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Abstract

The composition of arbuscular mycorrhizal fungal (AMF) communities should reflect not only responses to host and soil
environments, but also differences in functional roles and costs vs. benefits among arbuscular mycorrhizal fungi. The coffee
agroecosystem allows exploration of the effects of both light and soil fertility on AMF communities, because of the variation in
shade and soil nutrients farmers generate through field management. We used high-throughput ITS2 sequencing to characterize
the AMF communities of coffee roots in 25 fields in Costa Rica that ranged from organic management with high shade and no
chemical fertilizers to conventionally managed fields with minimal shade and high N fertilization, and examined relationships
between AMF communities and soil and shade parameters with partial correlations, NMDS, PERMANOVA, and partial least
squares analysis. Gigasporaceae and Acaulosporaceae dominated coffee AMF communities in terms of relative abundance and
richness, respectively. Gigasporaceae richness was greatest in conventionally managed fields, while Glomeraceae richness was
greatest in organic fields. While total AMF richness and root colonization did not differ between organic and conventionally
managed fields, AMF community composition did; these differences were correlated with soil nitrate and shade. OTUs differing
in relative abundance between conventionally managed and organic fields segregated into four groups: Gigasporaceae associated
with high light and nitrate availability, Acaulosporaceae with high light and low nitrate availability, Acaulosporaceae and a single
relative of Rhizophagus fasciculatus with shade and low nitrate availability, and Claroideoglomus/Glomus with conventionally
managed fields but uncorrelated with shade and soil variables. The association of closely related taxa with similar shade and light
availabilities is consistent with phylogenetic trait conservatism in AM fungi.

Keywords Arbuscular mycorrhizal fungi - Nitrate - Light availability - Acaulosporaceae - Gigasporaceae - Glomeraceae

Introduction

Arbuscular mycorrhizal (AM) fungi form symbiotic associa-
tions with many terrestrial plants, in which the AM fungal
partners provide an array of benefits—improved plant uptake
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nutrition, exposure to pathogens and other stressors, and pho-
tosynthetic rate should exert strong influences on the extent
and types of partnerships formed between plants and AM
fungi.

If different AM fungi provide different benefits and vary in
their C cost to their hosts, then AM fungal (AMF) communi-
ties should be shaped by factors influencing the relative im-
portance of different benefits of the fungi to their hosts and
also by host photosynthetic rate. Several studies have demon-
strated both differences in plant C allocation to different AM
fungal partners and differences among AM fungal partners in
plant benefit (e.g., Bever et al. 2009; Kiers et al. 2011;
Argiiello et al. 2016). Research to date suggests the existence
of trade-offs among AM fungi in the benefits they provide and
their C demand (Chagnon et al. 2013).

The general architecture of hyphal growth in AM fungi has
been shown to be conserved at the family level (Hart and
Reader 2002; Maherali and Klironomos 2007). Fungi in the
family Gigasporaceae colonize plant root systems to a lesser
extent than fungi in the family Glomeraceae and produce pri-
marily extraradical mycelia that extend a greater distance from
the root than those of Glomeraceae, while members of the
Glomeraceae produce primarily intraradical hyphae (Hart
and Reader 2002; Powell et al. 2009). Consequently, taxa in
the Gigasporaceae may primarily improve nutrient uptake,
while those in the Glomeraceae may play the larger role in
protection of roots from pathogens (Newsham et al. 1995;
Maherali and Klironomos 2007). Sikes et al. (2009) provide
experimental support for this divergence of function with di-
vergence in morphology.

The light environment of the host also should play a strong
role in determining AMF communities. While the currency
with which mycorrhizal fungi pay their host may depend on
environment and host requirements, the host currency is in-
variably C fixed via photosynthesis (Smith and Read 2008;
Konvalinkova et al. 2015). Different AMF species differ in
their C cost and consequently their relative benefit to their host
(Pearson and Jakobsen 1993; Lendenmann et al. 2011). Plants
grown under low light conditions are less likely to be colo-
nized and are more weakly colonized by AM fungi than plants
grown under high light (Whitbeck 2001; Gehring and Connell
2006; Menezes et al. 2016; Koorem et al. 2017). AM fungi
may be less important for plant nutrient uptake but more im-
portant for pathogen protection when photosynthesis is light-
limited, because plants in low light environments are more
likely than their full sun counterparts to succumb to disease
(Ballar¢ et al. 2012). Despite differences in root colonization
and mycorrhizal growth response under varying light condi-
tions (e.g., (Konvalinkova et al. 2015; Konvalinkova and
Jansa 2016), manipulations of light environment have not re-
sulted in changes in AMF community composition in the few
studies to examine this parameter (Heinemeyer et al. 2004;
Menezes et al. 2016; Koorem et al. 2017). However, those
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studies involved the exposure of plant species to light envi-
ronments that they would not typically experience.

The facultative nature of the symbiosis on the part of plant
hosts has been well-documented, particularly in agricultural
systems. Multiple studies have observed lower root coloniza-
tion by AM fungi in crops that have been fertilized with P
(Menge et al. 1978; Jensen and Jakobsen 1980; Siqueira
et al. 1998; Kahiluoto et al. 2000; Gosling et al. 2013), sug-
gesting a reduced dependence of plants on arbuscular mycor-
rhizas in the absence of P limitation. Plants with high P status
have been shown to suppress the mycorrhizal pathway for
acquisition of P (Nagy et al. 2009) and reduce their allocation
of C to mycorrhizal roots (Ji and Bever 2016).

Hosts may exercise control over the association through
differential allocation of resources to their partner fungi
(Werner and Kiers 2015; Wipf et al. 2019). Therefore, while
conditions that reduce the importance of AM fungi to their
hosts’ survival and reproduction (i.e., fitness) should result
in an overall decline in abundance of AM fungi, differences
in environmental conditions that change the relative impor-
tance of different AM fungi for host fitness should result in
shifts in the AMF community toward those taxa that maxi-
mize host benefit. If closely related AM fungi tend to play
similar roles in the plant community, then AMF communities
will not differ in idiosyncratic ways between different envi-
ronments. Instead, closely related taxa would be expected to
respond similarly to environmental differences.

