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Abstract Since root endophytes may ameliorate drought
stress, understanding which plants associate with endophytes
is important, especially in arid ecosystems. Here, the root
endophytes were characterized of 42 plants from an arid
region of Argentina. Colonization by arbuscular mycorrhizal
fungi (AMF) and dark septate endophytes (DSEs) was related
to plant functional type (PFT), family, and phylogenetic relat-
edness. Overall, three main findings were observed. Firstly,
only moderate levels of endophyte associations were found
across all taxa (e.g., most Poaceae were not colonized by
endophytes despite numerous accounts of colonization by
AMF and DSEs). We determined 69 % of plant taxa associ-
ated with some form of root endophyte but levels were lower
than other regional studies. Secondly, comparisons by PFT
and phylogeny were often qualitatively similar (e.g., succu-
lents and Portulacineae consistently lacked AMF; variation
occurred among terrestrial vs. epiphytic bromeliads) and often
differed from comparisons based on plant family. Thirdly,
comparisons by plant family often failed to account for im-
portant variation either within families (e.g., Bromeliaceae
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and Poaceae) or trait conservatism among related families
(i.e., Rosidae consistently lacked DSEs and Portulacineae
lacked AMF). This study indicates the value of comparing
numerous taxa based on PFTs and phylogenetic similarity.
Overall, the results suggest an uncertain benefit of endophytes
in extremely arid environments where plant traits like succu-
lence may obviate the need to establish associations.
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Introduction

It has been estimated that ca. 80 % of terrestrial plant families
are associated with arbuscular mycorrhizal fungi (AMF) but
some families, such as Brassicaceae, Caryophyllaceae,
Chenopodiaceae, Juncaceae, Polygonaceae, and Proteaceae,
are generally regarded as non-mycorrhizal, albeit some excep-
tions within them exist (Smith and Read 2008; Brundrett
2009). Colonization levels and functional trade-off of the
symbiosis is highly variable among mycorrhizal plants.
Some authors have examined whether mycorrhizal coloniza-
tion is related to plant traits (e.g., Hetrick et al. 1988 1990
1988, 1990, 1992; Lugo et al. 2003, 2012; Roumet et al. 2006;
Urcelay and Battistella 2007; Pérez and Urcelay 2009) or to
phylogenetic affiliation of plants (Trappe 1987; Wang and Qiu
2006; Reinhart et al. 2012), whether AMF colonization relates
to phylogeny or functional traits of plants is still debatable.
Another widespread and important fungal association in
roots of a wide spectrum of plants is that formed by the so-
called “dark septate endophytes” (DSEs). DSEs comprise a
polyphyletic heterogeneous group of fungi mainly belonging
to Ascomycota and Basidiomycota that have also been shown
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to benefit plants (Porras-Alfaro et al. 2008; Newsham 2011;
Knapp et al. 2012). DSEs may improve nutrient uptake and
maintain adequate water relationships for plant survival main-
ly in arid environments (Barrow and Osuna 2002;
Barrow 2003). Despite the widespread occurrence of
these fungi in plant roots, there are few studies regard-
ing their relationship with plant traits (Chaudhry et al.
2006; Lingfei et al. 2005; Lugo et al. 2007; Urcelay
et al. 2011) and their relationship with host phylogeny
has not been examined to date.

The aim of this study was to quantify AMF and DSE
colonization in roots of 42 native plants inhabiting a harsh
xeric environment in Argentina. Variation in occurrence of
root endophytes was then related to host characters including
plant functional traits, plant family, and phylogeny.
Phylogenetic information was also used to examine patterns
of trait conservatism (i.e., phylogenetic signal) and
divergence.

Materials and methods
Characteristics of the sampling site

Sierras de las Quijadas National Park is located in the NW of
San Luis province, Argentina (32° 20, 32° 47’ Lat. S and 67°
10', 66° 58" Long. W), at 800 m above sea level. It is an arid
region that comprises 150,000 ha of dry lands between the
biogeographic provinces of Monte and Chaco (Cabrera 1976).
Rainfall is scarce and irregular, with a mean annual precipita-
tion of 200 mm. Highest values tend to occur in summer with
up to 250 mm in the rainy season (December and January) and
0 mm in the dry season (February to November). Mean
temperatures range from 27°C in summer to 9°C in winter,
with a mean annual thermal amplitude of 13.7°C (Rivarola
1997). During summer, temperatures reach a maximum value
of 45°C while in winter they fall to a minimum of —12°C,
representing large seasonal, daily, and yearly thermal ampli-
tudes. This climate is typical of continental situations and in
this case may be called hillyarid. It is included in the
temperate-dry type of weather typical of hills and prairies
(Capitanelli 1989). In the Park, water and wind sculpt the clay
and sandstone into landscapes of “huayquerias” or badlands.
The flora is rich in xerophytic species many of which are
shrubs. A total of 45 vascular plant families are represented
in the Park (Del Vitto et al. 2001). The area is characterized by
silt loam soils with alkaline pH (8.01), electrical conductivity
0f0.94 ds/m, and low humidity (7.545 %). Main soil nutrients
are present in low concentrations: organic matter (0.81 %),
carbon (0.41 %), nitrogen (0.05 %), available phospho-
rus (4.57 ppm), and a C/N ratio of 9.24 (Lugo et al.
unpublished data).
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Plants sampled

