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a b s t r a c t

Coffee is the most important tropical agricultural commodity worldwide, cultivated in more than 70
countries. Despite the plant's huge economic importance, there is very limited knowledge on the as-
sociation of arbuscular mycorrhizal fungi (AMF) with coffee roots. We investigated the environmental
drivers affecting the diversity and community composition of AMF on Arabica coffee in its Ethiopian
center of origin. We used 454 amplicon pyrosequencing to describe AMF communities in the roots of
Arabica coffee plants that were sampled along a large management intensity gradient, covering the
major Ethiopian coffee production systems. We identified AMF genera that have not been reported
before in Arabica coffee production regions elsewhere in the world and show that high soil phosphorus
availability decreases AMF diversity and that soil pH, nitrogen and phosphorus availability strongly affect
AMF community composition. At the scale of our study (max. 82 km distance between sampling points,
and 770 m altitude difference), no effect was found of spatial location or altitude on AMF communities.
This is the first study analyzing the drivers of naturally occurring AMF in the roots of a globally important
tropical crop, providing preliminary data to improve coffee production in its native and introduced range,
through targeted intervention in coffee AMF communities.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Soil microbial communities are known to be crucial factors for
maintaining key processes that regulate the soil ecosystem (van der
Heijden et al., 2008). An important part of these soil microbial
communities are arbuscular mycorrhizal fungi (AMF; phylum
Glomeromycota), symbiotic associations between fungi and c. 90%
of all plant species, including most crops (Smith and Read, 2008).
AMF penetrate the cortical cells of the plant root and provide a
range of benefits to their host in exchange for plant assimilated
carbohydrates. Through an exhaustive network of hyphae, plants
are provided with mineral nutrients, especially phosphorus (Smith
ven.be (M. De Beenhouwer).
and Read, 2008) and nitrogen (Leigh et al., 2009). In addition, AMF
increase the plant's resistance against soil borne pathogens
(Veresoglou and Rillig, 2011) and its drought tolerance (Raviv,
2010). Moreover, AMF improve soil structure (Wilson et al., 2009)
and reduce nutrient losses from the top soil through leaching (van
der Heijden, 2010). Because of the beneficial effects on plant growth
and their potential to reducewater use and nutrient losses, AMF are
highly valued for sustainable crop production, especially in low-
input and organic agricultural systems (Den Herder et al., 2010;
Verbruggen et al., 2010). Therefore, understanding how environ-
mental variables affect AMF communities in agricultural ecosys-
tems is of high importance.

An increasing number of studies have focused on the AMF di-
versity and community composition of agricultural soils. A broad
agreement has emerged that both land use and agricultural in-
tensity strongly affect soil AMF communities, with higher AMF
diversity in low-input and organic systems as compared to high-
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input agricultural systems (Lumini et al., 2010; Verbruggen et al.,
2010). Furthermore, soil pH and soil texture are found to be
important drivers of soil AMF communities (Jansa et al., 2014;
Xiang et al., 2014). In the roots of crops, on the other hand, soil
inorganic phosphorus availability has been found to be a strong
determinant of both AMF abundance and AMF diversity (Vaast
et al., 1996; Verbruggen et al., 2012). However, other studies have
shown that AMF communities in plant roots are rather determined
by the host species than by soil inorganic phosphorus (Gosling
et al., 2013; Hazard et al., 2013). Furthermore, while site
geographical location has been found as an important driver of AMF
communities by Jansa et al. (2014), no such effect has been found by
Hazard et al. (2013), working at similar geographical scales. Up to
now, all studies using molecular tools, such as 454 pyrosequencing,
to study AMF communities and to assess the environmental factors
driving them, have focused on temperate crops (e.g. Verbruggen
et al., 2012; Hazard et al., 2013; Van Geel et al., 2015). Studies
identifying the environmental drivers of AMF communities in
tropical crops are lacking so far.

