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Abstract

Plants harbor diverse communities of fungi and other
microorganisms. Fungi are known to occur both on plant
surfaces (epiphytes) and inside plant tissues (endo-
phytes), but the two communities have rarely been
compared. We compared epiphytic and endophytic
fungal communities associated with leaves of coffee
(Coffea arabica) in Puerto Rico. We asked whether the
dominant fungi are the same in both communities,
whether endophyte and epiphyte communities are
equally diverse, and whether epiphytes and endophytes
exhibit similar patterns of spatial heterogeneity among
sites. Leaves of naturalized coffee plants were collected
from six sites in Puerto Rico. Epiphytic and endophytic
fungi were isolated by placing leaf pieces on potato
dextrose agar without and with surface sterilization,
respectively. A total of 821 colonies were isolated and
grouped into 131 morphospecies. The taxonomic affini-
ties of the four most common nonsporulating fungi were
determined by sequencing the nuclear ribosomal internal
transcribed spacer (ITS) region: two grouped with
Xylaria and one each with Botryosphaeria and
Guignardia. Of the most common genera, Pestalotia and
Botryosphaeria were significantly more common as epi-
phytes; Colletotrichum, Xylaria, and Guignardia were
significantly more common as endophytes. Suprisingly,
more morphospecies occurred as endophytes than as
epiphytes. Differences among sites in number of fungi
per plant were significant. Thus epiphytic and endophytic
communities differed greatly on a single leaf, despite
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living only millimeters apart, and both communities
differed from site to site. Significant correlations between
occurrence of fungal morphospecies suggested that fungi
may have positive or negative effects on their neighbors.
This is the first quantitative comparison of epiphytic and
endophytic fungal floras in any plant, and the first to
examine endophytic fungi or epiphytic fungi in leaves of
coffee, one of the world’s most valuable crops.

Introduction

Leaves have epiphytic microorganisms on them and
endophytic microorganisms inside them. The two floras
coexist within millimeters of each other, but are usually
studied separately. Few studies on endophytes even
mention epiphytes, and vice versa. Microbial epiphytes
and endophytes may have important implications for
plant health and plant protection [2, 7, 51, 52], microbial
biodiversity [5, 16, 25, 28, 41], and drug discovery [51].

Relationships between epiphytes and endophytes
have important implications for fungal biodiversity and
plant health. It is unclear to what extent plants control
which endophytes are able to enter the leaf, and to what
extent epiphytes may affect this process [30]. Compari-
son of endophytic and epiphytic floras may help to
determine the basis for selectivity.

In this study we asked whether the fungal community
on the surface of a leaf differs from the community within
the leaf. Because plants are presumably able to exert more
control over colonization of internal tissues than over
exterior surfaces, we predicted that the composition of
epiphyte and endophyte communities would be different,
and that epiphyte communities would be more diverse.
We also asked whether communities of epiphytes and
endophytes differ among sites. Because endophytes are
sheltered from environmental conditions by plant tissues
and presumably live in a more constant environment, we
predicted that endophyte abundance, diversity and spe-
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cies composition would vary less among sites than epi-
phyte abundance, diversity, and species composition. We
also asked whether occurrence of certain fungi was cor-
related with that of other fungi. Because fungi may inhibit
growth of other fungi by secondary metabolite produc-
tion, parasitism, or competition for resources, we pre-
dicted that the presence of some common fungi would be
negatively correlated with the presence of others.

These questions would be valid and novel for any
plant. There were three reasons to wuse coffee
(Coffea arabica L.). First, it is naturalized in Puerto Rico
and is common as an understory plant in many areas
[33]. Because few cultivars are planted in Puerto Rico and
those are closely related [14], the different populations
we studied are presumably genetically uniform. Second,
there are no published studies about the epiphyte or
endophyte floras of coffee leaves, despite the fact that
coffee is one of the world’s most valuable crops. Third,
epiphytes and endophytes may potentially be useful for
biocontrol of pathogens [2, 7, 52], and several coffee
pathogens are very destructive [53].