Forty two native plant species were studied, among which 20
are endemic (http://www.floraargentina.edu.ar, http://www2.
darwin.edu.ar/Proyectos/FloraArgentina). They represent 18
families and eight plant functional types (PFTs): annual and
perennial forbs, graminoids, subshrub, shrub, succulent, epi-
phytic, and terrestrial bromeliads (Table 1).

Sampling methodology and quantification of fungal
endophytes

Five to eight individuals were randomly collected per plant
species (the number of individuals per species was limited by
National Park restrictions) in summer and early autumn when
plants and fungi are most active. Roots were separated from
the flowering stems and were dried for voucher specimens that
have been accessioned at the Vegetal Diversity Herbarium,
Ecology Area, University of San Luis. The roots were frozen
until they were washed and fixed in Formalin-Acetic acid-
Alcohol. The roots from each individual were cut into seg-
ments, pooled by species, then cleared, stained (Grace and
Stribley 1991), and mounted on semi-permanent slides using
polyvinyl alcohol. Each slide contained a random subsample
of roots per species sampled. The number of fine root frag-
ments per slide varied because of variation in the quantity of
available material among species and samples. Root coloni-
zation was quantified using an optical microscope at x400
(McGonigle et al. 1990). For the quantification of arbuscular
mycorrhiza, data were summarized as total colonization of
roots (%o AM). For DSEs, their frequency was calculated as
the percentage of root colonized by DSE (% DSE). Hyphae
were classified as DSE when they exhibited cortical coloni-
zation, were dark, and/or formed microsclerotia (compact
knots of interlaced and looping thick-walled and pigmented
vegetative hyphae produced as resting structures).

Phylogeny construction

Phylogenies were reconstructed for the 42 plant species,
mostly angiosperms. Ideally, the reconstruction of a phyloge-
ny for tests of trait conservatism (i.e., phylogenetic signal) is
based on DNA data for the focal species and one or more loci
(e.g., Kress et al. 2009). Two established and alternative
approaches were employed for reconstructing phylogenies
and performing tests of trait conservatism (e.g., Cadotte
et al. 2009; Ness et al. 2011). Phylogenies were created with
the program Phylomatic (Webb and Donoghue 2005) with a
branch length adjustment algorithm (Webb et al. 2008), and a
second phylogeny was estimated using a Bayesian analysis of
molecular data for four loci. Two approaches were used to
compare and contrast results since detection of trait conserva-
tism is known to vary among phylogenies derived using these
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Table 1 Percent of roots colonized by arbuscular mycorrhizal fungi
(% AM) and dark septate endophytes (% DSE) for 42 native species of
the Sierra de las Quijadas National Park (Argentina). The plant functional

trait (PFT) and family for each species are shown. Means are followed by
95 % confidence intervals

Family/species PFTs

% AM % DSE

Amaranthaceae

Gomphrena colosacana vat. andersonii

G. pulchella subsp. rosea

Asteraceae

Flaveria haumanii
Parthenium hysterophorus
Senecio hualtaranensis
Thymophylla pentachaeta
Trixis cacalioides
Boraginaceae

Ehretia cortesia

Bromeliaceae

Bromelia urbaniana
Deuterocohnia longipetala
Dyckia velascana
Tillandsia angulosa

T. xiphioides

Cactaceae

Opuntia sulphurea
Tephrocactus articulatus
Chenopodiaceae

Atriplex argentina

A. lampa

A. lithophila

A. quixadensis

A. spegazzini

Convolvulaceae

Cressa nudicaulis
Evolvulus arizonicus
Ephedraceae

Ephedra sp.