Coffee (Coffea arabica L.) is in many ways an ideal crop with
which to study the roles of soil fertility and light environment in
shaping AMF communities. In contrast to most other crops,
coffee is deliberately grown by farmers under a range of shade
and soil fertility conditions depending on whether the crop is
being managed for yield or quality, organic certification, or lon-
gevity (Muschler 2001; Lyngbak et al. 2001; Valencia et al.
2015; Allinne et al. 2016). Under conventional management,
coffee is typically grown under very little shade and regularly
fertilized with N, P, and K, as well as other macro- and
micronutrients; and synthetic fungicides are applied throughout
the year. In contrast, coffee produced organically is usually
grown under moderate shade and with or without applications
of organic fertilizers (Haggar et al. 2011; Schnabel et al. 2018).

In this study, we used high-throughput sequencing of the
ribosomal RNA gene’s internal transcribed spacer 2 (ITS2) to
characterize the AMF communities of coffee fields representing
a diverse array of conditions with respect to shade, soil fertility,
and other aspects of field management. We hypothesized that
AMF communities on coffee grown organically would differ
from those on coffee under conventional management. We ex-
pected that coffee on organic farms would support a more di-
verse AMF community than coffee on conventionally managed
farms, because of lower soil macronutrient availability on farms
that do not experience regular additions of synthetic fertilizer
and increased disease as a result of higher shade and the
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absence of applications of synthetic fungicides. In shaded cof-
fee fields, we expected to observe a distinct suite of AM fungi,
assuming that those fungi that confer high C costs on their hosts
would exhibit diminished abundances and that shade would
emphasize pathogen protection over nutrient uptake. Because
different AM fungi are expected to provide different benefits
for their plant hosts, and function is expected to be conserved
phylogenetically, we predicted that closely related taxa would
differ in abundance in similar ways under different environ-
mental conditions in coffee fields.

Materials and methods
Field sites

Twenty-five coffee fields were included in this study from two
regions of Costa Rica, Santa Elena de Monteverde (hereafter
“Monteverde”) and San Vito de Coto Brus (hereafter “San
Vito”). Both regions have a tropical premontane climate and
Andisol soils (Janzen 1983). Mean annual rainfall is higher in
San Vito with a more pronounced dry season in Monteverde.
The owner or manager of each coffee field was interviewed to
determine prior use of the coffee field; length of time in coffee
production; coffee cultivars and plant ages; frequency of prun-
ing; and use of fertilizers, herbicides, pesticides, and fungicides.
Fields were designated as “conventionally managed” if farmers
reported using synthetic fertilizers and pesticides, as “organic” if
farmers reported that fields were certified organic or reported no
use of synthetic fertilizers and pesticides in the previous 5 years,
and as “minimal conventional” if farmers reported that they were
in the process of transitioning from conventional to organic man-
agement or had used no synthetic fertilizers or pesticides within
the preceding 1-3 years. Thirteen fields were sampled in
Monteverde (N 10° 16" to 10° 22, W 084° 45’ to 084° 54'): three
conventionally managed, one minimal conventional, and two
organic fields, 25-28 May 2011; and five conventionally man-
aged and two organic fields, 1-4 June 2012. In San Vito (N 08°
52" to 08° 57, W 082° 47" to 082° 60'), twelve fields were
sampled: two conventionally managed, two minimal conven-
tional, and two organic fields, 31 May—3 June 2011; and three
organic and three conventionally managed fields, 7-11
June 2012. For each field, species richness of shade trees, type
of windbreak, and phenological status of coffee plants were re-
corded. All fields except one, in which plants were vegetative,
were producing green (immature) or green and red (mature) fruit
at the time of sampling.

Sample collection
In each field, a 20-m % 20-m plot was established >5 m from

the edge and representative of the shade tree density of the field.
Elevation, percent canopy cover by shade trees (hereafter

“shade (%)), aspect, slope, coffee plant density, leaf litter
depth, and soil characteristics were measured for each plot
(see Sternhagen et al. (2020) for details). Coffee plants were
sampled every 5 m along every other row, for a total of 20 plants
per plot. At each plant, leaf litter depth was measured at the
dripline, and a soil sample was taken using a 2-cm diameter
corer to a depth of approximately 20 cm. Root samples were
taken at a depth of 1-15 cm from 3 to 5 distinct points along the
root system (i.e., from laterals arising from different secondary
roots) of the nearest coffee plant to every other soil sampling
point, for a total of 10 plants per plot. Approximately 100 cm of
fine roots were collected from each plant. Root samples from
each plant were rinsed individually in tap water and divided into
two subsamples. One subsample from each plant was stored in
1% KOH (w/v) for analysis of root colonization by AM fungi,
while the second was dried in the presence of Drierite (W.A.
Hammond Company, Xenia, OH, USA) for DNA extraction.
Soil samples within a field were air-dried in paper bags, pooled,
and stored at room temperature.

At the end of each year’s sampling period, samples were
transported to the USA. Soils and dried root samples for DNA
extraction were stored at room temperature for < 2 weeks prior
to further processing. Root samples in 1% KOH were refrig-
erated at 4 °C. Two (2011) or three (2012) soil analytical
subsamples from each field were assessed for soil nutrient
availability (nitrate, Olsen P, K, Ca, Mg, Cu, Fe, Mn, Zn),
pH in water, and organic matter (by loss on ignition) at the
Soils Testing Laboratory, North Dakota State University,
Fargo, ND, USA. Means per field were subsequently used
for all statistical analyses.