Methods

Collection of Leaves and Isolation of Fungi. = Healthy,
mature leaves were collected from coffee plants at six sites
in Puerto Rico; all sites were >5 miles and <75 miles
apart. The sites (with municipality, approximate altitude
in m and average annual precipitation in mm) were: E1
Verde (Rio Grande municipality, 300 m, 3640 mm),
Hacienda Buena Vista (Ponce, 300 m, 1400 mm), Ciales
(Ciales, 291 m, 2111 mm), Barranquitas (Barranquitas,
627 m, 1416 mm), Rio Chiquito (Luquillo, 110 m, 2694
mm), and UPR’s Jardin Botanico (San Juan, 28 m, 1707
mm). All sites except the Jardin Botanico were aban-
doned coffee plantations that are now secondary forests.
Three plants per site were chosen and five healthy, ma-
ture leaves were sampled per plant. (Only two plants were
available in Rio Chiquito and Jardin Botanico). From
each leaf, four pieces were sampled for epiphytes and four
for endophytes; a total of 640 pieces were sampled.

For epiphytes, 5 X 5 mm leaf pieces were placed on
plates (adaxial surface down) for 1 h and then removed.
For endophytes, pieces were surface-sterilized in 70%
EtOH (1 min), 2.6% NaClO, (50% Clorox) (3 min),
and 70% EtOH (1 min) [9, 12, 24]. 2 X 2 mm pieces
were used, since small leaf pieces are recommended for
studies of endophyte biodiversity [16, 25, 35]. The
culture medium was potato dextrose agar (PDA, half
strength; Difco, Inc., Detroit, MI) with 50 ppm each
tetracycline, penicillin, and streptomycin added after
autoclaving; PDA is a good medium for isolating a
variety of endophytes [4, 24, 25]. Plates were incubated
at 22°C and observed weekly for development of fungal
colonies.
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Fungi that did not sporulate or could not be readily
identified were transferred to other media. In some cases,
these media induced sporulation or formation of dis-
tinctive structures that could be used to identify fungi to
genus. In other cases, fungi could not be identified but
could be grouped into morphospecies based on similar
colony morphology and growth rate in culture. Four
media were used for this purpose: half-strength PDA with
35 ppm benomyl, half-strength PDA with 35 ppm rose
bengal, half-strength cornmeal agar (Difco), and Czapek-
Dox agar (Difco) with 25 gL_1 KC10s;, pH = 7.0 [12].
Nonsporulating fungi are common among endophytes of
tropical plants [6, 9, 13, 26, 35]; previous studies have
shown that most morphospecies defined by morphology
in culture correspond to putative taxa as determined by
DNA sequencing [6, 26]. Because leaf pieces were not
contiguous, it is unlikely that the same individual colony
was sampled twice. However, we refer to them as colonies
rather than as individuals because fungal growth is usu-
ally indeterminate and the boundaries of each genet were
not known.

DNA Sequencing.  One isolate each from the four
most common unidentified morphospecies was identified
by DNA sequencing. Fungi were grown in 50 mL PD
broth and mycelia were removed and washed. DNA was
extracted by a standard miniprep method [32]. The
internal transcribed spacer (ITS) and 5.8S gene of the
nuclear ribosomal gene repeat were amplified by poly-
merase chain reaction (PCR) with the universal primers
ITSI and ITS4 [54]. The PCR products were cleaned on
QIAquick columns (Qiagen, Inc.), cloned with the TA
cloning kit (Invitrogen Corp.) and sequenced in both
directions on a LiCor automatic sequencer. The six most
similar sequences in GenBank were found for each se-
quence by mean of BLAST searches. Sequences were
aligned using CLUSTAL and BioEdit programs and edi-
ted manually; gaps were excluded. The most informative
sequences were used to construct phylogenetic trees using
PAUP. Appropriate outgroups were chosen based on
published studies of each group; trees were rooted to the
outgroup. Trees presented had identical topologies by
maximum likelihood and parsimony criteria. Parsimony
bootstrap values were based on 1000 replicates.

Data Analysis. ~ Number of colonies of endophytes
and epiphytes were compared for each of the five most
common genera by Mann-Whitney tests; data from all
sites were combined. Differences among sites in number
of colonies of the five most common genera were com-
pared with MANOVA tests. (Parametric tests were not
used because their assumptions of normality and
homogeneity of variance were not fulfilled.) For data
analysis, each leaf was treated as a separate unit, because
studies have established that different leaves of a single
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plant are independent in terms of endophytic fungal flora
(13, 24, 35].

