr al 1993, for a review of surfacdiving collection. One of us (ZM, with supervision from GSG)

sterilisation methods). conservatively assigned isolates to morphospecies based on
We placed leaf segments on Petri dishes containinge@ %horphological characters (spore production, spore charac-

Endophyte isolations
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450 species at two sampling sites, and within a single sampling site
for both host species.
400
350
RESULTS
L, 300
2 Proportions of leaves and leaf segments colonised by
2 250 endophytes
Q
§ 200+ We found that all leaves surveyed contained endophytic
= 150 fungi, regardless of host species or family. On average, we

r found that 98 9% 0&7 (meah 1 SE) of leaf segments
100+ I contained endophytic fungi, and mean values for each species

sod A were similar: 9% 208 of leaf segments df concinna
< contained endophytes, relative t19® 0469 forO. lucens
0 — T T T T and 999% 164 forT. cacao
10 20 30 40 50 60 70 80 90

Leaves

Fig. 1.Species accumulation curves showing the edect of restridfiffgpreference and spatial heterogeneity

analyses to non-singleton morphospesiggegignates the speciesye found similar rates of species accumulation in leaves of

accumulation curve for all morphospecies isolated in étrabld Heisteria conciandOuratea luce(g. 2). Ib. concinp@42
(2000);® ), those morphospecies occurring in more than one . . Pl ' .
segment; and (), those morphospecies that occurred in more tr#?ﬁbhospemes were foundQitucens259 morphospecies

one leaf, here de®ned as non-singletons were found (Arnoldt al 2000). Most endophyte morpho-
' ' species were rare; of 418 total morphospecies, only 140
morphospecies were found in more than one leaf.