Root colonization by AM fungi

Root samples in 1% KOH were transferred to 10% KOH (w/A)
for clearing at approximately 95 °C for 10 min, rinsed in tap
water for 10 min, acidified in 2% HCI (v/v) solution for 15 min
at room temperature, and stained with trypan blue (dH,O,
85% lactic acid and glycerol (1:1:1) with 0.05% (w/v) trypan
blue) at 70 °C for 5 min. Samples were then rinsed in tap water
> 1 h to remove excess stain. Twenty ~2.5-cm-long root seg-
ments per plant were mounted on a microscope slide in
polyvinyl-lactoglycerol and scored at a minimum of 100 in-
tersections for the presence of AMF structures (arbuscules,
vesicles, intraradical hyphae) at x 200 magnification (tech-
nique modified from McGonigle et al. (1990)) using a
Nikon Eclipse 80i microscope with DIC (Nikon Instruments,
Inc., Melville, NY, USA). Root samples from eight plants per
field were scored in 2011 and from 10 plants per field in 2012.

Molecular detection of root fungi

DNA was extracted from 20 mg of dried root sample for each
of 8—10 plants per field using the Qiagen DNeasy Plant Mini
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Kit (Qiagen, Germantown, MD, USA), and the fungal ITS2
region was amplified in triplicate using the 5.8SR and ITS4
primers (White et al. 1990) and stored at — 20 °C, as described
in Sternhagen et al. (2020). After amplification and purifica-
tion, eight (2011) or ten (2012) samples per field were pooled
at equal DNA concentration in 10 mM Tris to ensure that each
sample was equally represented in the library for each coffee
field. Frozen PCR products (3—5 ng of DNA per field) were
submitted for sequencing at the University of Minnesota
Genomics Center (UMGC, St. Paul, MN, USA). Preliminary
quality control and demultiplexing were conducted by the
UMGC.

Sequence data processing

Sequences were processed using the PIPITS 1.4.0 pipeline
(Gweon et al. 2015) with the standard settings. Briefly, for-
ward and reverse reads were merged by PEAR 0.9.8 (http://
www.exelixis-lab.org/pear). The FASTX-Toolkit (http://
hannonlab.cshl.edu/fastx_toolkit) was used for quality
filtering, followed by the extraction of the fungal-specific
ITS2 region using ITSx 1.0.11 (Bengtsson-Palme et al.
2013). VSEARCH 2.3.0 (Rognes et al. 2016) was used for
dereplication, removal of singletons and of sequences <
100 bp, clustering to 97% sequence identity, and subsequent
chimera detection with the UNITE Uchime 7.1 dataset
(Nilsson et al. 2015) as the reference. Representative se-
quences were taxonomically assigned with RDP Classifier 2.
11 (Wang et al. 2007) using the Warcup retrained V2 ITS
training dataset (Deshpande et al. 2016). To retain a greater
level of taxonomic resolution in downstream analyses, a tax-
onomic confidence level of 50% was used. At the final step,
an abundance table was generated clustering sequences in
OTUs at 97% identity, which generally reflects phylogenetic
relationships at the species level in fungi (Lindahl et al. 2013).
Samples were rarefied to 132,460 sequences per sample (the
minimum number of fungal sequences observed in a single
sample) in QIIME 1.9.1 (Caporaso et al. 2010), to take any
difference in sequencing depth across samples into account.
The rarefied OTU table was used in the statistical analyses.
Only OTUs that were assigned to the class Glomeromycetes
were included in the final dataset.

Statistical analysis

Differences in environmental variables, root colonization by
AM fungi, and sequence relative abundance and richness of
AM fungi between organic and conventionally managed coffee
fields were compared by three-way analysis of variance with
field type, region, and sampling year as fixed effects and includ-
ing all possible interactions. To control the family-wise type I
error rate, p values were adjusted using the false discovery rate
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(Benjamini and Hochberg 1995). Differences among means for
interactions were determined by Tukey HSD.

Relationships among environmental variables and AMF
abundance and richness were examined using partial correla-
tions. Associations with environmental variables of those
AMF OTUs that differed in abundance between convention-
ally managed and organic fields were tested by partial least
squares analysis. Dependent variables were transformed as
needed to meet model assumptions. The above analyses were
conducted in JMP Pro® version 13 (SAS Institute, Inc. 2016).

Similarities among AMF communities were visualized
using nonmetric multidimensional scaling (NMDS) on
Serensen distances in PC-ORD version 7 (McCune and
Mefford 2016). Two-way PERMANOVA was used to test
for a statistical difference in community composition between
organic and conventionally managed fields, with either field
type and region or field type and year as fixed effects and
including the respective interaction. To maintain a balanced
design, only the sixteen fields with equal representation across
field types, regions, and years were included in each
PERMANOVA. Abundances of OTUs were Hellinger-
transformed (Legendre and Gallagher 2001) prior to analysis.
There were too few minimal conventional fields to include in
ANOVA and PERMANOVA, but they were included in cor-
relation and partial least squares analyses.

Results

Diversity and abundance of AMF families in coffee
fields in Costa Rica

A total of 517 AMF taxa (defined as OTUs at 97% sequence
identity for ITS2) were detected in the roots of coffee in the 25
fields sampled (Online Resource Table S1). Of these, 496
belonged to seven described families (Fig. 1). Based on se-
quence abundance, the most common family was
Gigasporaceae, followed by Acaulosporaceae and
Glomeraceae (Fig. 1a). In terms of OTU richness, the most
diverse family was Acaulosporaceae, followed by
Gigasporaceae and Glomeraceae (Fig. 1b). Only 4% of the
AMF sequences (21 OTUs) could not be assigned to a de-
scribed AMF family.