Richness of morphospecies in epiphyte and endo-
phyte populations was compared using the Chaol and
jackknifel estimators with the program EstimatesS, ver-
sion 6.0bl [17]. The Chaol formula estimates number of
species based on number of singletons and doubletons in
a sample (that is, species represented by one or two
individual colonies), and the jackknife is based on the
number of species that occur in only one sample [18].
Diversity indices were not calculated because the epiphyte
and endophyte communities appeared to be undersam-
pled.

Pairwise comparisons were made to determine
associations between fungi. If two genera occurred
independently of each other, the proportion of leaves
having both genera should be the product of the fre-
quencies of each genus considered alone [10, 12],
Fisher’s exact tests were used to compare these ex-
pected frequencies with the observed frequencies of
pairs of species. (Chi squared tests were not used be-
cause many values were < 5.) The null hypothesis in
each case was that occurrence of the two genera was
independent. Each leaf fragment was treated as a unit
for these tests, because the size of each fungal colony
was presumably small and two colonies would have to
be in close contact to interact. These tests were only
done among epiphytes or among endophytes; epiphytes
could not be compared with endophytes because dif-
ferent fragments were used. For each pair of fungi, data
from all sites where the fungi occurred in 210% of
fragments were pooled.

Results

Number and Diversity of Fungi. A total of 821 fungi
were isolated and assigned to 131 morphospecies
(including both identified genera and morphologically
distinct but unidentified types). The distribution of iso-
lates among the 131 morphospecies approximated a log-
normal pattern, with a few common taxa and many rare
taxa (Fig. 1).

Five genera were common in more than one site:
Pestalotia (20% of all isolates), Botryosphaeria (19%),
Xylaria (18%), Colletotrichum (10%), and Guignardia
(3%). The other identifed genera were rare, each < 1%
of isolates. These genera were Aspergillus, Cladosporium,
Coprinus, Fusarium, Penicillium, Mucor, Rhizopus, and
Trichoderma. In most cases these isolates were not iden-
tified to species; in the tropics many fungal genera in-
clude cryptic species that have not been identified [28].
The remaining 117 morphospecies comprised 25% of
isolates. These did not sporulate in culture and could not
be identified, a common problem with endophytic fungi
(6, 9, 24, 26].
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Figure 1. Frequency of epiphytes vs endophytes among the most
common morphospecies of fungi from coffee leaves. Only mor-
phospecies represented by n > 3 isolates are shown.

The four most common unidentified morphospecies
were identified by BLAST searches and phylogeny. Two
grouped within the Botryosphaeriaceae, isolate J1 with
Botryosphaeria rhodina and its anamorph Lasiodiplodia
theobromae (= Botryodiplodia theobromae), and ]J30 with
Guignardia endophyllicola (Fig. 2a). (These are included
in Botryosphaeria and Guignardia in the paragraph
above.) Two sequences grouped within Xylaria, J26 with
X. enteroleuca and J48 with X. hypoxylon and
X. arbuscula, all common endophytes [9,13, 35, 47], and
were combined with the Xylaria isolates identified by
morphology for purposes of analysis (Fig. 2b).

Epiphytes vs Endophytes. Two of the most
common genera were significantly more common as
epiphytes than as endophytes: Botryosphaeria (Mann-
Whitney, U = 784, P < 0.0001) and Pestalotia (U = 513,
P < 0.0001) (Fig. 3). Three common genera were sig-
nificantly more common as endophytes: Xylaria
(U = 1588, P < 0.0001), Colletotrichum (U = 1425, P <
0.0001), and Guignardia (U = 2325, P < 0.001) (Fig. 3).
These differences were also significant when number of
fungal colonies per unit area, instead of per leaf fragment,
was used (data not shown).