Fabaceae

Adesmia cordobensis
A. aff. trijuga
Halophytaceae
Halophyton ameghinoi

Malpighiaceae

Tricomaria usillo

Malvaceae

Sida argentina
Nyctaginaceae
Allionia incarnata

Boerhavia pulchella

Poaceae

Aristida mendocina
Chloris castilloniana

Pappophorum caespitosum

Subshrub

Perennial forb

Annual forb
Annual forb
Subshrub
Perennial forb
Shrub

Shrub

Terrestrial bromeliad
Terrestrial bromeliad
Terrestrial bromeliad
Epiphytic bromeliad
Epiphytic bromeliad

Succulent
Succulent

Subshrub
Subshrub
Subshrub
Subshrub
Shrub

Perennial forb

Perennial forb

Shrub

Subshrub
Shrub

Annual forb

Shrub

Perennial forb

Perennial forb

Perennial forb

Graminoid
Graminoid
Graminoid

9.24 (5.47, 14.38)
27.08 (20.02, 35.11)

3.07 (1.54, 5.43)
3.85 (1.06, 9.56)
18.80 (14.01, 24.41)
47.00 (41.24, 52.82)
0 (0, 3.24)

8.60 (5.26, 13.10)

0(0,0.92)
77.25 (74.18, 80.11)
100.00 (98.89, 100.00)
0 (0, 1.48)
0 (0, 1.09)

0 (0, 1.83)
0 (0, 0.95)
0(0,2.12)

1.74 (0.57, 4.02)
0(0,2.13)

28.50 (22.25, 35.42)
0(0,1.22)

10.33 (7.13, 14.35)
26.67 (21.18, 32.74)

17.39 (11.47, 24.76)

39.66 (27.05, 53.36)
2.43(0.79, 5.57)

0(0,0.78)

52.56 (44.42, 60.60)

0 (0, 5.96)

0 (0,2.82)
14.61 (9.77, 20.67)

441 (1.64, 9.36)
0(0,1.22)
0 (0, 1.32)

1.63 (0.34, 4.69)
0.69 (0.02, 3.81)

3.63 (1.95, 6.13)
15.38 (9.06, 23.78)
6.84 (3.96, 10.87)
28.33 (23.30, 33.80)
0 (0, 3.24)

0 (0, 1.66)

0.50 (0.06, 1.79)

0 (0, 0.46)

0(0, 1.11)
3427 (28.39, 40.54)
37.69 (32.49, 43.10)

2.00 (0.55, 5.04)
0 (0, 0.95)

4.65 (2.03, 8.96)
0 (0, 1.28)
0(0,2.13)

622 (3.25, 10.61)
0(0,1.22)

0(0,1.22)
51.67 (45.15, 58.14)

0 (0, 2.64)

3.45(0.42, 11.91)
0(0,1.77)

0(0,0.78)
0 (0, 2.34)
0 (0, 5.96)

0(0,2.82)
1.12 (0.14, 4.00)

84.56 (77.37, 90.18)

0(0,1.22)
0 (0, 1.32)
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Table 1 (continued)

Family/species PFTs % AM % DSE
Setaria cordobensis Graminoid 0(0, 1.22) 0(0, 1.22)
Sporobolus phleoides Graminoid 0(0, 1.22) 0(0,1.22)

Polygalaceae
Monnina dictyocarpa Perennial forb 19.28 (11.44, 29.41) 0 (0, 4.35)

Portulacaceae
Subshrub
Perennial forb

Grahamia bracteata

Portulaca confertifolia

Verbenaceae
Xeroaloysia ovatifolia Subshrub
Zygophyllaceae
Bulnesia retama Shrub
Larrea cuneifolia Shrub
Plectocarpa tetracantha Shrub

0 (0, 1.52) 3.73 (1.72, 6.97)

0 (0, 6.72) 1.89 (0.05, 10.07)
5.14 (276, 8.63) 0 (0, 1.45)

0 (0, 1.94) 0 (0, 1.94)

0 (0, 1.96) 0 (0, 1.96)
0.35(0.01, 1.94) 0 (0, 1.29)

two different approaches (e.g., Kress et al. 2009). Phylomatic
organizes previously published phylogenies and generates a
phylogeny that is often well resolved at the generic and
familiar levels, but unresolved below the genus level. In
contrast, phylogenies based on multi-loci molecular data often
have better resolution of the terminal branches of the phylog-
eny (Kress et al. 2009).