Environmental differences between coffee fields by
field type

Leaf litter depth, soil pH, and soil Cu availability were higher
in organic than in conventionally managed fields, while soil
nitrate availability was, on average, three times higher in con-
ventionally managed than organic fields (Table 1). Shade,
shade tree richness, and soil Ca and Mg availability were
higher in organic fields than in conventionally managed fields
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a) Abundance
Unknown 3%
Paraglomeraceae 1%

Claroideoglomeraceae 0.9%
Ambisporaceae 0.01%

Glomeraceae
7%

Acaulosporaceae
30%

Gigasporaceae 57%

Diversisporaceae
0.7%

b) Richness
Unknown Paraglomeraceae 4%

. 0,
Claroideoglomeraceae 4%

Ambisporaceae 0.2%
2%

Acaulosporaceae
40%

Gigasporaceae
30%

\_ Diversisporaceae 3%

Fig. 1 Relative abundance (a) and OTU richness (b) by AMF family for
ITS2 sequences amplified from 8 to 10 coffee root samples collected in
each of 25 coftee fields in two regions of Costa Rica in late May and early
June 2011-2012

in Monteverde, but were intermediate in value, and did not
differ statistically between conventionally managed and or-
ganic fields, in San Vito (Sternhagen et al. 2020).
Conventionally managed and organic fields did not differ in
elevation, slope, or slope aspect; density or age of coffee
plants; or age of coffee fields (Online Resource TableS2).
Organic matter and soil availability of P, K, Fe, Mn, Na, and

Table 1  Environmental variables that differed between conventionally
managed (conventional) and organic coffee fields with no interaction
with region or year, by three-way ANOVA with field type, region, and

Zn also did not differ between conventionally managed and
organic fields.

Abundance and richness of AM fungi in relation to
field type and environmental variables

Coffee roots in these fields were extensively colonized by AM
fungi; mean root length colonization was 45+2% (n=8-10
per field). On average, 3699 + 884 ITS2 sequences of AM
fungi were detected per field. Neither root colonization by
AM fungi nor AMF sequence abundance differed between
organic and conventionally managed coffee fields (data not
shown; Fy 14=3.53, FDR p=0.293; F, ,,=0.06, FDR p=
0.923, respectively).

On average, 83+9 AMF OTUs were detected per coffee
field (n = 8-10). Overall richness of AM fungi did not differ
between organic and conventionally managed fields (Online
Resource Fig. S1; Fy, 14=0.26, FDR p =0.798). However,
two of the three most frequently detected AMF families did
differ in richness between field types. Mean richness ( SE) of
Gigasporaceae was higher in conventionally managed (39 +4
OTUs) than in organic fields (22.5+5 OTUs; F, 14=6.57,
p=0.0225), while mean richness of Glomeraceae was lower
in conventionally managed (6 +2 OTUs) than in organic
fields (13.5+2 OTUs; Fy, 14=6.63, p=0.0221). There was
no difference in richness of Acaulosporaceae between field
types (33 +5 OTUs; F, 14=1.34, p=0.2663).

Root colonization by AM fungi was strongly positively cor-
related with soil Cu availability (Fig. 2a; Table 2), while se-
quence counts of AM fungi were positively correlated with soil
P availability (Table 2). Overall richness of AMF was not strong-
ly correlated with any of the environmental variables (data not
shown). However, richness of OTUs in the Acaulosporaceae
was positively correlated with shade tree richness and soil Ca
and Mn availability and negatively correlated with shade, soil pH
and soil P (Fig. 2b), and Fe availability (Table 2). Richness of
OTUs in the Gigasporaceae was positively correlated with soil
Mg availability and negatively correlated with soil K availability.
Richness of OTUs in the Glomeraceae was positively correlated

year as main effects and including all possible interactions, for fields
sampled either in 2011 or 2012 in Monteverde and San Vito, Costa Rica

Conventional (13) Minimal (3) Organic (9) Fi 14 P
Leaf litter (cm) 227 £0.43 3.56 + 1.31 415+ 0.6 6.42 0.0248
pH in H,O 521+ 0.09 523 +0.12 5.89 +0.17 17.07 0.0010
NO; -N 141 £ 20 46 £ 15 42 £ 8 33.81 <0.0001
Cu (ppm) 2.66 + 0.34 3.07 +£0.73 4.59 +0.82 9.12 0.0092

Values are means + SE (sample sizes in parentheses). Minimal conventional (minimal) fields are included here for comparison but were too few to

include in the statistical analyses
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Fig. 2 Correlation between (a) root length colonized by arbuscular
mycorrhizal fungi (% RLC) and soil copper availability, and (b) richness
of Acaulosporaceae OTUs and soil phosphorus availability for 25 coffee
fields in Costa Rica sampled in 2011-2012. Values of % RLC are means
for samples from 8 to 10 coftee plants per field

with shade, soil pH, and soil Zn availability and negatively cor-
related with shade tree richness.

Table 2

Differences in community composition of AM fungi in
relation to field type and environment

Communities of AM fungi differed between organic and con-
ventionally managed fields (PERMANOVA F, ,=1.72,
p=0.0204; Fig. 3). However, the three fields recently convert-
ed to organic management or lacking recent synthetic inputs
did not appear to differ in composition from conventionally
managed fields. There was a weak interaction between field
type and region (£, 1, =1.48, p=0.0574) and no interaction
of field type with sampling year (<, 1, =1.04, p=0.3598;
data not shown). Axis 1 of the NMDS plot was correlated with
richness of shade trees per coffee field and soil P availability,
while axis 2 was correlated with soil pH and cation (Ca**, K*,
Mg?*) availability. Differentiation of AMF communities be-
tween organic and conventionally managed fields was corre-
lated with shade and soil nitrate availability (Fig. 3).

