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Abstract Plant—plant facilitation is a crucial ecological
process, as many plant species (facilitated) require the pres-
ence of an established individual (nurse) to recruit. Some
plant facilitative interactions disappear during the ontoge-
netic development of the facilitated plant but others persist,
even when the two plants are adults. We test whether the
persistence of plant facilitative interactions is explained by
the phylogenetic diversity of mutualistic and non-mutual-
istic fungi that the nurse and the facilitated species add to
the shared rhizosphere. We classify plant facilitative inter-
actions as persistent and non-persistent interactions and
quantify the phylogenetic diversity of mutualistic and non-
mutualistic fungi added by the plant species to the shared
rhizosphere. Our results show that the facilitated species
add less phylogenetic diversity of non-mutualistic fungi
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when plant facilitative interactions persist than when they
do not persist. However, persistent and non-persistent facil-
itative interactions did not differ in the phylogenetic diver-
sity of mutualistic fungi added by the facilitated species
to the shared rhizosphere. Finally, the fungal phylogenetic
diversity added by the nurse to the shared rhizosphere did
not differ between persistent and non-persistent interac-
tions. This study suggests that considering the fungal asso-
ciates of the plant species involved in facilitative interac-
tions can shed light on the mechanisms of persistence for
plant—plant interactions.

Keywords Community assembly - Aboveground—
belowground - Phylogenetic structure - Plant facilitation -
Fungal multifunctionality

Introduction

The role of biotic interactions as drivers of community
assembly has traditionally interested ecologists, who have
provided multiple examples of how interacting guilds can
reciprocally shape their species assemblages (Janzen 1970;
Connell 1971; Packer and Clay 2000; Wolfe et al. 2005;
Cahill et al. 2008; Waterman et al. 2011; Montesinos-Nav-
arro et al. 2015). In the case of plant communities, plant
species composition can influence the assembly of mutual-
istic and non-mutualistic partners (Thrall et al. 2007; Enci-
nas-Viso et al. 2012), which in turn can influence plant—
plant interactions through indirect effects (Janzen 1970;
Connell 1971; Van der Putten et al. 2001; Montesinos-Nav-
arro et al. 2012a). When interactions between mutualistic
and non-mutualistic plant partners occur, the outcome of
plant—plant interactions and their persistence may be diffi-
cult to predict.
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Plant facilitation is a crucial process structuring com-
munity assemblages (Valiente-Banuet and Verdd 2008)
and maintaining biodiversity (Valiente-Banuet et al. 2006;
Valiente-Banuet and Verdd 2007), especially in semiarid
environments. Plant facilitation is a positive plant—plant
interaction in which a nurse species provides another facili-
tated species with a regeneration niche without incurring
any disadvantage to the nurse (Callaway 2007), which
sometimes benefits both plants (Sortibran et al. 2014). Plant
facilitative interactions show certain specificity, resulting
in some plant—plant pairs prevailing over others (Verdu
et al. 2010). Two processes can result in the avoidance or
non-persistence of a plant facilitative interaction. On one
hand, the microclimate provided by a nurse can match the
recruitment requirements of a subset of facilitated species
in the community, but not all of them (Verdi et al. 2010).
On the other hand, the benefits of the association can shift
to competition along the ontogeny of the facilitated plant
(Valiente-Banuet and Verdd 2008; Armas and Pugnaire
2009; Incerti et al. 2013; Rolo et al. 2013). However, when
the benefits of plant facilitative interactions persist over
time, there will be spatial associations between the adult
individuals of the nurse and facilitated species (Valiente-
Banuet and Verdu 2008).

The strength of facilitative interactions increases
between plant species which have distinct arbuscular myc-
orrhizal fungi, probably reflecting a diverse functional-
ity in the rhizosphere (Montesinos-Navarro et al. 2012a).
However, it is usually difficult to assess the functional
profile of the fungal community because few fungal traits
with ecological relevance are known for most fungal taxa.
When there is little functional information, the use of phy-
logenetic diversity can be convenient as the evolutionary
relatedness between taxa is a good proxy of functional trait
similarity (Cadotte et al. 2008); phylogenetic relationships
have been suggested to broadly reflect species functional
diversity.