Worldwide, coffee is the economically most important tropical
crop, with an estimated 16 billion $ annual trade value (Waller
et al., 2007; ICO, 2013). With 65% of the world coffee production,
Arabica coffee (Coffea arabica L.; family Rubiaceae) represents the
most important coffee species. Although cultivated worldwide
across more than 60 countries, all Arabica cultivars originate from a
relatively small area in Southwest (SW) Ethiopia, where C. arabica
has its natural origin. These source populations are found in the
southwestern Afromontane rainforests, where coffee occurs as a
wild understory shrub between 1200 and 2300 m a.s.l. (Senbeta
and Denich, 2006; Schmitt et al., 2009). Ethiopian farmers have
been harvesting wild coffee beans from natural forests for cen-
turies. Nowadays, three main coffee agroforestry systems occur in
Ethiopia. In the forest coffee management system, coffee grows in
its original forest habitat. Still, within this system, a gradient in
forest management exists, most visible by variation in canopy cover
(Aerts et al., 2011). Plantation coffee grows in a high-input agri-
culture system, where a monoculture of coffee shrubs is grown
under few shade trees. In the home garden system, finally, coffee
plants are grown among other crops in the garden of local small-
holder farmers (De Beenhouwer et al., 2015).

AMF communities of coffee in its introduced range have been
relatively well studied, especially in Latin America (Andrade et al.,
2009; Arias et al., 2012). However, information on the AMF com-
munities of C. arabica in its natural range is very scarce (De
Beenhouwer et al., 2015). Yet, the microbial context in which the
ancestors of cultivated coffee are growingmay be expected to differ
from the introduced range. Furthermore, insight in the native AMF
community composition, and its environmental drivers, is the first
step to improve coffee production worldwide through targeted
intervention in coffee AMF communities (Reid and Greene, 2012).
Moreover, it has been shown recently that the yield of Arabica
coffee is declining in Tanzania (Craparo et al., 2015) and this may
also be the case for Ethiopia (Davis et al., 2012). Whereas climate
change has been shown to have ongoing and future negative effects
on Arabica coffee yield, a healthy and diverse AMF community in
coffee can help to buffer its impacts.

Muleta et al. (2008) found spores of five different AMF genera in
the soils of Ethiopian coffee forests. More recently, using a 454-
pyrosequencing approach on a limited set of root samples, it was
shown that C. arabica roots are colonized by at least nine different
AMF genera (De Beenhouwer et al., 2015). In the same study, it was
also demonstrated that there were significant differences in AMF
community composition between the three main Ethiopian coffee
management systems. So far, however, it remains unclear which
environmental variables drive these compositional shifts.
In this study we applied 454 amplicon pyrosequencing for the
screening of mycorrhizal communities in the roots of C. arabica
plants in SW Ethiopia. This culture-independent technique enables
to unravel the mycorrhizal community in depth without the need
for cloning (Lindahl et al., 2013). Our objective was to identify the
relative importance of local environmental variables (soil charac-
teristics and forest canopy cover) and spatial location (coordinates
and elevation) on AMF diversity and community composition of
C. arabica shrubs that were sampled across a large geographical and
management intensity gradient.

2. Materials and methods

2.1. Study sites and sampling

This study was conducted in the Jimma zone, Oromo Regional
State, SW Ethiopia (Fig. S1). The highlands of SW Ethiopia are
known as the primary center of origin and diversity of Arabica
coffee, where the species grows naturally as understory shrub in
montane rainforests (Sylvain, 1955). The Jimma zone is character-
ized by a humid and warm subtropical climate with a yearly rainfall
between 1800 and 2300 mm, and the main rainy season extending
from July to October. Differences in temperature vary throughout
the year with a mean annual temperature between 15 and 22 �C.
The elevation gradient of our study sites ranged from 1502 to
2292 m above sea level.

A stratified random sampling design according to the threemain
coffee management systems in Ethiopia (forest, plantation and
home garden) was adopted to guarantee a broad gradient in envi-
ronmental variability (Table S1). In the forest coffee system, farmers
harvest coffee fromwild shrubs that grow and regenerate naturally.
Canopy and understory layer therefore resemble the original forest
and the soil is undisturbed. In coffee plantations, mostly sparsely
growing, leguminous shade trees such as Acacia spp. and Albizia
spp. are retained and specific local coffee varieties are grown.
Coffee density is high because of the planting of local cultivars
between the wild coffee individuals. Local cultivars did not result
from rigorous breeding, however, and still represent very high
genetic diversity (Aerts et al., 2012). Soil disturbance is high, and
mulching and slashing of the herbaceous undergrowth is common.
Herbicides (generally glyphosate) and fertilizers (diammonium
phosphate and urea) are often applied. In the home gardens, coffee
plants grow among other crops such as avocado (Persea americana),
banana (Musa sp.), enset (Ensete ventricosum) and papaya (Carica
papaya). Application of manure as fertilizer is a common practice
while herbicides and chemical fertilizers are not applied (Table S1;
Pers. Obs. MDB).