teristics, hyphal height and depth, aerial mycelium forfA€spite similar patterns of species accumulation, endo-
colony and medium colours, surface texture, margin char@8dgs appear to be segregated according to host species. At
and growth rates on MEA). We assessed growth charact@if§ &f Where both species were thoroughly sampled, 62% of
isolates that were disecult to assign to morphospecies §1zingletons occurred in eitheconcinnar in O. lucens
second medium (V8 agar) to assist in morphospgékgot in both host species. With analysis restricted to
designations. non-singletons, we found only moderate similarities between
For analyses of host preference and spatial heterogenBtgtigPecies when using either frequencies G5 %) or
the present paper, we use morphospecies as fundd@$g@nce-absence data (& %).
taxonomic units, acknowledging that morphospecies slighfiymilarly, in a single host spediescéncinjahat was
overestimate genetically delimited species (based orfhgfeughly sampled at both site | and site II, we found that
liminary sequence data from ITS1 and ITS2 regions of nd§&aef non-singletons occurred in only one of two sites, but
rDNA; Arnoldet al 2000). Because this overestimate app@@tdn both. Similarity between endophyte assemblages at
to be a function of overassignment of isolates to singlEfit Site was moderate, whether based on frequencies (MH
morphospecies, we restricted analyses to consider onlypf#) or on presence-absence dataS&B %).
singletons, here de®ned as those morphospecies isolated from
more than one leaf. We chose this conservative approach
because independence among multiple isolates of a give
morphospecies within individual leaves could not be de-
termined with certainty, and because this approach increase#0-
concordance between morphological and molecular taxonomic .t
units (Arnoldet al 2000). E&ects of restricting analyses to 200
non-singleton morphospecies are shown in species-acc@’nu- x* ot
lation curves generated from this dataset (Fig. 1). Z 150 e et
Using the freeware program EstimateS (Colwell 1997), @ve X .t
used non-singleton morphospecies to generate species- et
accumulation curves and similarity indices for endophytes of %0 e
O. lucenandH. concinn&Ve used frequency data (number of
isolates of given morphospecies) to calculate Morisita-Horn 50 *,
indices of similarity (MH), and presence-absence data to ¥
calculate Surensemdices (SlI; details regarding calculation (¥ . ;
of both indices can be found in Magurran 1988 and Colwell 510 15 20 25 30 35 40 45
1997). Both indices range in value from 0£1, with 1 indicating Leaves
entirely coincident samples. These indices were used to ggsgsspecies accumulation curves for all endophyte morphospecies
host preference and spatial heterogeneity by descrigRged from healthy leavesQiiratea lucetis) and Heisteria
similarity of endophyte assemblages within a single ¢wsfinn@ ) collected at Barro Colorado Island, Panama
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DISCUSSION In general, we expect that mean proportions of leaf segments
colonised by endophytes will be greater in tropical rather than
temperate plants, but consistent methodology and directly
comparable studies are needed to address this expectation.
Previous studies have documented endophytic fungiin tropical
plants representing the famifAescacede.g. Rodrigues &
Samuels 1990, lichet al 2000)Aracea®romeliacesed
Orchidaced@eetrini & Dreyfuss 1981, Richardson & Curfghong non-singleton morphospecies, we found evidence for
1995) Musacea@rown, Hyde & Guest 1998, Phatital both host preference and spatial heterogeneity among
2001),Poacea@anielsen & Jensen 19%peraceamd endophytes. Support for these patterns was stronger when
Crassulacgbeeyfuss & Petrini 198Meliaceg®ajagopal & based on morphospecies frequencies, rather than on presence-
Suryanarayanan 2000, Gamboa & Bayman R08djha absence data, corroborating Lad(f997) suggestion that
ceaeChenopodiacandAizoaced8uryanarayanan & Kumaropical fungi exhibit quantitative preferences, rather than
resan 2000Rubiaceg8antamd&dChan & Bayman 2000Xktrict speci®cifyer seArnoldet al (2000) reviewed several
Sapotaceflendgeet al 1996, Baymaet al 1998) Fabaceaedescriptions of host preference among tropical microfungi,
(Pereira, Azevedo & Petrini 199@gliaceaflaessle & including some tropicalylariaceaéLodge 1997), asco-
Lodge 1994 ausarinacéBaymaet al1998), an@chnaceaanycetous leaf-decomposer fungi (Polishook, Bills & Lodge
and Olacacea@rnold et al 2000). Here, we documerit996), and leaf-litter fungi (Cornejo, Varela & Wright 1994),
endophytic fungi in tropical representatives of the fansliggesting that at least two guilds of microfungi do show
Anacardiaceddacourtiacedescythidaceddelastomataceaevidence of host preference in tropical forests.
andSterculiaceae Due to expected diderences in leaf chemistry, we were
We found that all leaves of these species contained fangaised to see similar patterns of species accumulation for
endophytes. In the literature, quantitative data regardimpphytes in leaves@firatea lucesusdHeisteria concinna
proportions of leaves colonised by fungal endophytes arérdrepical forests, leaf expansion rates (i.e. rate of growth
for tropical woody angiosperms. However, a colonisatiorfrate budbreak to maturity) are generally associated with
of 100% exceeds mean values typical of temperate-zondite@nces in leaf chemistry, such that leaves that expand
including evergreen shrubs in western Oregon (78%; Petiitkly tend to contain lower levels of terpenoids, phenols,
et al 1982)Pinus banksiaaradP. resinosa Quebec (78%;and tannins than do leaves that expand slowly (Becker 1981,
Legaulet al 1989), anQuercus emdryArizona (10+100%;Coley & Aide 1991, Coley & Barone 1996). At@Qlcens
Faeth & Hammon 1997). Unfortunately, quantitative surgeyduces leaves that expand rapidly, reaching full size in only
of endophyte colonisation patterns may be sensitive to8lelafAide 1993). In contradt,concinnagroduces leaves that
segment size (Carroll 1995), such that variable methodelqzgnd slowly, reaching full size in 35 d (Coley, pers. comm.).
may prevent precise comparisons across studies; mor8everal studies have shown that tropical species with fast-
such comparisons may be confounded by leaf age, canppynding leaves have higher mean rates of damage by
cover, sampling season, etc. (Arnold unpubl. data). In gémebiores than do species with slowly expanding leaves (e.g.
however, the rarity of 100% leaf colonisation rates anfidg & Lodob 1989, Coley 1983, Coley & Kursar 1996), and
temperate taxa (but see Espinosa-Garcia & Langenheine2®86ts from fast-expanding leaves tend to support more
and Faeth & Hammon 1997) suggests that proportiorfangfal growth in lab assays than do extracts from species with
leaves infected in tropical trees generally exceed thoskwly expanding leaves (Coley & Barone 1996). For this
temperate hosts. Moreover, similarity among 10 distaetigon, we expected that leaves of a fast-expanding species
related hosts at two disparate sites (BCIl: nine spsa@sa®. lucenmight harbour more endophytes than would
discussed here; Puerto Ritanilkara bidentataodgeet al leaves oH. concinnddowever, rates of species accumulation
1996) suggests that colonisation rates among leavdar tifese two species are similar. We expect that factors such
tropical dicotyledonous trees may be consistently high.as leaf chemistry instead might underlie patterns of host
Similarly, few studies have quanti®ed endophyte pceference.
onisation patterns in tropical plants. However, among tropid¢#hfortunately, spatial variability has not been thoroughly
host taxa studied to date, proportions of leaf segmerpdored for tropical microfungi and may be digecult to
colonised in individual leaves appear to vary widélgcern should stratum, substrate, or host preference confound
Rodrigues (1994) documented that 30% of leaf segmentspatial patterns. In the present study, we excluded the
colonised in fronds of Amazonian palms, whereaset aflgeonfounding variable of host preference by assessing similarity
(1996) found a greater proportiodMinbidentaté90+95 %), of endophytes associated with a single host species in two
as did Gamboa & Bayman (2001) for leave&suafea sampling sites. We found strong evidence of spatial
guidonié> 95%). Values obtained in the present study (nfed@rogeneity among endophytesHofconcinnalespite
~ 98 %) coincide with these higher values, although #qEgarent similarity of the two sites. Such spatial segregation
exceed the overall meanHoconcinnandO. lucenér39%) may be due, in part, to limited dispersal capabilities.
reported by Arnolét al (2000). We attribute this disparity tNonrandom distributions of tropical microfungi have been
inclusion of very young leaves by Arradldl (2000); severalnoted by Cornejet al (1994) and Polishoekal (1996) and
studies con®rm that endophyte infections increase witimégabe prevalent among endophytic fungi in tropical forests.
age (e.g. Bernstein & Carroll 1977, Faeth & Hammon 19%gcause extrapolative estimates of biodiversity such as

Proportions of leaves and leaf segments colonised by
endophytes

Host preference and spatial heterogeneity
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