Fungal functional diversity influences plant communi-
ties. Mycorrhizal fungal richness and phylogenetic diversity
have been shown to promote plant coexistence and increase
plant biomass (Van der Heijden et al. 1998; Maherali and
Klironomos 2007; Wagg et al. 2011). However, non-mutu-
alistic fungi, even if they are not strictly considered as path-
ogens, may compete for space with mutualistic fungi in the
plant root (Filion et al. 1999; Bodker et al. 2002; Roger
et al. 2013; Thonar et al. 2014). In this sense, a higher func-
tional (and phylogenetic) diversity of non-mutualistic fungi
might reduce the available niche for mutualistic fungi,
potentially reducing plant performance and coexistence. In
this study we hypothesize that the persistence of plant facil-
itative interactions is influenced by the phylogenetic diver-
sity of mutualistic and non-mutualistic fungi added by the
facilitated and nurse species to the shared rhizosphere. We
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calculate the relative fungal phylogenetic diversity added
by the nurse and the facilitated plant species in 60 pair-wise
plant—plant interactions. We tested whether persistent and
non-persistent interactions differ in the fungal phyloge-
netic diversity added by the nurse and the facilitated spe-
cies. We expect that in persistent interactions, the nurse and
facilitated species will add more mutualistic and less non-
mutualistic diversity to the shared rhizosphere than in non-
persistent interactions.

Materials and methods
Study site

This work was performed in a natural community in the
semiarid valley of Zapotitlan, in the state of Puebla, Mex-
ico (18°20N, 97°28W) (Valiente-Banuet and Verdu 2008;
Verdi et al. 2010; Montesinos-Navarro et al. 2012b). The
vegetation in this area is a xeric shrubland dominated by
the columnar cactus Neobuxbaumia tetetzo (J.M. Coult.)
Backeb, Agave spp. and different species belonging to
the families Fabaceae, Malpighiaceae, Verbenaceae and
Asteraceae.

Plant—plant facilitation

The interactions studied involved six nurse species [Aca-
cia constricta Benth., Caesalpinia melanadenia (Rose)
Standl., Eysenhardtia polystachya (Ortega) Sarg., Mimosa
luisana Bragndegee, Mascagnia seleriana Loes., Senna
wislizeni (A. Gray) H.S. Irwin & Barneby] and ten facili-
tated species [Agave karwinskii Zucc., Caesalpinia mela-
nadenia, Coryphantha pallida Britton & Rose, E. poly-
stachya, Justicia mexicana Rose, Mammillaria mystax
Mart., Mammillaria collina J.A. Purpus, N. tetetzo, Ruellia
hirsutoglandulosa (Oerst.) Hemsl., and S. wislizeni]. Some
species can be facilitated by a nurse, but act also as a nurse
of other species (Valiente-Banuet and Verdd 2013). Sixty
potential interactions were considered, including also
those in which the same plant species can act as a nurse
and as a facilitated plant (auto-facilitation). Different indi-
viduals of each species were considered according to their
relative abundance in the community (Table S4). There is
accumulated evidence in this system to support that plant—
plant associations are driven by facilitation (Valiente-Ban-
uet and Verdu 2007, 2008; Verdu et al. 2010; Verdu and
Valiente-Banuet 2011), including experimental evidence
for some species in the community (Castillo et al. 2010).
Plant—plant facilitation matrices from Valiente-Banuet and
Verdu (2008) and Verdu et al. (2010) were used to charac-
terize plant—plant interaction persistence. In these studies,
the number of seedlings growing beneath the canopies of
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other species and in the bare ground were counted along
four transects of 1,000 m in three different sites. This
information was used to determine whether seedlings of
facilitated species were spatially associated with adults
of nurse species. Then, Valiente-Banuet and Verdd (2008)
and Verdu et al. (2010) tested whether these interactions
persisted over time by recording, along the same transects,
the associations between adult individuals of the facili-
tated and nurse species. Therefore, the interaction persis-
tence was not assessed for each single association of two
individuals over time, but instead as an integrative measure
of species distribution patterns at different developmental
stages.