Roots from 104 adult coffee individuals (Height > 1.5 m; diam-
eter at breast height > 3 cm) were sampled across the gradient of
management systems, at a distance of >100 m from each other,
during August and September 2012. Forest coffee plants were
sampled in the Gera-Belete forest zone (44 samples), one of the last
remaining moist evergreen Afromontane rainforests in the Jimma
zone (Fig. S1). Home garden coffee plants were sampled in the
Garuke locality (19 samples), close to Jimma town. Plantation coffee
plants were sampled at the Gommaa, Limu Kossa and Garuke lo-
calities (41 samples). Root samples were taken from the top soil
(0e30 cm) at three random locations around the coffee plant and
pooled into one sample (Mummey and Rillig, 2008). For this study,
only fine young roots were collected, as this is where most of the
AMF are present (Smith and Read, 2008). Roots were washed,
placed in paper bags and transported to the laboratory where they
were dried with silica gel beads and stored at room temperature
until further processing. For each sampled coffee plant, a mixed soil
sample was taken from the top layer with a soil auger. GPS
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coordinates were recorded for each sampled site. To account for
environmental differences, canopy cover was measured with a
spherical densitometer in all four directions around the sampled
coffee plant (Table S1).

2.2. Soil physicochemical analysis

Soil analyses were conducted in the laboratory on soil samples,
stored in a refrigerator at 5 �C formaximumonemonth. Soil pHwas
determinedwith a pH probe in a 1:25 soil/deionizedwatermixture.
Soil moisture (SM) was determined by drying 50 g soil at 60 �C for
24 h. Soil organic matter content (SOM) was determined using 10 g
of soil dissolved in an excess volume of 18 M sulfuric acid and
0.27 M potassium dichromate at 135 �C. Ammonium and nitrate
were determined as a measure of soil inorganic nitrogen (N)
availability by shaking 10mg dryweight equivalent of soil in 100ml
of 1 M potassium chloride solution for 1 h. Extracts were analyzed
colorimetrically using a segmented flow auto analyzer (Skalar,
Breda, the Netherlands). Lastly, Olsen phosphate values (P) were
determined as a measure of soil inorganic phosphor availability, by
shaking 2 g dry weight equivalent of soil for 30 min with 0.5 M
sodium bicarbonate at pH 8.5 followed by colorimetric analysis of
the extracts using the molybdenum blue method (Robertson et al.,
1999).

2.3. Assessment of AMF communities using 454 amplicon
pyrosequencing

Approximately 200 mg dried roots from the pooled root sample
were cut into small 1 cm pieces and rinsed twice in sterile distilled
water. Hereafter, roots were homogenized in a Fastprep (MP) in-
strument for two times 1 min at 4.5 m/s. Genomic DNAwas further
extracted from each sample (104 samples) using the Ultraclean
Plant DNA Isolation Kit according to the manufacturer's in-
structions (Mo Bio Laboratories, Inc., Carlsbad, CA, USA). Subse-
quently, an amplicon library was created using the primers
AMV4.5NF and AMDGR (Sato et al., 2005), amplifying part of the
small subunit (SSU) of the ribosomal RNA (rRNA) gene. This primer
pair was selected because it consistently results in a high number of
sequences with high AMF specificity (Van Geel et al., 2014). Fusion
primers, required for the 454 process, were designed according to
the guidelines for 454 GS-FLX Titanium Lib-L sequencing contain-
ing the Roche 454 pyrosequencing adapters and a sample-specific
10-bp MID (Multiplex Identifier) barcode in between the adapter
and the forward primer. In total, 104 MID barcodes (Roche, Man-
nheim, Germany) were used, one for each sample. PCR amplifica-
tion was performed using a Biorad T100 thermal cycler (Biorad,
Hercules, CA, USA) in a reaction volume of 20 ml, containing
0.15 mM of each dNTP, 0.5 mM of each primer, 1� Titanium Taq PCR
buffer, 1U Titanium Taq DNA polymerase (Clontech Laboratories,
Palo Alto, CA, USA), and 1 ml of 10� diluted genomic DNA. The PCR
conditions used were as follows: initial denaturation of 2 min at
94 �C, followed by 35 cycles of 45 s at 94 �C, 45 s at 65 �C, and 45 s at
72 �C, and a final extension step of 10 min at 72 �C. Two PCRs were
run per root sample which were pooled prior to agarose gel elec-
trophoresis. After resolving the amplicons by agarose gel electro-
phoresis, amplicons within the appropriate size range were cut
from the gel and purified using the Qiaquick gel extraction kit
(Qiagen, Hamburg, Germany). Purified dsDNA amplicons were then
quantified with the Quant-iT PicoGreen® dsDNA Assay Kit and the
Qubit™ fluorometer (both from Invitrogen, Ghent, Belgium), and
subsequently pooled in equimolar quantities (2.6*107 molecules
ml�1 per sample). The quality of the resulting amplicon library was
assessed using an Agilent Bioanalyzer 2100 with high-sensitivity
chip (Agilent Technologies, Waldbronn, Germany). The amplicon
library was sequenced on a separate 1/4th Pico Titer Plate (PTP)
section using the Roche GS-FLX instrument with Titanium chem-
istry according to the manufacturer's instructions (Roche Applied
Science, Mannheim, Germany).