The GenBank database was searched for four gene se-
quences often used in published phylogenies: matK, rbcL,
ITS1, and 5.8 s (e.g., Cadotte et al. 2009; Reinhart et al.
2012). Multiple gene sequences are necessary to differentiate
plant species because some sequences represent conservative
coding regions (e.g., rbcL) and others represent more rapidly
evolving portions (e.g., matK) (e.g., Reinhart et al. 2012).
Sequences available for species of the same genus were used
when a sequence was not available for a marker for exactly the
same species, and when possible of species also native to the
Americas (e.g., Cadotte et al. 2009). Forty of the 42 species
had at least one of these four genes represented for it or a
congeneric relative in GenBank (http://www.ncbi.nlm.nih.
gov). A common circumboreal fern (Pteridium aquilinum)
was included as an outgroup to root the molecular
phylogeny. Sequences of these 40 species were aligned
using MUSCLE version 3.7 (Edgar 2004). The alignment
was edited using MEGA version 4. The files were reformatted
from FASTA to NEXUS using the program Concatenator
version 1. The best-fit maximum likelihood models of nucle-
otide substitution for each gene were identified using Akaike
Information Criterion using MrModeltest version 2.3
(Nylander 2004). The aligned sequences for the four gene
sequences were concatenated using Concatenator version 1.

Using the concatenated sequence alignments, a partitioned
Bayesian Inference was performed, estimating the posterior
probability distribution of all possible phylogenies using a
Markov Chain Monte Carlo algorithm (i.e., Metropolis
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algorithm) implemented in MrBayes version 3.1.2
(Huelsenbeck and Ronquist 2001). Two independent
Markov Chains were run, each with four heated chains for 5
million generations. The final average standard deviation of
split frequencies was 0.006, indicating good convergence of
the two independent runs. Runs were sampled every 500
generations and used a burning of 5,000 trees to generate a
majority rule consensus tree (i.e., phylogram). Three species
(Atriplex lithophila, A. quixandensis, and A. spegazzinii)
which were not included in the consensus tree were added as
polytomies with the average branch length of the representa-
tive congeners (sensu Reinhart et al. 2012). The resulting
phylogram was transformed with nonparametric rate smooth-
ing into a chronogram using APE version 2.5 in R.

Statistical analysis

We aimed to determine whether plant functional traits and/or
plant family explained variation in endophytes colonization of
plants. However, the study design was unbalanced among
comparison groups (i.e., PFT and family); some groups had
small sample sizes (n>1), and others contained only zeros and
had a variance of zero (e.g., shrubs with no DSE). Even after
data transformations, the data had heterogeneous variances
and were often not normally distributed. Therefore, we cau-
tiously interpret differences among groups based on compar-
isons of group means and 95 % confidence intervals adjusted
for proportions data (Zar 1999).

Analyses were performed to assess the degree to which
phylogeny explains the ecological similarity of species (i.e.,
trait conservatism). Since many plants failed to associate with
endophytes, the dataset contained a large proportion of zeros.
This motivated us to transform the data into binary data and
quantify phylogenetic signal with the D-statistic (Fritz and
Purvis 2010) which describes tree-wide patterns in trait
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conservatism for binary data. In addition, trait divergence (D)
of the continuous data was measured which describes the
extent to which individual nodal divergences within the phy-
logeny (i.e., chronogram) contribute to trait variation (Moles
et al. 2005). Here, trait conservation refers to whether more
trait variation is explained by ancestral than recent diver-
gences in the chronogram, i.e., do closely related plants have
similar endophyte associations or not. The phylogenetic signal
was quantified using the D-statistic (Fritz and Purvis 2010)
implemented in the R package Caper (Orme et al. 2013). This
measure of phylogenetic signal estimates phylogenetic con-
servatism for binary traits that can be compared to both a
random shuffle of trait values at the tips of a phylogeny and
a Brownian threshold model (Fritz and Purvis 2010). If D-
statistic=1, then traits are randomly distributed at the tips of
the phylogeny; D-statistic=0 corresponds to a Brownian
threshold model; D-statistic <0 when traits are highly con-
served, whereas D-statistic >1 is indicative of phylogenetic
overdispersion (Fritz and Purvis 2010).

Divergence (D) and contribution indices (CIs) were used to
describe the degree to which individual nodal divergences
along the chronogram contribute to trait variation (Moles
et al. 2005). Divergences and Cls were calculated for each
node in the chronogram with AOTF function in PHYLOCOM
version 4.1 (Webb et al. 2008). Divergence calculates the root
mean square deviation in trait values between daughter nodes
at each node, and the Cls estimate the contribution of these
nodal divergences to overall variation. The statistical signifi-
cance of D was determined against a distribution of 2,000
simulated estimates derived from the randomization of trait
values across the tree tips (Moles et al. 2005).