In this paper, we compare the seedling and adult plant
facilitation matrices from Valiente-Banuet and Verdu
(2008) and Verdu et al. (2010) to define the persistence of
these plant—plant facilitation interactions. Persistent inter-
actions were considered those in which both the seedlings
and adults of the facilitated species were associated with
the nurse plant (i.e. adult individuals of the two species
coexist). Non-persistent interactions were those in which
only the seedlings and not the adults of the facilitated spe-
cies were spatially associated with a nurse, or those in
which a potential nurse (species that acted as a nurse for
some species in the community) did not facilitate a plant
species that cannot recruit in bare ground (i.e. requires
facilitation of other nurses to establish).

Root sampling design

This study uses a subset of the root samples collected
for Montesinos-Navarro et al. (2012b), in two areas of
50 x 10 m each, representing the relative abundance
of each species. This subset results from selecting only
the plant species for which there was available informa-
tion about the persistence of their interactions with other
plants in Valiente-Banuet and Verdd (2008) and Verddi et al.
(2010), in total 71 individuals of 13 plant species (num-
ber of individuals per species in Appendix Table TS4). As
explained in Montesinos-Navarro et al. (2012b), roots from
adult plants were unearthed, and 50 mg of the youngest tips
of the non-lignified root segments was dried in silica gel for
further DNA extraction and molecular characterization of
the fungal assemblages of Glomeraceae and Hypocreales
(details below).

We chose the order Hypocreales because it is rich in
fungal plant pathogens (Zhang et al. 2006; Hirooka et al.
2012), including some of the most economically important
plant crop pathogens of the genus Fusarium (Michielse
and Rep 2009; Schroers et al. 2009). Nonetheless, it also
includes saprobes or facultative pathogens (Zhang et al.
2006; Hirooka et al. 2012). Although not all Hypocreales
will damage plant roots, we assume that as fungi compete

for space in the plant roots (e.g. Filion et al. 1999; Bodker
et al. 2002; Roger et al. 2013; Thonar et al. 2014), the pres-
ence of mutualistic instead of non-mutualistic fungi in the
roots could be beneficial for the plant. For simplicity, here-
after we refer to Hypocreales as non-mutualistic fungi and
to Glomeraceae as mutualistic fungi.

Fungal community
Glomeraceae (mutualistic fungi)

Glomeraceae partial 18S (small sub-unit) and internal tran-
scribed spacer (full ITS) were amplified through a nested
polymerase chain reaction (PCR). The primary PCR was
conducted in a 25-pl volume including 1x 7Tag buffer
(Biotools, Madrid), 3 mM MgCl,, 0.5 mM of each deoxy-
nucleotide, 0.4 mg/ml BSA, 12.5 pmol each of NS5 (for-
ward) and ITS4 (reverse) primers of White et al. (1990),
1 unit of Tag DNA polymerase and 1 pl of crude DNA
extract. The PCR program consisted of an initial DNA
melting step of 3 min at 95 °C followed by 30 cycles each
of 30 s at 95 °C, 30 s at 51 °C for annealing and 2 min at
72 °C for extension. After a final extension step of 10 min
at 72 °C, PCRs were kept at 4 °C. One microlitre of this
PCR was used as a template for the nested PCR. The PCR
cocktail was identical to that of the primary PCR except
for the primer pair used, which included Forward/Reverse,
Glom1310/ITS4i (Redecker 2000; Redecker et al. 2003),
for the amplification of Glomus group A (Schiifler et al.
2001). The PCR program consisted of an initial DNA melt-
ing step of 3 min at 95 °C followed by 30 cycles each of
45 s at 95 °C, 50 s at 56 °C for annealing and 1.5 min at
72 °C for extension. After a final extension step of 10 min
at 72 °C, PCRs were kept at 4 °C. PCR products were
checked on 1 % agarose gels.