2.4. Sequence processing

Sequences obtained from the 454 pyrosequencing run were
clustered into operational taxonomix units (OTUs), determined at a
3% sequence dissimilarity cutoff, using the UPARSE algorithm,
following the recommended pipeline described by Edgar (2013).
First, quality filtering of the reads was performed with the
‘fastq_filter’ command, allowing a maximum expected error of 0.5
for the individual sequences. In order to maximize the number and
length of retained sequences, truncation length was set to 250 bp.
Next, singletons (i.e. represented by a single sequence in the entire
dataset) were removed prior to clustering as this has been shown to
improve the accuracy of diversity estimates (Kunin et al., 2010;
Tedersoo et al., 2010; Waud et al., 2014). Then, sequences were
clustered into OTUs, defined at 97% sequence similarity, a
commonly used threshold in fungal research (Bu�ee et al., 2009;
€Opik et al., 2010), with the ‘cluster otus’ command. In this step,
chimeric OTUs, built from more abundant reads, were discarded as
well. However, few chimeras may be missed if their parents were
absent or present with very low abundance. Therefore, obtained
OTUs were double-checked for chimeric sequences against the
MaarjAM database (€Opik et al., 2010) using the ‘uchime_ref’ com-
mand. Remaining OTUs were assigned taxonomic identities based
on BLAST results (Altschul et al., 1990) of the OTU representative
sequences (selected by UPARSE) using the GenBank nucleotide
database, including uncultured/environmental entries. If a BLAST
score > 200 and an expected value (E-value) < 10�50 was obtained
for an OTU, identifications were considered reliable (Lumini et al.,
2010). When OTUs could not be assigned to the phylum Glomer-
omycota or to any phylum in this manner, these OTUs were
removed from our dataset. Representative sequences (determined
with the ‘cluster otus’ command) for each AMF OTUwere deposited
in GenBank under the Accession numbers available in Table S2.

2.5. Data analysis

GS-FLX sequencing of the amplicon library generated 208,657
high-quality mycorrhizal sequences for a total of 104 coffee root
samples. After removal of singletons, 238 operational OTUs were
retained. These OTUs represented between 2 and 20,302 sequences
per OTU. However, the number of sequences varied greatly be-
tween the individual root samples (from 2 to 7703 sequences),
which can cause a bias when comparing microbial communities
from different samples. Additionally, a significant correlation was
found between the number of sequences per sample and the
number of OTUs (Pearson r ¼ 0.82, P < 0.01). Therefore, samples
were rarefied to 1000 AMF sequences per sample, leaving 70% of
the samples (73 out of 104) in the analysis and reducing the number
of mycorrhizal OTUs from 238 to 207 (Table S3). This approach of
rarefying samples to a fixed number of sequences before per-
forming downstream statistical analyses has become a standard
procedure in molecular ecological studies based on pyrosequencing
(see e.g. Dean et al., 2014; Van Geel et al., 2015).