Epiphytes were more abundant than endo-
phytes—481 epiphyte colonies were isolated vs 340
endophyte colonies. However, epiphyte communities
were not noticeably richer than endophyte communities:
total number of morphospecies were similar (63 vs 66),
and species accumulation curves had similar shapes
(Fig. 4). Jackknife estimates of total number of mor-
phospecies were very similar for epiphytes and endo-
phytes. The Chaol estimator suggested greater
morphospecies richness for endophytes, despite the
higher number of epiphytes, which was contrary to our
hypothesis. Both these measures suggested that the ex-
pected number of morphospecies was much greater than
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Figure 2. (a) Phylogenetic affinities of isolates J1 and J30. The tree
was produced with PAUP 4.0b10. Tree length is 173 steps with 64
informative characters, CI = 0.89, RI = 0.91. Venturia inaequalis
AF065839 was defined as the outgroup [56]. Bootstrap values
above 60% are shown to the upper left of the node. Bar at lower left
shows length of 1 change. The most similar sequences in GenBank,
with source, E-value, and percent similarity in area of overlap, were
for J1, AY612337, Australia, E = 0.0, 99%; for J30, AF532314, In-
dia, E = 0.0, 100%. (b) Phylogenetic affinities of isolates J48 and
J46. The tree was produced with PAUP 4.0b10. Tree length is 245
steps with 96 informative characters, CI =0.77, RI = 0.79. Diatrype
disciformis AJ390410 was defined as the outgroup [31, 43]. Boot-
strap values above 60% are shown to the left of the node. The most
similar sequences in GenBank, with source, E-value, and percent
similarity in areas of overlap, were: for J26, AY315405, Jamaica,
E = 0.0, 96% [20]; for J30, for J48, AF502739, unidentified leaf
litter ascomycete, Puerto Rico, E = e 122, 97%.

the number observed, implying that both communities
were undersampled in this study.

Differences among Sites. Frequency of all five
common genera differed significantly among sites (Fig. 5).
For example, Botryosphaeria was a common epiphyte in all
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Figure 3. Frequency of epiphytes vs endophytes in the five most
common genera of fungi isolated from coffee leaves. The sampling
units are leaves (n = 80). Error bars = s.e.

sites except Barranquitas, Xylaria was the only common
endophyte in Ciales, and was entirely absent in Jardin
Botanico. Total number of isolates and total numbers of
morphospecies also differed significantly among sites.

Associations among Fungi. There was a signifi-
cant, positive correlation between presence of Xylaria and
presence of Guignardia in leaf fragments (FET,
P = 0.005). There were significant, negative correlations
between Xylaria and Colletotrichum (P < 0.0001) and
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Figure 4. Number of morphospecies in epiphyte vs endophyte
populations of coffee leaves. Chaol and Jackknife 1 are estimators
of species richness.
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Figure 5. Variation in numbers of isolates of common fungi
among sites in Puerto Rico. Sites: El Verde, Hacienda Buena Vista,
Ciales, Barranquitas, Rio Chiquito, and Jardin Botanico. Error
bars = s.e.

between Guignardia and Colletotrichum (P = 0.004).
Correlation between the epiphytes Botryosphaeria and
Pestalotia was not significant (P = 0.54).

Discussion

Epiphytes vs Endophytes.  Results supported the
hypothesis that different fungi would predominate in
epiphyte and endophyte communities: each of the five
most common genera was more common either outside
or inside the leaf, and differences were highly significant
in all cases (Figs. 1 and 3). Although these communities
live <1 mm apart, they are distinct. The fact that a single
leaf simultaneously supports two distinct fungal floras
has been overlooked in most studies of endophyte bio-
diversity.

Surprisingly, endophyte communities were not
noticeably less speciose than epiphyte communities. We
had predicted that many fungi would land on the leaf,
but relatively few would be able to penetrate the leaf.
However, the data did not support this idea: in most sites
the number of species found was similar between epi-
phytes and endophytes (Figs. 1 and 4), Abundance of
species in both communities approximated a log-normal
distribution, as is typical for fungal communities [21, 24].