PCR products were checked for positive amplifications
of the expected size on 1 % agarose gels and then cloned
into pGEM-T easy vector (Promega) and transformed
onto  5-bromo-4-chloro-3-indolyl-p-D-galactopyranoside,
isopropyl B-D-1-thiogalactopyranoside ampicillin, Luria
broth agar plates. Positive colonies were screened with
T7 and SP6 vector primers for inserts of appropriate size,
then cultured for miniprep plasmid extraction (Roche) and
sequenced with the BigDye Terminator Cycle Sequenc-
ing Kit (Applied Biosystems). Sequencing was performed
by Macrogen, Seoul. Forward and reverse sequences were
compared, assembled and corrected where necessary using
SEQUENCHER (Gene Codes, MI), thus establishing the
consensus sequence of each sample.

One thousand and fifty-eight sequences (Genbank num-
bers in Appendix Table TS1) gave high Basic Local Align-
ment Search Tool (BLAST) scores (average 1,574.97,
range 953-1,954) to Glomus s.l. taxa. BLAST searches
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identified nine taxa that gave high maximum identity scores
(95.85, 86-98) to Genbank sequences. The vast majority
of the sequences (91.49 % of the 1,058 sequences) were
assigned to Rhizophagus irregularis (Blaszk., Wubet,
Renker & Buscot) C. Walker & A. Schiiller followed by
5.20 % of the sequences to G. indicum Blaszk. However,
for R. irregularis BLAST identity scores ranged from 89 to
98 %, which may indicate intraspecific variability, or alter-
natively, a poor taxonomic knowledge of this species com-
plex, thus suggesting an underestimation of the real number
of taxa by BLAST searches.

Hypocreales (non-mutualistic fungi)

A nested PCR protocol was used for the amplification of
fungal rDNA ITS from sampled roots. The primary PCR
cocktail and amplification program followed the same pro-
cedures as those described above for Glomus except for the
PCR reaction volume which totalled 12.5 pl. One micro-
litre of this PCR was used as the template for the nested
PCR. The PCR cocktail (25 pl total volume) included 1x
Tag bufter (Biotools), 2 mM MgCl,, 0.5 mM of each deox-
ynucleotide, 12.5 pmol each of ITS1F (forward) of Gardes
and Bruns (1993) and NL4 (reverse) of O’Donnell (1992)
primers, 1 unit of 7ag DNA polymerase and 1 pl of pri-
mary PCR as template. The PCR program consisted of an
initial DNA melting step of 3 min at 95 °C followed by 30
cycles each of 45 s at 95 °C, 50 s at 55 °C for annealing
and 1.30 min at 72 °C for extension. After a final extension
step of 10 min at 72 °C PCRs were kept at 4 °C.

PCR products were checked for positive amplifica-
tions, cloned and sequenced following the same protocols
described above for Glomus.

One hundred and twenty-nine sequences (Genbank
numbers in Appendix Table TS2) gave high BLAST scores
(average 1,665.44, range 929-1,796) to taxa of Hypocre-
ales. BLAST searches identified eight taxa that gave high
maximum identity scores (97.87, 86-100) to Genbank
sequences. More than half of these taxa (68.99 % of the
129 sequences) corresponded to taxa of Fusarium, mostly
concentrated in two taxa, Fusarium solani (Mart.) Sacc.
(37.20 %), and Fusarium oxysporum Schltdl. f. melonis
W.C. Snyder & H.N. Hansen (26.35 %) which have been
reported as important plant pathogens (Michielse and Rep
2009).