Of the 517 AMF OTUs detected in this study, many were
too rare to be able to distinguish differences in relative abun-
dance by field type. However, thirty-three AMF OTUs did
differ in sequence counts between conventionally managed
and organic fields (Fig. 4; Online Resource Table S1), and
nine of these were among the 20 most abundant OTUs detect-
ed in this study (Online Resource Table S1). In Monteverde,
12 OTUs, all in the Gigasporaceae, differed in relative abun-
dance between organic and conventionally managed fields,
including three OTUs whose closest known relative is
Gigaspora margarita and seven OTUs that likely belong to
the genus Gigaspora but do not match any species currently in
published sequence databases (Fig. 4a). All of these OTUs
had greater mean abundance in conventionally managed than

Partial correlations of measures of richness and relative abundance of arbuscular mycorrhizal (AM) fungi with environmental variables for 25

coffee fields in two regions of Costa Rica (RLC = root length colonized by AM fungi)

Mean %RLC (arcsin sq 1t) Sequence count (sq rt) Acaulosporaceae Gigasporaceae Glomeraceae

OTU richness OTU richness OTU richness
Elev m (sq) 0.35 0.05 0.04 0.25 0.08
Shade % (arcsin sq rt) 0.15 0.32 - 0.66 031 0.73
Leaf litter cm (sq 1t) 0.32 -0.21 0.00 -0.15 0.24
No. of shade tree spp. (log) 0.32 0.09 0.60 -0.18 - 0.58
pH (sq) -0.22 —0.08 —0.64 0.26 0.51
NO;-N ppm (log) 0.17 -0.20 -0.22 0.47 0.27
P ppm (log) 0.14 0.65 - 052 0.22 0.19
K ppm (log) —-0.11 —0.26 0.42 - 0.56 —-0.30
Ca ppm (sq 1t) -0.02 -0.03 0.62 -0.37 -0.30
Mg ppm (log) -0.15 -0.44 -043 0.58 0.31
Cu ppm (sq rt) 0.77 0.12 0.37 -0.14 —-0.09
Fe ppm 0.05 0.26 - 0.55 0.35 0.20
Mn ppm (log) —-0.10 —0.40 0.57 -0.16 -0.36
Zn ppm (sq 1t) -0.30 -0.37 -0.39 0.22 0.50

Positive and negative correlations > 0.5 are shown in italics. Data transformations prior to analysis are shown in parentheses
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Fig. 3 Nonmetric
multidimensional scaling
(NMDS) plot of AM fungal
communities in coffee roots for
25 coftee fields under three types
of management (organic = no
synthetic inputs; conventional =
applications of fungicides and
synthetic fertilizers; minimal
conventional = transitioning to
organic or lacking synthetic
inputs for 2-3 years) indicated by
polygons, with overlay of
environmental variables
correlated with the first two axes
of the NMDS. Length of vectors
indicates strength of correlation.
Community composition was
estimated using high-throughput
sequencing of the ITS2 region of
the fungal rDNA repeat. Final
stress of 3D solution = 11.75; axis
3 (not shown) R*=0.158

Axis 2 (2 =0.311)

Shade tree richness

A Conventional
A Minimal conventional
@ Organic

organic fields. No OTUs in Monteverde were observed to
have greater relative abundance in organic fields than conven-

tionally managed ones.

Fig. 4 Relative abundance of
ITS2 sequences + SE of 33 AMF
OTUs (at 97% sequence identity)
that differed in abundance at o=
0.05 in coffee roots collected from
organic and conventionally
managed coffee fields in (a)
Monteverde (N, =8, N, =4) and
(b) San Vito (N, =5, N,=5),
Costa Rica. See Online Resource
Table S1 for test statistics and

p values

a) Monteverde

Axis 1 (2 = 0.327)

In San Vito, 18 OTUs were more abundant in convention-
ally managed than in organic fields (Fig. 4b), including the
same 12 OTUs with greater relative abundances in

mOrganic

b) San Vito O Conventional
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conventionally managed coffee fields in Monteverde.
Additionally, there was one OTU whose closest known rela-
tive is Acaulospora laevis, three closely related to
Claroideoglomus etunicatum, and two OTUs related to the
genus Glomus, which also were more abundant in convention-
ally managed coffee fields than organic fields. In contrast to
Monteverde, there were also 16 OTUs that were more abun-
dant, on average, in organic fields than in conventionally man-
aged ones: 15 OTUs in the Acaulosporaceae and one OTU
whose closest known relative is Rhizophagus fasciculatus.
Partial least squares analysis revealed that the 33 AMF
OTUs that differed in relative abundance between organic
and conventionally managed fields fell into three discernible
groups according to differences in environmental variables
(Fig. 5). Five Acaulospora OTUs, including two OTUs whose
closest relative is A. scrobiculata and one whose closest rela-
tive is A. minuta, in addition to one OTU whose closest rela-
tive is R. fasciculatus, were all more abundant in coffee fields
with high shade and less acidic soils with low nitrate avail-
ability. Ten Acaulospora OTUs, including six OTUs related
to A. laevis and two related to A. minuta, were all more abun-
dant in coffee fields with low shade and low soil nutrient
availability. Twelve Gigaspora OTUs were more abundant
in coffee fields with low shade and high soil nitrate availabil-
ity, although for Gigaspora 7, the relationship between abun-
dance and nitrate availability was weak, and for one OTU in
the Gigasporaceae, abundance was most strongly correlated

with availability of P, Fe, and Zn. For a fourth group com-
posed of three OTUs whose closest relatives are C. etunicatum
and two OTUs in the genus Glomus, higher relative abun-
dance in conventionally managed fields in San Vito (Fig.
4b) was not correlated with any environmental variables mea-
sured in this study.