Very few studies have compared endophytic and epi-
phytic fungi, especially in tropical plants. However, one

such study examined coconut leaves in Brazil [45]; 45
species were exclusively endophytic and 44 were exclusively
epiphytic, with 29 species found in both floras. The most
common endophyte was Pestalotiopsis palmarum and the
most common epiphyte was Cladosporium spp. (isolated
from 33% and 20% of leaves, respectively. In a study of
dead beech leaves in Japan, Pestalotiopsis and Trichoderma
were common as epiphytes, Xylaria as endophytes, and
Ascochyta as both—similar to the present study, at least in
terms of Xylaria and Pestalotiopsis [40]. In contrast, com-
parison of fungi isolated from washings of tomato fruits
with fungi isolated from homogenized fruits found that
Cladosporium, Penicillium, and Aspergillus were the most
common genera in both cases [46]. However, because the
fruits were bought at retail rather than collected in the field,
comparisons with the present study are difficult; some
epiphytes may have been removed by handling and
processing.

It is likely that some epiphytes and endophytes
were underrepresented because they did not grow well
on PDA wunder the conditions used. For example,
Mucor and Cladosporium were uncommon, although
they are very common fungi in the tropics. Other fungi
such as rusts and members of the Capnodiaceae were
likely present but do not grow in culture. Methods
based on direct detection of nucleic acids (rather than
culturing) could reveal such fungi, although those
methods also have limitations [6, 24]. Also, some of the
fungi isolated may have been propagules that landed on
or in the leaf but were not able to grow there. Fur-
thermore, not all epiphytes on the surface of the leaves
were likely to have been left on the agar when the leaf
fragments were removed. Leaf washing and dilution
plating is another method for sampling epiphytes, but
it would underrepresent nonsporulating fungi that ad-
here tightly to the leaf surface. Also, spatial heteroge-
neity of endophytic fungi within a leaf means that
sampling strategy may strongly affect results [24, 25, 35,
50]. Although these problems complicate the compari-
son of epiphytes and endophytes, the differences be-
tween the two communities were so pronounced that it
is unlikely that different isolation methods would sig-
nificantly change the results.

The Common Fungi.  Both Botryosphaeria and
Guignardia are widely distributed in the tropics. Both
include pathogens of many plants, and both include plant
pathogens and endophytes [8, 38, 44, 49, 55]. In fact, the
most closely related sequences to our Guignardia se-
quence came from endophytes of Rhododendron
(G. endophyllicola, Fig. 4; [38]) and an unidentified
endophyte (AF413039) (Fig. 2a). In most cases it is un-
clear if endophytic strains are potential pathogens or if
they constitute genetically distinct, nonpathogenic lin-
eages [8]. Given that these fungi are important patho-



gens, however, and that endophytes may convert to
pathogenicity and vice versa the relationship of endo-
phytic and pathogenic populations should be studied [2,
23, 39]. Surprisingly, there are few reports of Botryosp-
haeria as epiphytes, whereas we found the Botryosphaeria
populations on coffee leaves to be 99% epiphytic.

Our initial searches with isolate J30 produced
AF218262 as the sequence with the highest BLAST score.
This sequence was deposited in GenBank as
Psilotum nudum, a plant. Its authors apparently amplified
the ITS of an endophytic fungus believing that they had
amplified that of P. nudum itself. This sequence has
subsequently been withdrawn from GenBank, and is thus
not included in Fig. 4. However, it shows the extent to
which endophytic fungi are overlooked by plant biolo-
gists, and how sequence databases are limited by the
quality of the sequences deposited. Other workers have
made similar mistakes when trying to amplify genes from
bamboo [55] and from pines [34].

Xylaria is a common wood decomposer worldwide
and a common endophyte in the neotropics [20, 41, 47,
48]. In this study, two of the most common morpho-
species were revealed to be Xylaria, on the basis of DNA
sequences, even though their cultural morphology was
not typical of Xylaria. The unidentified morphospecies
probably included additional Xylaria isolates. There is a
clear need for a selective culture medium on which
Xylaria can be distinguished. This need is supported not
only by their importance as endophytes and saprotrophs,
and by their contribution to fungal biodiversity [41, 48],
but also by their importance as producers of secondary
metabolites of pharmaceutical interest [1, 37, 43].

Colletotrichum includes many tropical plant patho-
gens and endophytes [22, 42, 53]. Several species are
endophytes of coffee, one of which, C. coffeanum, is a
serious pathogen of fruits and flowers [29]. Pestalotia also
includes common pathogens [42, 53] and has been found
as an endophyte in Puerto Rico [14, 24, 35]; it has not
been widely reported as a tropical epiphyte, perhaps be-
cause fewer studies have focused on epiphytic fungi than
on endophytes.