Results

Endophyte variation across plant species, functional traits,
and families

Among the 42 native plant species studied, 69 % were asso-
ciated with root fungal endophytes (26 % only with AMF,
17 % only with DSEs, and 26 % dual associated with AMF
and DSEs [Table 1]).

Colonization of roots by AMF varied depending on plant
functional type (Fig. 1a) and family (Fig. 2a). Comparisons of
the overlap of 95 % Cls indicated that terrestrial bromeliads had
the greatest level of AMF colonization. Intermediate AMF
colonization was observed for perennial forbs, subshrubs, and
shrubs (Fig. la). Two plant families (Bromeliaceae and
Malpighiaceae) had relatively high levels of AMF colonization
(Fig. 2a). Intermediate levels were observed for six other fam-
ilies including Amaranthaceae, Asteraceae, Convolvulaceae,
Ephedraceae, Fabaceae, and Polygalaceae. Colonization by
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Fig. 1 Variation in root colonization by arbuscular mycorrhizal fungi (a)
and dark septate endophytes (b) of plant species grouped by plant
functional type. Bars are means with 95 % CI. The number of species
per plant functional type is ranged from two to nine

DSEs also varied depending on plant functional type (Fig. 1b)
and plant family (Fig. 2b). Epiphytic bromeliads had the
greatest level of DSE colonization (Fig. 1b). Over all families,
the Bromelicacae had only the third greatest level of DSE
colonization (Fig. 2b). Two other families (Convolvulaceae
and Poaceae) had greater levels of DSE.

Endophyte variation across plants phylogeny

The phylogenetic signal for type of endophyte association
(AMF and DSE, transformed to binary data) was evaluated
across the entire plant community directly using the D-statistic
on chronograms based on multi-loci molecular data and
Phylomatic (see material and methods). Variation in AMF
colonization showed a significant phylogenetic pattern, regard-
less of the tree used (D-statistic yjgi-ocus tree=0-33, P=0.003 and
D-statistiCphyiomatic ree=0.33, P=0.02), and did not differ from
Brownian expectations (P>0.16 for the multi-locus and
Phylomatic trees). In contrast, variation in DSE colonization
did not exhibit a phylogenetic pattern (D-statisticyi-iocus tree=
0.78, P=0.15 and D-statistiCppyiomatic ree=0.88, P=0.30), and
differed from Brownian expectations (P<0.02 for the multi-
locus and Phylomatic trees).
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Important areas of divergence (D) were detected within the
phylogeny based on multi-loci molecular data. For root colo-
nization by AMF, node 1 representing the Bromeliaceae and
node 2 representing a subset of Bromeliaceae (Fig. 3) exhibited
greater levels of D in mycorrhizal colonization than expected
by chance (Fig. 3). A comparison of the contribution index
values indicates that node 2 (C/=0.43) contributed more to
overall tree-wide levels of divergence than node 1 (C/=0.11).
Within node 2 (a subset of the Bromeliaceae), Dyckia
velascana and Deuterocohnia longipetala were heavily colo-
nized by AMF while the two Tillandsia species exhibited no
root colonization. A similar pattern was observed for the phy-
logeny created using the program Phylomatic. However, this
analysis detected only a single case of divergence which was
for the node representing the Bromeliaceae (C/=0.48, Fig. S1).
Despite this subtle variation across results, these findings sug-
gest a recent divergence in mycorrhizal associations among
taxa of this family. In contrast, one node exhibited lower levels
of D (i.e., trait conservatism) in associations with mycorrhizal
fungi than could be expected by chance (Fig. 3). Specifically,
node 3 representing the suborder Portulacineae including taxa
of Halophytaceae (Halophyton ameghinoi), Portulacaceae
(Grahamia bracteata, Portulaca confertifolia), and Cactaceae
(Opuntia sulphurea and Tephrocactus articulatus) exhibited
lower levels of variation in mycorrhizal colonization than
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expected by chance (Fig. 3). For these taxa, roots were consis-
tently uncolonized by mycorrhizal fungi (Fig. 3). Separate
analyses with the phylogeny created using Phylomatic also
detected low levels of divergence among taxa of the suborder
Portulacineae including Cactaceae (O. sulphurea and
T. articulatus), Halophytaceae (H. ameghinoi), and
Portulacaceae (G. bracteata, P. confertifolia) (Fig. S1).