Next, Shannon diversity and rarefaction curves were calculated
using ESTIMATE S V.8.2 (Colwell et al., 2012), with 100 randomi-
zations and sampling without replacement. AMF richness was
determined as the number of OTUs present per sample. Nonmetric
multidimensional scaling (NMDS) was used to quantify AMF com-
munity composition. NMDS was run using BrayeCurtis distances
(R-Vegan package, Oksanen et al., 2013).



Fig. 1. a) Relation between Olsen P (Log transformed) and a) OTU richness and b)
Shannon diversity of AMF in coffee roots across the main management systems in SW
Ethiopia. Lines represent significant linear correlations at P < 0.01 with R ¼ Pearson
correlation coefficient.
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OTU richness and Shannon diversity were related to the soil
chemical variables (pH, N, P, OC and SM), canopy cover, elevation
and geographical coordinates (longitude and latitude) using linear
mixed models conducted in SPSS 22.0 for Windows (SPSS Inc.,
Chicago, IL). Because some sampled coffee shrubs were located
within the same forest or plantation, ‘study site’ was included as
random factor in all models to account for pseudoreplication. All
first order and two-way interactions between the different vari-
ables were included in a full model. The Bayesian information cri-
terion (BIC) was then used to select themost explanatorymodel out
of a suite of reducedmodels compared with the full model (i.e. with
the lowest BIC). For the final models, based on the BIC values, also
the F and P-values of the explanatory variables were reported, in
accordance with Murtaugh (2014). Variance inflation factors were
calculated to detect possible multicollinearity between the
different explanatory variables (Graham, 2003). These were low
(<1.8), indicating that the explanatory variables may be used
together in the mixed models.

Finally, canopy cover, geographical coordinates, elevation and
soil chemical variables were fitted with ‘envfit’ (Vegan package)
onto the NMDS ordination (R Core Team, 2015). The Bonferroni-
corrected significance of these environmental variables was
tested with a permutation test based on 999 permutations. Addi-
tionally, the correlation between the AMF community distances
(BrayeCurtis) and geographical distances was tested using a partial
Mantel test in PC-ORD 6.0 (McCune and Mefford, 2006). This
analysis was done to explicitly test for the effect of spatial variation
on the AMF communities where partial Mantel tests were used to
control for sources of variation in environmental variables across
the sampling gradient.

3. Results

Out of the 207 AMF OTUs, found in our total dataset, 70.8% were
classified in the family of Glomeraceae, 12.5% as Acaulosporaceae,
6.0% as Claroideoglomeraceae, 4.6% as Gigasporaceae, 3.2% as Diver-
sisporaceae, 1.5% as Paraglomeraceae, 1.0% as Ambisporaceae and
0.5% as Archaeosporaceae. The rarefaction curve, assessing the
accumulated mycorrhizal richness across the 73 samples,
approached saturation, indicating sufficient sampling depth
(Fig. S2). Mean AMF richness was 45 OTUs (S.D. ± 12) per root
sample, dominated by the genera Glomus and Acaulospora
(Table S2).

The reduced linear mixedmodels indicated that the phosphorus
(P) content of the soil was the only variable that significantly
correlated with Shannon diversity of AMF in the roots, explaining
15.1% of the variance. P also significantly varied with OTU richness,
explaining 21.2% of the variance (Table 1). Both OTU richness and
Shannon diversity significantly decreased with increasing P (Fig. 1).
Other soil variables (organic matter, soil pH, soil inorganic nitrogen
Table 1
Results of the reduced linear mixed models relating OTU richness and Shannon
diversity in coffee shrubs to soil chemical variables, geography and canopy cover.
‘Study site’ was included in all models as random factor. Only Olsen phosphate
(Olsen P) is retained as an explanatory variable in the reduced models. Other soil
variables (inorganic nitrogen, pH, organic matter and soil moisture), canopy cover
and geographical variables (elevation, longitude and latitude) were excluded from
all reduced models based on the Bayesian information criterion (BIC). d BIC indicates
the amount of change in BIC between the full model and the reduced model.