DNA sequence alignment and analysis

Independent sequence alignments were built for Glomer-
aceae and Hypocreales datasets. Sequences were aligned
with CLUSTALW (Thompson et al. 1994) implemented in
MEGA4 (Tamura et al. 2007) and corrected where neces-
sary using BioEdit version 7.0.9 (Hall, available at http://
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www.mbio.ncsu.edu/BioEdit/bioedit.html). As sequences
of Hypocreales encompassed fungal species of different
genera and families, alignment of the ITS1 region showed
many ambiguous positions, thus subsequent analyses of
this group of fungi were based on 5.8S-ITS2 and partial
28S rDNA regions.

The Glomeraceae phylogenetic tree was built by taking
into consideration an ITS sequence of Paraglomus (Gen-
bank accession number FN555285) as an outgroup to root
the phylogenetic tree, whereas that of Hypocreales was
rooted with an ITS sequence of Xylaria hypoxylon (L.)
Grev. (Genbank accession number EU715670). Phyloge-
netic analyses of the nuclear ribosomal ITS sequences were
carried out in the Cyberinfrastructure for Phylogenetic
Research web portal (Miller et al. 2010) using the proba-
bilistic maximum likelihood (ML) method, as implemented
in the RAXML blackbox with the default settings (Stamata-
kis 2006; Stamatakis et al. 2008). Only sequences found in
plant species for which facilitation interaction information
was available were considered for further analyses.

Although the fungal community was characterized in
each plant individual, the persistence or non-persistence
of each plant interaction was not assessed at the individual
plant, but at the plant species level. Independent considera-
tion of each plant species’ fungal community will result in
pseudo-replication, as the persistence of the interaction is
assigned at the species level. Thus we focused on the plant
species level, and for the analyses we pooled the sequences
obtained in all the individuals of the same plant species
(Fig. 1). This resulted in a homogenization of the variation
due to factors such as spatial distribution, neighbourhood
composition or developmental stages across plant species.

Characterization of the interactions

We characterized each plant—plant facilitation interaction
based on the phylogenetic diversity of the fungal associ-
ates added by the facilitated and the nurse species. We
used the phylogenetic trees of mutualistic and non-mutu-
alistic fungi to obtain the phylogenetic distance between
each possible pair of DNA sequences in each tree. We
considered two sets of sequences (a) the sequences asso-
ciated with each plant species (Fig. 1A, B), and (b) the
combination of sequences associated with either of the
two plant species involved in a facilitative interaction
(i.e. plant—plant interaction) (Fig. 1C). For a given set of
sequences, we calculated the mean of the phylogenetic
distances between all possible pairs of DNA sequences
within that set, hereafter called mean phylogenetic diver-
sity (MPD), always considering Glomeraceae and Hypo-
creales separately. Thus, for each set, the MPD is the sum
of all the phylogenetic distances between each pair of
sequences divided by the number of sequences in each set,
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Fig. 1 Diagram representing the nature of plant—plant interactions
considering mutualistic and non-mutualistic fungi independently.
Large triangles represent a facilitated species and large rectan-
gles a nurse plant species, and small ones within them plant indi-
viduals. Differently patterned circles represent different fungal DNA
sequences harbored in each plant. The mean phylogenetic distance
between every pair of different fungal DNA sequences is calculated

and therefore it accounts for the differences in the num-
ber of sequences in different sets. Nevertheless, consid-
ering that plant species with more individuals sampled
might have more DNA sequences, we checked that there
was not a significant correlation between the number of
individuals per plant species and the MPD, in either mutu-
alistic (r = 0.45, n = 13, t;; = 1.70, p > 0.05) or non-
mutualistic (r = 0.50, n = 13, t;; = 1.93, p > 0.05) fungi
(for more details see the supplementary material, Methods
appendix). We calculated the fungal phylogenetic diver-
sity added by each plant species to the shared rhizosphere
based on the MPD of fungi in each plant species, and the
combined MPD in the two species involved in the plant—
plant interaction. Thus, the contribution of the facilitated
species to the shared rhizosphere was calculated as the dif-
ference between the MPD of Glomeraceae (or Hypocre-
ales) of the plant—plant interaction minus the fungal MPD
of the nurse (Fig. IC—B). Similarly the contribution of the
nurse was calculated as the difference between the fungal
MPD of the plant—plant interaction minus the MPD of the
facilitated species (Fig. 1C—A).