Within the phylogeny, colonization of roots by DSEs var-
ied across the phylogeny based on multi-loci molecular data
and exhibited cases of both trait conservation and divergence
(Fig. 4). Specifically, a node was detected for 10 taxa from the
order Poales (Bromeliaceae and Poaceae) that exhibited
higher levels of divergence in associations with DSEs than
other taxa within the phylogeny (Fig. 4). Separate analyses
with the phylogeny created using Phylomatic failed to detect
significant cases of divergence in associations with DSEs
(Fig. S2). Using the phylogeny based on multi-loci molecular
data, a node representing eight taxa in the subclass Rosidae
(Fabaceae, Malpighiaceae, Malvaceae, Polygalaceae, and
Zygophyllaceae) exhibited lower levels of D in associations
(i.e., trait conservatism) with DSE than could be expected by
chance (Fig. 4). These eight taxa were consistently
uncolonized by DSEs. When using the phylomatic tree, there
was no evidence for trait conservatism in associations with
DSE (Fig. S2).
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Fig. 3 Molecular phylogeny (chronogram) of 42 plant species from
Sierras de las Quijadas National Park (on the left) and percent arbuscular
mycorrhizal root colonization. Numbered circles indicate nodes with
greater (black circle) or lower levels (white circle) of divergence than
expected by chance (2-tailed test of significance, P<0.05). Families with
two or more representative taxa are illustrated by vertical lines and family
names. Branch tip numbers correspond to: 1 Ephedra sp., 2 Ehretia
cortesia, 3 Evolvulus arizonicus, 4 Cressa nudicaulis, 5 Xeroaloysia
ovatifolia, 6 Trixis cacalioides, 7 Senecio hualtaranensis, 8 Thymophylla
pentachaeta, 9 Flavelia haumanii, 10 Parthenium hysterophorus, 11 Sida
argentina, 12 Tricomaria usillo, 13 Plectrocarpa tetracantha, 14

Discussion

There exists varying degrees of evidence suggesting that AMF
(Augé 2001; Smith and Read 2008) and DSEs (Kovacs and
Szigetvari 2002; Knapp et al. 2012) are prevalent in arid
environments and may improve the drought tolerance of col-
onized plants. DSEs have been described as being widespread
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Bulnesia retama, 15 Larrea cuneifolia, 16 Monnina dictyocarpa, 17
Adesmia cordobensis, 18 A. aft. trijuga, 19 Gomphrena colosacana var.
andersonii, 20 Gomphrena pulchella subsp. rosea, 21 Atriplex
spegazzinii, 22 A. quixadensis, 23 A. lithophila, 24 A. argentina, 25
A. lampa, 26 Halophyton ameghinoi, 27 Portulaca confertifolia, 28
Grahamia bracteata, 29 Opuntia sulphurea, 30 Tephrocactus articulatus,
31 Boerhavia pulchella, 32 Allionia incarnata, 33 Bromelia urbaniana,
34 Dyckia velascana, 35 Deuterocohnia longipetala, 36 Tillandsia
xiphioides, 37T angulosa, 38 Aristida mendocina, 39 Setaria
cordobensis, 40 Sporobolus phleoides, 41 Chloris castilloniana, 42
Pappophorum caespitosum

in cold and harsh high altitudinal and latitudinal environ-
ments, hot deserts, or waterlogged and aquatic habitats
(Read and Haselwandter 1981; Kohn and Stasovski 1990;
Chaudhry et al. 2006; Sraj-Krzic et al. 2006; Marins et al.
2009; Newsham et al. 2009; Urcelay et al. 2011). In the
present study of the association of roots with fungal endo-
phytes (AMF and DSEs) in Sierras de las Quijadas National
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Fig. 4 Molecular phylogeny

(chronogram) of 42 plant species
from Sierras de las Quijadas
National Park (on the leff) and
percent root colonization by dark
septate endophytes. Circles
indicate nodes with greater (black
circle) or lower levels (white
circle) of divergence than
expected by chance (2-tailed test
of significance, P<0.05).
Families with two or more
representative taxa are illustrated —
by vertical lines and family
names. Branch tip numbers are
defined in Fig. 3

Convolvulaceae

Asteraceae

Zygophyllaceae

Park, which is located in a particularly arid region of
Argentina, moderate levels of colonization by DSEs (43 %)
and AMF (52 %) were detected across all taxa sampled.
However, the levels are about half those reported for other
regions in South America where root endophytes of 10 or
more herbaceous plant species were characterized (mean
DSE=84 %, range 70 to 100 %; mean AMF=84 %, range 56
to 100 %, Table S1 [Schmidt et al. 2008; Fracchia et al. 2009;
Urcelay et al. 2011; Lugo et al. unpublished data]). Moreover,
dual associations with AMF and DSE were relatively rare in
the present study (26 % of taxa) relative to other regional
studies (mean AMF and DSE=78 %, range 50 to 100 %,
Table S1 [Schmidt et al. 2008; Fracchia et al. 2009; Urcelay
et al. 2011; Lugo et al. unpublished data]).