Dependent variable d BIC Effects F P

OTU richness 47.4 Intercept 491.3 <0.01
Olsen P 15.2 <0.01

Shannon diversity 210.2 Intercept 1374.5 <0.01
Olsen P 12.4 <0.01
(N) and soil moisture) and management variables (canopy cover)
were not significantly related to AMF diversity (OTU richness and
Shannon diversity). Furthermore, no significant correlations were
found between spatial location (longitude and latitude) and
elevation, and AMF diversity.

Community composition of AMF OTUs varied between root
samples along the first and the second NMDS axis (Fig. 2). The first
axis explained 28.3% of the total variance in community composi-
tion, while the second axis explained 31.9%. AMF community
composition significantly varied with pH along the first NMDS axis,
explaining 27.6% of the variance in community composition; and
with N and P along the second NMDS axis, explaining 23.2% and
20% of the variance (Table 2; Fig. 2). Canopy cover, elevation and soil
moisture were only marginally related to community composition
(Table 2). Furthermore, no significant correlations were found be-
tween organic matter and spatial location, and AMF community
composition. This was further supported by the partial Mantel test
that found no correlations between AMF community distances and
geographical distances, while controlling for the different soil var-
iables (Table 3).
4. Discussion

Although Arabica coffee is economically the most valuable
tropical cropworldwide, information on its AMF composition in the
Ethiopian center of origin is scarce, and the environmental drivers
of these AMF communities have not been identified so far. Here we



Fig. 2. NMDS ordination plot of the community composition of AMF OTUs in coffee
roots. The first axis explains 28.3% of the total variance in community composition, the
second axis explains 31.9%. Arrows represent environmental variables. Soil chemical
variables: pH, N (soil inorganic nitrogen), P (Olsen phosphate), SOM (soil organic
matter) and SM (soil moisture) and geographical coordinates: H (elevation), long
(longitude) and lat (latitude). The length and orientation of the arrow is proportional
to the direction and the amount of correlation between the ordination and the envi-
ronmental variables. Significant correlations are indicated with * (see Table 2).

Table 2
Results of the permutation test of the non-metric multidimensional scaling co-
ordinates (NMDS 1 and NMDS 2) testing for significant relationships between AMF
community composition and soil chemical variables, canopy cover and geographical
variables. The results are based on 999 permutations. R2 and P-values are shown for
the different environmental variables. Significant P-values, after Bonferroni correc-
tion (a ¼ 1 � 0.951/9 ¼ 0.0057), are indicated with *.

Independent variable R2 P

Soil N 0.232 <0.001*
Olsen P 0.200 <0.001*
Organic carbon 0.068 0.084
pH 0.276 <0.001*
Soil moisture 0.094 0.026
Canopy cover 0.104 0.029
Latitude 0.050 0.606
Longitude 0.015 0.162
Elevation 0.133 0.012

Table 3
Results of the partial Mantel test (BrayeCurtis) where the relationship was tested
between the geographic distances and AMF communities, controlled for the
different environmental variables.

Parameter Controlled for R P

Distance Management 0.004 0.426
Distance Soil moisture 0.019 0.239
Distance pH 0.017 0.260
Distance Olsen P 0.018 0.280
Distance Soil N 0.013 0.288
Distance Organic carbon 0.020 0.251
Distance Canopy cover 0.013 0.311
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report AMF associations with coffee roots, showing a high vari-
ability in diversity and community composition. A large part of this
variation was linked to a gradient of agricultural intensification,
primarily reflected by soil chemical variables, whereas spatial
location and elevation were of minor importance.
Most frequently encountered AMF genera were Glomus and
Acaulospora, which is in accordance with other studies of AMF in
coffee, both in its native and introduced range (Muleta et al., 2007,
2008; Arias et al., 2012). Compared to an exploratory screening in
the same study area on a limited set of samples, we found the same
families and genera of AMF with a similar distribution across pro-
duction systems (De Beenhouwer et al., 2015; Fig. S3). Moreover,
some genera, such as Diversispora, Claroideoglomus and Paraglomus,
which we found in this study, and in the previous screening (De
Beenhouwer et al., 2015), have not yet been identified in coffee
roots outside SW Ethiopia (Andrade et al., 2009; Arias et al., 2012).
This suggests a unique AMF community composition in Arabica
coffee in its region of origin.