In this way, plant—plant interactions were character-
ized as the increment in MPD of mutualistic (MPD, ) and
non-mutualistic (MPD ) fungi added by the facilitated

non-mut

Phylogenetic diversity: B

—

for each plant species (A, B) and for the interaction (C) separately for
mutualist and non-mutualistic fungi. The phylogenetic diversity that
the facilitated species adds to the nurse species is the phylogenetic
diversity of the interaction minus that of the nurse species (C-B). The
phylogenetic diversity added by the nurse to the facilitated species is
the phylogenetic diversity of the interaction minus that of the facili-
tated species (C-A)

species (MutF and Non-mutF, respectively), and that added
by the nurse species (MutN and Non-mutN) to the shared
rhizosphere. Plant species or plant species pairs with a sin-
gle DNA sequence of Glomeraceae or Hypocreales were
assigned a MPD of zero for mutualistic and non-mutualistic
fungi, respectively. MPD in all cases were calculated using
the picante package for R (Stevens 2001), version 3.3.2.

Statistical analyses

We combined two type of analyses, at the individual plant
level and at the plant—plant interaction level (pairs of spe-
cies). The former allowed comparison of the fungal phy-
logenetic diversity of the nurse and the facilitated species,
taking into account the number of individuals sampled per
plant species. The latter was used to explore the factors
explaining the plant—plant interaction persistence.

First, considering each individual plant, we compared
MPD of mutualistic and non-mutualistic fungi associated
with the nurse and the facilitated species. We used general
linear mixed models with species and individuals as ran-
dom factor. The MPD was log transformed to get a normal
distribution of the residuals, although we presented the
untransformed values of the MPD.
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We explored the persistence of plant—plant interactions
for 60 plant—plant interactions (six nurses and ten facili-
tated species; Appendix, Table TS3). We tested whether
the interaction persistence was influenced by the MPD of
mutualistic and non-mutualistic fungi added by the facili-
tated (Fig. 1C—B) and the nurse (Fig. 1C—A) species,
respectively. To do this we performed two independent
generalized mixed linear models. In both models we used
a binomial distribution, as the dependent variable was the
type of interaction (persistent vs. non-persistent). In the
first model the explanatory variables were the MPD of
mutualistic (MutF), non-mutualistic fungi (Non-mutF) and
their interaction term (Non-mutF x MutF), added by the
facilitated species (Fig. 1C—B). In the other model, the
nurse species contribution (Fig. 1C—A) regarding the same
variables (MutN, Non-mutN, Non-mutN x MutN) were
used as explanatory variables. We also accounted for the
effect of facilitated and nurse species as random factors in
each model. Analyses were performed using the package
Ime4 (Bates et al. 2015) in for R version 3.2.2.

Results

Nurse species had a greater MPD of mutualistic fungi
(0.072 £ 0.014, n = 25; mean = SE) than non-mutualis-
tic fungi (0.054 £+ 0.026, n = 11) (general linear mixed
models, t = —4.91, p < 0.01). Facilitated species had a
similar MPD of mutualistic (0.047 £ 0.007, n = 50) and
non-mutualistic fungi (0.086 £ 0.021, n = 26) (t = —0.79,
p = 0.43). When nurse and facilitated species were com-
pared, the MPD of mutualistic fungi of the nurses was
greater than that of the facilitated species (r = 2.10,
p = 0.04), and the MPD of non-mutualistic fungi was simi-
lar between the nurse and the facilitated species (t = —1.72,
p=0.12,n = 33).