Discussion

In our characterization of AMF communities and soil and
shade environments across coffee field types, we found that
measures of overall AMF abundance and richness did not
differ between conventionally managed and organic fields.
However, differences in richness emerged at the family level,
with proportionately more OTUs in the Gigasporaceae in con-
ventionally managed and Glomeraceae in organic fields.
Environmental correlates of AMF abundance and richness
differed, and richness of each of the three predominant AMF
families was correlated with a different suite of environmental
variables. Four groups of AMF OTUs differed in abundance
between conventionally managed and organic fields: a group
composed primarily of Acaulospora OTUs associated with
high shade and low nitrate; a second group of Acaulospora
associated with low shade and low nitrate; Gigaspora OTUs
associated with low shade and high nitrate availability; and
finally a group composed of Glomus and Claroideoglomus

Fig. 5 Correlation loading plot of
partial least squares (PLS)
analysis examining relationships 10
between environmental variables '
(large black circles) and pH 759 ®Ca
abundance for 33 OTUs (open Al .Acau[ scrob 2
diamonds) differing in abundance Acaul min2 2" o c;‘ll‘l 4 oNa
between field types. Eleven Shade (%)® 22l shrob
environmental variables with 3 05 Rhizophag fasc 25%
variable importance in projection N o
(VIP) scores > 0.8 were included L{—r Cu oElovail
A . [N evation
in the final model, which reduced g
to two factors explaining 67% of > o z® JFe
the variation in environmental < ' Claroid etu 2 Glom indicum P
N d39.5% of th 5 00 Shadg tree richness Glomus Gigasporacege
parfirne efs (X) an .7 ot the 3 Claroid etuCI - OGiga marg 2
variation in OTU abundance (Y) 0 ) arolg et OGigasporaceae 2
for 23 coffee fields (small gray & Acau] min Giga 54
circles) in which these OTUs X Acaul min 3O iga 7 CHens 8G|ga'4
bt Acaul 3 Acaul laev 6 Gioa marss . OZGIQB 6
were detected. OTU labels 5 Acaul Iaevoé O Acaul laev 4 iga marg Biga %arg%g.a
indicate the closest match for that ° OE Acaullaev 5" ¢ OAcaul laev 2 . NO3N
OTU in the Warcup training e Acaul4  Acaul laev 3 O Giga
dataset (Deshpande et al. 2016)
1.0
1.0 -0.5 0.0 0.5 1.0
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OTUs associated with unknown environmental characteristics
of conventionally managed fields.

Diversity and abundance of AMF families

In contrast to most published studies of AMF community
composition, in which members of the family Glomeraceae
tend to dominate both in terms of abundance and richness
(e.g., Camenzind et al. 2014; Alguacil et al. 2016;
Rodriguez-Echeverria et al. 2017), the most frequently en-
countered family in these Costa Rican coffee fields was
Gigasporaceae and the most diverse family was
Acaulosporaceae. Spores of Gigasporaceae and
Acaulosporaceae predominate in forest communities in
Costa Rica (Picone 2000; Lovelock et al. 2003). In one of
the few studies to examine AMF communities from tropic to
polar regions, Stiirmer et al. (2018) observed a higher abun-
dance of Acaulosporaceae and a greater richness of
Gigasporaceaec among spores of the Neotropics than in the
Arctic. In the Cerrado of Brazil, Gigasporaceae was the most
frequently encountered family and Acaulosporaceae was the
most diverse family across multiple land uses, and a species of
Gigaspora (G. decipiens) was the most common species in
coffee plantations (Fernandes et al. 2016).

These patterns stand in contrast to the predominance of the
Glomerales in many temperate and some tropical sites
(Camenzind et al. 2014; Rodriguez-Echeverria et al. 2017,
Van Geel et al. 2017), including in coffee agroecosystems in
East Africa (Muleta et al. 2008; De Beenhouwer et al. 2015a).
Perhaps the overrepresentation of Gigasporaceae in the tropi-
cal Americas documented here and its underrepresentation in
Africa (Opik et al. 2010) reflect a center of origin in the
Americas. Because colonization and sporulation exhibit sea-
sonality (Merryweather and Fitter 1998), the prevalence of
Gigasporaceae and Acaulosporaceae also may reflect our
sampling during the transition from the dry to wet season.

Because fungicides are used consistently throughout the
growing season in conventionally managed coffee fields and
these fields typically are heavily fertilized (Hernandez-
Martinez et al. 2009; Cerda et al. 2017), we expected to ob-
serve lower root colonization by AM fungi in conventionally
managed than in organic fields. Instead, there was no differ-
ence in root colonization between the two field types.
Fungicides used in coffee, which typically are applied to the
foliage using backpack-sprayers (de Souza et al. 2011), may
have little lasting systemic effect in the root system (Rivera-
Becerril et al. 2017) or may have had no effect on root colo-
nization but still reduced hyphal growth in the soil (which was
not measured in this study) and/or contributed to the differ-
ences in community composition of AM fungi observed be-
tween organic and conventionally managed fields (Ipsilantis
et al. 2012; Jin et al. 2013; Rivera-Becerril et al. 2017).

Soil fertility correlates of AMF abundance and
richness

The importance of AM fungi for plant uptake of poorly mobile
soil nutrients such as Cu and P is well-established (Li et al.
1991; Smith and Smith 2011; Lehmann and Rillig 2015). In
this study, root colonization by AM fungi was positively cor-
related with soil Cu availability, while relative abundance of
AMF sequences was positively correlated with soil P avail-
ability. Many studies have observed a negative correlation
between AMF abundance and soil P availability (Treseder
2004; Kahiluoto et al. 2001; Chen et al. 2014; Liu et al.
2014; Williams et al. 2017), consistent with declining plant
investment in mycorrhizas as soil mineral availability in-
creases (Graham et al. 1991; Johnson 2010; Williams et al.
2017). However, other studies in low P soils also have found
positive correlations of AMF abundance with soil P availabil-
ity (Lekberg et al. 2008; Liu et al. 2013; Teste et al. 2016). If
the increased capacity for photosynthesis due to mineral nu-
trient acquisition via mycorrhizas results in a greater invest-
ment by the host in its mycorrhizal associates, then, as long as
those mineral nutrients remain limiting to plant performance,
we would expect to observe a positive correlation between
AMF abundance and nutrient availability (Smith and
Gianinazzi-Pearson 1990).