In general, it is known that soil characteristics can strongly affect
soil fungal communities (Rousk et al., 2010; Hazard et al., 2013). Our
findings indicate that P availability is the most important factor
driving AMF diversity in roots of Arabica coffee in its region of
origin. The importance of P is in accordance with results for other
crop species such as maize, potato and apple (Verbruggen et al.,
2012; Van Geel et al., 2015). A previous study of Muleta et al.
(2007) in the same study area, however, showed a positive rela-
tionship between AMF spore counts and AMF genera in the soil of
coffee forests, and P availability in the soil. Surprisingly, also mo-
lecular marker studies focusing on soil AMF communities have not
reported negative effects of P on AMF diversity (Jansa et al., 2014;
Xiang et al., 2014), which may indicate a discrepancy between
soil and root studies. In general, it is expected that the dependency
of the host plant on AMF increases when the environment is poor in
P (Johnson et al., 2013). Also in Arabica coffee, Vaast et al. (1996)
showed that increased P availability significantly decreased
mycorrhizal colonization of in vitro propagated plants. Further-
more, it is assumed that AMF taxa differ in their tolerance to high P
availability (Verbruggen et al., 2012), and that increasing P levels
decrease the provision of plant assimilated carbohydrates towards
the mycorrhizal symbionts (Liu et al., 2012). Competition for car-
bohydrates between AMF will therefore increase and can conse-
quently reduce AMF diversity on the host plant.

Overall, AMF community composition on the coffee roots
significantly shifted in response to soil pH, P, and N availability. In
agreement with previous studies, soil pH is shown here as the most
important driver of AMF community composition (Hazard et al.,
2013; Jansa et al., 2014). Furthermore, it is known that soil pH af-
fects sporulation (Wang, 1993), extra radical mycelium growth (van
Aarle et al., 2002) and spore density (Tchabi et al., 2008). Addi-
tionally, P availability is also related to community composition,
which was not found in previous studies (Jansa et al., 2014; Xiang
et al., 2014; Van Geel et al., 2015). Lastly, N availability was signif-
icantly related to community composition, although it was not
related to AMF diversity in the roots. This indicates that AMF have
dissimilar responses with different sensitivities to changing envi-
ronmental variables, suggesting functional differences between
taxa (Cavagnaro et al., 2005).

Our findings indicate that AMF communities in coffee are
determined by local soil variables, and are not affected by
geographical location. At the scale of our study, no relations were
found between AMF community composition and diversity, and
spatial coordinates or elevation. Furthermore, no relation was
found between geographical distances and AMF community
BrayeCurtis distances. This suggests that at the scale of our study
(max. distance between sampling points was 82 km) AMF com-
munities are not geographically different, but are rather limited by
the soil environment. This is in accordance with results of Hazard
et al. (2013), studying AMF in roots of Trifolium repens and Lolium
perenne across Ireland (max. 392 km), and Van Geel et al. (2015)
who studied AMF communities in apple roots in orchards across
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Flanders, Belgium (max.100 km). It is, however, in contrast with the
findings of Jansa et al. (2014) who found a strong effect of altitude
and geographical distances (max. 294 km) on soil AMF commu-
nities across Switzerland, and van der Gast et al. (2011), who
studied AMF communities across England (max. 250 km). This may
again suggest discrepancies between studies that sample soil vs.
root communities.

We have shown that phosphorus and nitrogen addition affect
AMF communities in coffee roots. Increased soil nutrient levels are
clearly associated with agricultural intensification, a process that is
expected to increasingly dominate the Ethiopian coffee landscape
(Aerts et al., 2011). Although the effects of these changing AMF
communities on coffee yield are not yet understood, it has been
shown that more diverse AMF communities increase drought
tolerance and pathogen resistance in plants (Raviv, 2010;
Veresoglou and Rillig, 2011). As it has been demonstrated that
Ethiopian Arabica coffee populations are prone to the effects of
climate change (Davis et al., 2012), and that Arabica coffee yield is
declining due to global change in for example Tanzania (Craparo
et al., 2015), these beneficial functions of AMF may become
increasingly important for sustainable coffee production globally
(Rodriguez and Sanders, 2015). Indeed, our results indicate that the
AMF community composition of coffee in its native range is
different from the AMF communities of coffee in its introduced
range. If these differences in AMF community composition affect
coffee yield direct or indirectly, than there is potential to enrich
AMF communities of coffee in its introduced range, through inoc-
ulation of beneficial fungi from its native range.
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