Given that sequences from epiphytes and endophytes
are poorly represented in GenBank relative to pathogens,
it is impressive that many of the sequences most closely
related to ours come from endophytes (Fig. 2 a, b). If this
represents a general pattern, it may suggest that some
groups are specialized for endophytism, rather than being
latent pathogens [20, 48]. However, relationships be-
tween endophytism, saprotrophy, and pathogenicity are
complex [8, 16, 20, 23, 39, 48],

Differences among Sites. ~ Fungi that were domi-
nant epiphytes or endophytes in some sites were often
absent in others (Fig. 5). Differences among sites may be
due to differences in environmental conditions or pres-
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ence of inoculum [2, 47]. Studies of endophytic floras
should include plants from different populations, because
single populations may not be representative [25, 35, 36].

Associations among Fungi. ~ Why were leaf frag-
ments with Xylaria more likely to contain Guignardia
than fragments without Xylaria, and why were fragments
with Colletotrichum less likely to contain Xylaria and
Guignardia than those without Colletotrichum? Our data
suggest the possibility of competition or antagonism
between endophytes. This explanation is attractive be-
cause it suggests that Xylaria may be able to restrict
growth of Colletotrichum, which includes important
pathogens of many plants [29, 42, 53]. However, it is
equally plausible that conditions that favor growth of
Xylaria and Guignardia do not favor Colletotrichum, and
vice versa, and that interactions among fungi are not
involved. These tests show correlations and not causality
[11, 13]. The significant, positive association between
Xylaria and Guignardia may reflect that by inhibiting
Colletotrichum, they promote the growth of each other, or
it may simply reflect that their colonization or growth is
favored by the same environmental conditions. It is also
not clear to what exent colonies of endophytes or epi-
phytes come in physical contact with other colonies;
some endophytes have been shown to form very small
colonies, limited to a single host cell [16, 50]. This sug-
gests that differences between endophyte floras of dif-
ferent leaf tissues may be as great as the differences
between epiphytes and endophytes shown here—a level
of endophyte biodiversity that is virtually unexplored.

Significant negative correlations between the pres-
ence of Colletotrichum and Xylaria and between that of
Colletotrichum and Guignardia were also found in leaves
and roots of the orchid Lepanthes [13]. Because coffee
and Lepanthes have very different growth habits and
habitats, the associations observed here may be generally
applicable. More plants should be studied in this regard,
given the implications for disease biocontrol.

Colonizations of Leaves by Endophytic Fungi. It is
unclear how most endophytic fungi colonize plants in the
tropics—or as Lebron et al. put it, “Where is the gate to
the party?” [30]. To establish whether fungal endophytes
are transmitted horizontally or vertically, fungal flora of
seeds and leaves were compared in four tropical woody
plants: Manilkara bidentata, Casuarina equisitifolia,
Theobroma cacao, and coffee [3, 9, 30]. These studies
suggested that endophytes of these plants are horizontally
transmitted, with airborne or rainborne inoculum colo-
nizing leaves. If this is true, then the epiphytic flora
present on leaves may be a factor in determining which
potential endophytes become established. In the case of
coffee, spores of coffee leaf rust (Hemileia vastatrix) and
brown-eye leaf spot (Cercospora coffeicola)—both
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important pathogens—must land on the leaf and ger-
minate before infection. Interactions with epiphytic or
endophytic fungi are likely to affect the establishment of
these pathogens, but neither the communities or their
interactions have been characterized in coffee.

Epiphytic and endophytic fungi presumably interact
and engage in cross-talk in ways that affect the host plant.
Interactions within each community are poorly under-
stood, and interactions between endophytes and epi-
phytes are completely unexplored. To complicate
matters, there are other communities of endophytes and
epiphytes (notably bacteria), and their interactions with
fungi are also poorly understood. Recent studies have
shown that bacterial flora may influence development of
human digestive systems and other aspects of animal
development [27]. It is possible that endophyte and
epiphyte communities influence not only plant function
and health, but also plant development. Understanding
these communities and interactions, and manipulating
them to improve plant health, represents one of the most
promising and poorly understood areas of agricultural
biotechnology [19, 52].
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