One potential concern may be that roots were sampled at a
single point in time giving only a limited snapshot of AMF and
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DSE colonization. However, sampling during the wet season
ensured that plants were biologically active and likely to have
associations with functional root endophytes. Also, the deci-
sion to characterize the root endophytes of many species made
it logistically unfeasible to sample plants at more than one time
point. Other studies have indicated temporal variability in
AMF communities and root colonization (Lugo et al. 2005;
Smith and Read 2008). Characterization of temporal variation
is typically performed for either bulk soil or for a small number
of plant species per community. Despite the sampling of plants
in Sierras de las Quijadas National Park during the wet season,
it is possible that roots did not correspond to the time of peak
endophyte infection. Thus, the patterns that were reported here
should be further substantiated in this and other xeric systems
in order to build a robust database on the importance of root
endophytes of plants in xeric environments.
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In the present study, plant functional type (PFT) classes
helped explain relatively large amounts of variation in root
endophyte associations. Some interesting variation in endo-
phyte associations was detected among different types of
bromeliads. Specifically, terrestrial bromeliads were the PFT
with the highest level of AMF colonization but associated with
minimal amounts of DSEs. Epiphytic bromeliads were the
opposite and were primarily colonized by DSEs. These find-
ings for bromeliads were qualitatively similar to those based
on phylogenetic analyses (see below). Graminoids, perennial
forbs, and annual forbs were moderately colonized by DSEs,
while several other PFTs were associated with moderate levels
of colonization by AMF (perennial forbs, shrubs, and sub-
shrubs). To our awareness there is no other study for this arid
region that has related PFT to associations with AMF.

The roots of grasses are often colonized by AMF (Wilson
and Hartnett 1998; Wang and Qiu 2006) with reports of
obligate mycotrophic associations with C, grasses and facul-
tative symbioses among C; grasses (Hetrick et al. 1988 1990
1988, 1990, 1991). Furthermore, Mandyam et al. (2012)
found higher AMF colonization in C3 and C, grasses than in
forbs in a mesic tallgrass prairie, albeit at lower colonization
rates than DSEs. However, most of the C,4 grasses studied in
the harsh environment of Sierras de las Quijadas National
Park were not colonized by AMF and only one was colonized
at low levels (4ristida mendocina). Similar results have been
found in other harsh South American environments along 21
sampled sites (Lugo et al. 2012). This suggests that grasses in
extremely harsh environments may be less dependent on
AMF than C, grasses found in more mesic systems.

Results from the present study also explain variation in
some endophyte associations based on phylogenic relation-
ships of the plants. A phylogenetic signal was detected for
variation in associations with AMF but not DSEs across the
entire host phylogeny, and patterns were consistent across
phylogenies. However, there is some limited evidence that
results may be sensitive to whether the phylogeny was derived
from the popular program Phylomatic versus multi-loci mo-
lecular data (but see Kress et al. 2009). The lack of phyloge-
netic signal for DSE might be related to the fact that these
fungi belong to different lineages in the widely diverse phyla
Ascomycota and Basidiomycota, and that most of them are
supposed to be facultative symbionts (Jumpponen and Trappe
1998; Porras-Alfaro et al. 2008; Knapp et al. 2012). Instead,
AMF belong to Glomeromycota, a notably less diverse clade
of obligatory fungal symbionts (Smith and Read 2008).

The phylogenetic analyses performed in the present study
revealed several important areas within the phylogeny with
either trait divergence or trait conservatism. Important areas of
the phylogeny often corresponded with comparisons based on
PFT but not those based on plant family. Analyses of both
phylogenies revealed divergence of traits related to AMF for
taxa of Bromeliaceae. Within the Bromeliaceae, two

bromeliads (D. velascana and D. longipetala) were heavily
colonized by AMF (77-100 %) while the other three
(Tillandsia xiphioides, Tillandsia angulosa, and Bromelia
urbaniana) were uncolonized by AMF. The taxa of the three
terrestrial bromeliads (B. urbaniana, D. velascana, and
D. longipetala) were from two separate subfamilies of
Bromeliaceae which appeared to have variable levels of colo-
nization by AMF. Only taxa from the subfamily
Pitcairnioideae (D. velascana and D. longipetala) associated
with AMF while the single taxa (B. urbaniana) from the
subfamily Bromelioideae was uncolonized by AMEF.
Epiphytic bromeliads (7illandsia xiphioides and T. angulosa,
subfamily Tillandsioideae) also did not associate with AMF.
These findings, which are consistent with another phylogenetic
analysis considering photosynthetic pathways and life form of
Bromeliaceae (Crayn et al. 2004), suggest a recent divergence
in mycorrhizal associations among taxa that might be related to
a combination of phylogenetic affiliation and life habit.