Richness of OTUs was correlated with a different combi-
nation of environmental parameters for each of the families
Acaulosporaceae, Gigasporaceae, and Glomeraceae. Richness
of Acaulosporaceae was positively correlated with Mn avail-
ability and negatively correlated with soil pH and P availabil-
ity, consistent with its importance for P uptake in acidic soils
(Kawahara et al. 2016). AMF richness and soil P availability
are typically negatively correlated (Treseder 2004;
Verbruggen et al. 2012; Camenzind et al. 2014; Liu et al. b;
Van Geel et al. 2017), including along a traditional to conven-
tional coffee agroecosystem gradient in Ethiopia (De
Beenhouwer et al. 2015b). Plants are able to differentially
allocate C to their AMF associates (Kiers et al. 2011; Ji and
Bever 2016) and reduce C allocation to their mycorrhizas in
proportion to increased plant P concentration (Menge et al.
1978), which suggests that AMF species may be progressively
excluded from the root system as plant P concentration in-
creases (Van Geel et al. 2017). Conversely, AMF richness
may be high when the minerals they provide are scarce, if
the presence of competing associates reduces the cost-to-
benefit ratio for the host (Werner and Kiers 2015).

Soil nitrate availability was not strongly correlated with
either measures of overall AMF richness or abundance.
Many studies of N fertilization have observed declines in
AMEF richness with increased levels of N fertilization (e.g.,
Liu et al. 2012, 2014; Camenzind et al. 2014; Leff et al.
2015; Allen et al. 2016; Williams et al. 2017; Sheldrake
et al. 2018). Nitrogen fertilization may be directly harmful to
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many fungi or indirectly harmful through soil acidification
(Lilleskov et al. 2019). However, Egerton-Warburton et al.
(2007) found that N fertilization only reduced AM richness
in P-rich soils, in which N fertilization may have alleviated N
limitation thereby reducing plant reliance on AM fungi for
nutrient uptake. In low P soils, AMF productivity and richness
increased in response to N fertilization, presumably by in-
creasing plant P limitation and consequently plant C allocation
to mycorrhizas. In the coffee fields in our study, the loss of
diversity attributable to soil acidification may be offset by
increased plant demand for soil P. It is also possible that fields
low in nitrate may have had appreciable levels of ammonium,
which we did not measure.

Light environment

Root colonization by AM fungi typically declines with shad-
ing (Konvalinkova and Jansa 2016; Menezes et al. 2016), but
the majority of studies have been conducted with plant species
adapted to high light environments (reviewed in
Konvalinkova and Jansa 2016) or seedlings of tropical forest
canopy trees (Whitbeck 2001; Gehring 2003; Gehring and
Connell 2006). In our study, there was little correlation be-
tween shade and AMF root colonization or sequence counts in
coffee fields, suggesting that AM fungi play important roles
for coffee in both shade and sun environments. AMF abun-
dance, either by measures of root colonization or spore num-
ber, has previously been shown to be higher in coffee fields
with shade trees than in those without (Muleta et al. 2008) and
to increase with richness of shade trees (Arias et al. 2012;
Bagyaraj et al. 2015), although Muleta et al. (2007) found
no correlation between shade and spore abundance.

There also was little correlation between shade and AMF
richness across the coffee fields in our study. Richness of AM
fungi has been shown to decline in experimentally shaded
alpine meadows (Shi et al. 2014; Liu et al. 2015b).
However, in a study of forest plant species, richness of AM
fungi was lower for shade-avoidant herbs in shade than in a
clearcut, but did not differ between shade and the clearcut for
shade-tolerant plant species (Koorem et al. 2017). Taken to-
gether, these findings suggest that the number of AMF species
that a plant species supports depends on the light environment
to which the plant species is adapted rather than exclusively
on light availability.

Because AM fungi differ in their C requirements (Pearson
and Jakobsen 1993; Lendenmann et al. 2011; Ji and Bever
2016), some species would be expected to be restricted to
hosts with high photosynthetic rates in high light environ-
ments, while others might be better able to form mycorrhizal
associations with plants in shade (Chagnon et al. 2013). While
there was no apparent relationship between total AMF rich-
ness and light availability across these coffee fields, richness
of Acaulosporaceae was negatively correlated with shade and
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positively correlated with shade tree richness and vice versa
for richness of Glomeraceaec. We would expect to observe
these contrasting patterns in richness in response to shade, if
Acaulosporaceae taxa tend to place a higher C demand on
their hosts than members of the Glomeraceae and/or if taxa
in the Acaulosporaceae are important for nutrient uptake while
taxa in the Glomeraceae are important for protection from root
pathogens. Diversifying shade trees may reduce disease inci-
dence (Parker et al. 2015), thereby reducing the importance of
protection from pathogens. Coffee plants in fields with more
shade tree species also may be colonized by additional AMF
species if host diversity reduces competitive exclusion or in-
creases the number of AMF species that can be supported
(Hiiesalu et al. 2014).

Differences in community composition of AM fungi
between field types

Studies of variation in community composition of AM fungi
at the landscape scale often concern natural plant communities
or seminatural grasslands, in which shifts in AMF community
composition usually are accompanied by a marked change in
the plant community (Dumbrell et al. 2010; Lekberg et al.
2011; Antoninka et al. 2015; Kohout et al. 2015; Bainard
et al. 2017; Chaudhary et al. 2018). Because plant hosts also
influence the AMF community (Vandenkoornhuyse et al.
2003; Aldrich-Wolfe 2007; Gosling et al. 2013), this makes
it difficult to separate responses of AM fungi to environmental
factors from effects of plant community composition (Leff
et al. 2015). Here we held the host constant and observed
shifts in fungal community composition associated with as-
pects of nutrient availability (soil P and nitrate; soil pH and
cations) and shade (both canopy cover and shade tree rich-
ness). Using pyrosequencing, De Beenhouwer et al. (2015b)
found that AMF community composition varied with coffee
management intensity in Ethiopia and was influenced by soil
pH and N and P availability. Prates Junior et al. (2019) did not
observe a difference in AMF communities with differing man-
agement intensity in Brazil by DGGE-PCR, but did observe
differences between coffee and forest AMF communities that
were associated with differences in pH, P, and organic matter.