Regarding plant—plant interactions, the MPD of non-
mutualistic fungi added by the facilitated species (Non-
mutF) was significantly lower in persistent plant—plant
interactions (0.04 £+ 0.01, n = 18) than in non-persistent
interactions (0.11 £ 0.02; n = 42; Table 1; Fig. 2a). How-
ever, the amount of MPD of mutualistic fungi added by
the facilitated to the nurse did not significantly explain the
persistence of facilitation (0.02 + 0.01 in persistent vs.
0.02 £ 0.01 in non-persistent; Table 1). A similar pattern
was observed regarding the nurse contribution. The MPD
of non-mutualistic fungi added by the nurse was the only
marginally significant factor explaining plant—plant interac-
tion persistence (0.03 &£ 0.01 in persistent and 0.07 £ 0.02
in non-persistent; Table 1b; Fig. 2b). The MPD of mutual-
istic fungi did not significantly explain the persistence of
facilitation (0.02 £ 0.01 in persistent vs. 0.01 £ 0.01 in
non-persistent; Table 1b).
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Table 1 Effects of the phylogenetic diversity of mutualistic (MutF)
and non-mutualistic fungi (Non-mutF) added by the facilitated spe-
cies and the nurse species on the persistence of the plant—plant facili-
tation interactions

Effects Estimate ~ SE z-value P-value
Facilitated species contribution
Intercept 0.226 0.668 0.339  0.74
Non-mutF —23.884 10984  —2.174  0.03
MutF 12.297 12.535 0981  0.33
Non-mutF x MutF 12.768  175.106 0.073  0.94
Nurse species contribution
Intercept —0.143 0953  —0.150  0.88
Non-mutN —26.599 14.182 —1.876  0.06
MutN —11.793 15.793  —0.747 045
Non-mutN x MutN  182.544  188.133 0970 033

Generalized mixed linear models with a binomial distribution were
used considering the interaction type (persistent vs. non-persistent) as
dependent variable and accounting for the effect of the facilitated (or
nurse) species as a random factor
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Fig. 2 The contribution of mutualistic and non-mutualistic fungi
added by a the facilitated species [mean phylogenetic diversity
(MPD) interaction — MPD facilitated] and b the nurse species (MPD
interaction — MPD nurse) in persistent and non-persistent plant facili-
tative interactions. Black circles represent persistent plant—plant facil-
itation interactions, white circles represent non-persistent facilitation
interactions
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Discussion

We hypothesized that in persistent interactions, the nurse
and facilitated species will add more mutualistic and less
non-mutualistic diversity to the shared rhizosphere than in
non-persistent interactions. Our results show that the fungal
phylogenetic diversity of the plant species involved in plant—
plant facilitation interactions differs between persistent and
non-persistent interactions. In persistent plant—plant interac-
tions the facilitated species adds less phylogenetic diversity
of non-mutualistic fungi than in non-persistent interactions,
and a similar pattern, although only marginally significant,
is observed regarding the nurse species contribution. How-
ever, we do not find evidence to support that the MPD of
mutualistic fungi, added by the nurse or the facilitated spe-
cies, explains the persistence of the plant facilitative inter-
actions. In addition, the role of the non-mutualistic fungi
added by the facilitated species seems to have a greater
influence on the persistence of plant facilitative interactions
than the fungal MPD added by the nurse.

The sign of plant—plant interactions can shift from facili-
tation to competition due to temporal changes and during
the ontogeny of the species involved (Miriti 2006; Schiffers
and Tielborger 2006; Armas and Pugnaire 2009; Soliveres
et al. 2010). The fate of an interaction will therefore depend
on whether the nurse and the facilitated species can coex-
ist or whether they outcompete each other. Assessing dif-
ferent persistence scenarios in which either the nurse or
the facilitated species outcompetes the other, can reveal the
mechanisms underlying the causes of non-persistence of
specific plant facilitative interactions. However, it is diffi-
cult to study the non-persistence of facilitative interactions
because this requires following single interactions over a
long time period in long-lived plants. However, it is easier
to study the factors influencing the persistence of facilita-
tive interactions. This study shows that the persistence of
facilitative interactions can be influenced by minimizing
the phylogenetic diversity of non-mutualistic fungi in the
shared rhizosphere.