Phylogenetic analyses revealed one clade of taxa that con-
sistently lacked associations with AMF. Specifically, taxa from
the suborder Portulacineae showed lower levels of variation in
mycorrhizal colonization than could be expected by chance
(i.e., trait conservatism). This finding is qualitatively similar to
that based on PFT for succulents. It is worth mentioning that
this node includes diverse growth forms (cacti, forbs, and
subshrubs). Despite this, the taxa share traits related to con-
serving water. Specifically, cacti have succulent structures
(fleshy photosynthetic stems and spiny leaves) while species
from Halophytaceae and Portulacaceae, belonging to forbs and
subshrubs, have succulent leaves (i.e., fleshy and pulpy). We
cautiously interpret that shared traits (e.g., aboveground struc-
tures, dimorphic root system: far-reaching lateral roots and
taproots) related to water conservation, due to infrequent and
limited rainfall (Bobich and North 2009), may explain the lack
of associations with AMF in this clade of plants.

DSEs are widely distributed among terrestrial plants (e.g.,
Jumpponen and Trappe 1998), particularly in adverse envi-
ronments (Newsham et al. 2009). Their effects on their hosts
are variable, ranging from negative to positive (Newsham
2011). No study has examined whether this widespread
plant-fungus association is related to plant phylogeny or func-
tional traits (but see Urcelay et al. 2011 for relationship with
fine root production). Some variation by PFT was observed in
the plants studied in Sierras de las Quijadas National Park but
this was primarily driven by the epiphytic bromeliads which
were heavily colonized by DSEs. Some authors have sug-
gested that DSEs are likely to be most common and beneficial
in water stressed habitats (Knapp et al. 2012). However, it was
found that only 18 of the 42 (43 %) plant species in Sierras de
las Quijadas National Park associated with DSEs and coloni-
zation levels were often low. One possible interpretation is
that associations with DSEs are less frequent and predictable
in some arid regions than others.
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Associations with DSEs in the studied arid ecosystem
exhibited important variation across the phylogeny and exhib-
ited cases of both trait conservatism and divergence. A clade
of eight plant taxa (subclass Rosidae) exhibited trait conser-
vatism; DSEs were not detected in roots of these taxa. DSE
variability was detected in the order Poales only when using
the phylogeny based on multi-loci molecular data and not by
Phylomatic phylogeny. Specifically, two epiphytic bromeliads
from the subfamily Tillandsioideae (7illandsia xiphioides and
T angulosa) and one grass (4. mendocina) associated with
moderately high levels of DSEs. Furthermore, DSEs were not
detected for the two taxa from the subfamily Pitcairnioideae
(D. velascana and D. longipetala) and the other four grass
taxa, and only minor levels of DSEs were detected for a single
taxon (B. urbaniana) of the subfamily Bromelioideae.

It has been reported that AMF show a certain degree of trait
conservatism in their relationship with plant roots (Powell
et al. 2009). As in another study (Reinhart et al. 2012),
evidence for a tree-wide phylogenetic signal for root coloni-
zation by AMF was also detected in the present study.
Multiple cases of phylogenetic conservatism and divergence
were identified in plant associations with AMF and DSEs,
which results suggests that the evolutionary constraints on
each eukaryotic group (plant and fungi) are complex.

Endophyte associations varied relative to plant functional
type and plant phylogeny across all the plant taxa examined in
Sierras de las Quijadas National Park. Comparisons by PFT
and phylogeny were often qualitatively similar (e.g., succu-
lents and Portulacineae consistently lacked AMF, variation
occurred among Bromeliaceae [terrestrial vs. epiphytic bro-
meliads]). Findings based on plant family, however, were
often qualitatively different from those based on PFT and
phylogeny. This was because they failed to account for im-
portant variation either within families (e.g., Bromeliaceae
and Poaceae) or trait conservatism among related families
(i.e., Rosidae consistently lacked DSEs and Portulacineae
lacked AMF). Taxa from this arid landscape in Argentina
appear to defy predictions that plants will frequently associate
with AMF and DSEs when challenged with moisture stress.
Although the benefit of root associated mutualists may in-
crease with increasing abiotic stress, there may be bounds to
this relationship. Plants from systems beyond those bounds
may be subject to a more severe environmental filter that root
endophytes are unable to help alleviate.
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