Fertilization (of primarily natural plant communities) with
N and P shifts AMF community composition (Jumpponen
etal. 2005; Liu et al. 2015a), but just as we observed in coffee,
the community responds differently to fertilization with N
than P, highlighting that the AM fungi influenced by changes
in N availability are not the same taxa influenced by changes
in P availability. Chen et al. (2014) observed a decline in
abundance but little change in AMF community composition
in response to P fertilization, but a strong shift in composition
in response to N fertilization. Camenzind et al. (2014) ob-
served reductions in richness of the Diversisporales in re-
sponse to N fertilization, consistent with our findings of
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decreased abundance of some Acaulospora OTUs under con-
ditions of elevated N availability but inconsistent with the
increased abundance of Gigaspora OTUs that we observed
in fields with high nitrate availability. To the extent that the
use of synthetic fertilizers is correlated with the use of other
agrochemicals, differences in AMF communities that correlat-
ed with soil nitrate availability may also reflect differences in
fungicide use.

AM fungi that differed in abundance between convention-
ally managed and organic coffee fields fell into four groups.
These groups reflected both apparent phylogenetic relation-
ships and environmental differences, which is consistent with
phylogenetic niche conservatism in AM fungi (Hart and
Reader 2002; Mabherali and Klironomos 2007; Powell et al.
2009). Treseder et al. (2018) predicted that Gigaspora would
be associated with low and Glomus with high N availability,
under the expectation that hosts would discriminate against
those fungi with high C costs as soil fertility increased. In this
study, OTUs in the family Gigasporaceae either failed to ex-
hibit a difference in abundance between conventionally man-
aged and organic coffee or were associated with coffee fields
with high soil nitrate availability and high sunlight. Given the
low P availability in many of these coffee field soils, it is likely
that coffee plants in sunny environments were able to invest in
Gigaspora to maximize P uptake. In low P tallgrass prairie,
spore counts of Gigaspora gigantea increased with N fertili-
zation (Eom et al. 1999), while Gigasporaceae was replaced
by Glomeraceae with increasing soil nitrate availability in
high P soils in California grasslands (Egerton-Warburton
and Allen 2000). Our results are consistent with the model
of Johnson (2010), in which AMF species with extensive
extraradical mycelia that impose a high C cost on the host
are favored under conditions of high N coupled with low P
availability.

OTUs in the Acaulosporaceae either failed to exhibit a
difference in abundance between conventionally managed
and organic coffee or were associated with low soil nitrate
availability. One subset of Acaulospora OTUs, along with a
single OTU in the genus Rhizophagus (family Glomeraceae),
was associated with low soil nitrate and light availability and
less acidic soils, while another subset of Acaulospora ap-
peared to be associated with a high light environment and
low nutrient availability in general. The functional roles of
members of the Acaulosporaceae are currently not well-char-
acterized. Jakobsen et al. (1992) found that A. laevis was in-
volved in P transport over greater distances than a species of
Glomus. Maherali and Klironomos (2007) suggested that, giv-
en their low biomass both inside and outside the root,
Acaulospora species were unlikely to play an important role
in either P transport or protection from root pathogens. The
association of some OTUs in this group with soils of low
nutrient availability observed in our study suggests that they
may be important for nutrient uptake, while the association of

some OTUs with high and others with low light environments
implies there may be important differences within the family
in C cost to the host.

A group of OTUs in the families Claroideoglomeraceae
and Glomeraceae were most likely to be detected in conven-
tionally managed coffee fields, but their abundances were not
strongly correlated with any of the environmental variables
measured in this study. These taxa were presumably
responding to one or more unknown factors characteristic of
conventionally managed fields. Claroideoglomus and related
taxa in the Glomeraceae have been considered ruderal species,
in the sense that they are associated with the highly disturbed
and relatively fertile environment of annual cropping systems
(Oehl et al. 2010; Chagnon et al. 2013; Carballar-Hernandez
etal. 2017). Their association with coffee roots in convention-
ally managed fields also might reflect tolerance of fungicides
or perhaps a protective role against the facultative root patho-
gens that increase in abundance in conventionally managed
relative to organic fields (Sternhagen et al. 2020).

Conclusions

AMF communities differed in composition between conven-
tionally managed and organic coffee fields, and differences in
community composition were associated with differences in
shade and soil nitrate availability. In contrast to studies in
temperate systems, the dominant families in these coffee fields
were Gigasporaceae and Acaulosporaceae rather than
Glomeraceae and Diversisporaceae. OTUs that differed in
abundance between conventionally managed and organic
fields fell into four groups: Gigaspora species associated with
high nitrate availability and low shade; Acaulospora species
associated with low nitrate and low shade; Acaulospora spe-
cies and a single OTU related to Rhizophagus associated with
low nitrate and high shade; and Claroideoglomus and Glomus
species associated with conditions of conventionally managed
fields not measured in this study. Measures of soil fertility that
were positively correlated with AMF abundance tended to be
negatively correlated with AMF richness and vice versa, con-
sistent with the productivity—diversity relationship observed
across ecosystems. Richness of different AMF families was
correlated with different environmental parameters, sugges-
tive of differences in function at the family level. The impor-
tance of both shade and soil nutrients for structuring AMF
communities in the coffee agroecosystem underscores the
need for more studies that examine the costs and benefits of
mycorrhizas from the fungal and plant perspectives
simultaneously.
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