Plant coexistence can be influenced by the composi-
tion of a multi-species fungal assembly (Van der Heijden
et al. 1998, 2003; Jansa et al. 2008) due to its effects on
plant performance. Different mechanisms can lead to the
enhancement of plant performance due to a high phyloge-
netic diversity of mutualistic fungi in the rhizosphere, such
as complementary effects or selection effects (Maherali
and Klironomos 2007). On one hand, a high phylogenetic
diversity of mutualistic fungi can result in a high func-
tional diversity due to complementary effects in terms of
resource acquisition strategies or defence against patho-
gens (Newsham et al. 1995; Klironomos 2000; Jansa et al.
2008; Powell et al. 2009). At the same time, a high func-
tional (i.e. phylogenetic) diversity of the non-mutualistic

fungi assembly might reduce the niche available to mutu-
alistic fungi coexisting in the root, due to competition for
space in the plant root (Filion et al. 1999; Bodker et al.
2002; Roger et al. 2013; Thonar et al. 2014), although this
has been largely unexplored. Consequently, a reduction
of the functional diversity of non-mutualistic fungi could
increase plant performance by reducing the competition
for resources with mutualistic fungi within roots (Azcén-
Aguilar and Barea 1996; Whipps 2004; Wehner et al. 2010).
Most of the non-mutualistic fungi considered in this study
belong to the genus Fusarium, and other Hypocreales which
can also act as facultative pathogens, so a reduction of the
phylogenetic diversity of non-mutualistic fungi may imply
a lower diversity of infection strategies of potential fungal
root pathogens. Alternatively, high phylogenetic diversity of
fungi can benefit the plant due to selection effects (Grime
1998). A high phylogenetic diversity increases the probabil-
ity of selecting particular fungal species that can enhance, in
the case of mutualists, or reduce, in the case of pathogens,
plant performance. For example, plant diversity and produc-
tivity depend more on the presence of certain mutualistic
fungi species than on the fungal diversity per se (Vogelsang
et al. 2006). In the case of non-mutualistic fungi, a low phy-
logenetic diversity can reduce the probability of selecting
a particularly pathogenic fungi. This is consistent with our
results showing that facilitation persists when the phyloge-
netic diversity of non-mutualistic fungi is minimized.

Our results indicate that specificity in plant facilitative
interactions can be driven by the community of fungi added
by the plant species to the shared rhizosphere (Valiente-
Banuet and Verdud 2013). It has been shown that plants can
regulate their associations with fungi through hormonal
mechanisms. For example, the plant hormone jasmonate
controls the production of chemical defence compounds
that confer resistance to a wide spectrum of plant-associ-
ated organisms ranging from microbial pathogens to ver-
tebrate herbivores (Campos et al. 2014). Jasmonate can
also regulate mutualistic fungi colonization, and the fungal
effects on floral traits (Kiers et al. 2010). This in turn can
influence other biotic interactions in the community, poten-
tially triggering cascade effects among multi-guild interac-
tions influencing plant—plant facilitation. For example, it
has been shown that AMF associates can influence plant—
insect interactions (i.e. herbivory and pollination) through
varying their foliar nutrient content (Barber et al. 2013),
floral volatiles, flower colour and nectar composition
(Cahill et al. 2008; Barber and Gorden 2015). In addition,
plant—plant interactions can also be affected by indirect
effects among multiple plant species in the neighbourhood
(Castillo et al. 2010), potentially mediated by the multi-
guild interactions occurring in the shared environment.

In summary, this study supports the hypothesis that the
persistence of plant facilitative interactions can be partially
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explained by an increase of the mutualistic and a reduc-
tion of the non-mutualistic fungal phylogenetic diversity
that plants add to the shared rhizosphere. We provide an
approach to consider multi-guild biotic interactions at the
community level, which can shed light on the understand-
ing of other ecological processes contributing to plant
coexistence and the maintenance of diversity.
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