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About the Series

Fungal biology has an integral role to play in the development of the biotechnology
and biomedical sectors. It has become a subject of increasing importance as new
fungi and their associated biomolecules are identified. The interaction between
fungi and their environment is central to many natural processes that occur in the
biosphere. The hosts and habitats of these eukaryotic microorganisms are very
diverse; fungi are present in every ecosystem on Earth. The fungal kingdom is
equally diverse, consisting of seven different known phyla. Yet detailed knowledge
is limited to relatively few species. The relationship between fungi and humans has
been characterized by the juxtaposed viewpoints of fungi as infectious agents of
much dread and their exploitation as highly versatile systems for a range of
economically important biotechnological applications. Understanding the biology
of different fungi in diverse ecosystems as well as their interactions with living and
non-living is essential to underpin effective and innovative technological
developments. This series will provide a detailed compendium of methods and
information used to investigate different aspects of mycology, including fungal
biology and biochemistry, genetics, phylogenetics, genomics, proteomics, molecular
enzymology, and biotechnological applications in a manner that reflects the many
recent developments of relevance to researchers and scientists investigating the
Kingdom Fungi. Rapid screening techniques based on screening specific regions in
the DNA of fungi have been used in species comparison and identification, and are
now being extended across fungal phyla. The majorities of fungi are multicellular
eukaryotic systems and therefore may be excellent model systems by which to
answer fundamental biological questions. A greater understanding of the cell
biology of these versatile eukaryotes will underpin efforts to engineer certain fungal
species to provide novel cell factories for production of proteins for pharmaceutical
applications. Renewed interest in all aspects of the biology and biotechnology of
fungi may also enable the development of “one pot” microbial cell factories to meet
consumer energy needs in the 21st century. To realize this potential and to truly
understand the diversity and biology of these eukaryotes, continued development of
scientific tools and techniques is essential. As a professional reference, this series
will be very helpful to all people who work with fungi and should be useful both to
academic institutions and research teams, as well as to teachers, and graduate and
postgraduate students with its information on the continuous developments in
fungal biology with the publication of each volume.
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Chapter 1
Overview of the Mycorrhizal Fungi
in South America

Mbonica A. Lugo and Marcela C. Pagano

1.1 Introduction

The advances in cataloging the flora and the employment of new technology has led
to an integrated assessment of all the known native species of vascular plants in the
Americas (Ulloa Ulloa et al. 2017), 38 years after the publication in Spanish of
Biogeografia de América Latina by Cabrera and Willink (1980), who compiled the
vegetation units within the phytogeographic provinces. It is known that countries in
the tropical Andes such as Colombia, Ecuador, and Perd share a large number of
plant species (between 6799 and 9226, Ulloa Ulloa et al. 2017) and that the temper-
ate Southern Cone has the most commonality with Brazil and Bolivia. In their work,
Ulloa Ulloa et al. (2017) have cited 143,903 native plant species in South
America (SA), ca. 51,380 of which are endemic of this continent. In this book, there
have been reported and analyzed published and unpublished data of 169 taxa woody
plant species such as native and exotic trees and shrubs in relation to their mycor-
rhizal associations and the biological invasions of hosts along SA (see chapter by
Urcelay et al.); many hosts in tropical ecosystems of Colombia (Pefia Venegas and
Vasco-Palacios); 16 native plant species in the Chaco region (see chapter by Grilli
et al.); 205 native, endemic and exotic plant taxa in the Highlands (Lugo and
Menoyo); 45 plant taxa in the Mountain forests (see chapter by Soteras et al.); 44
vascular plant taxa in the Salt-flats (see chapter by Becerra et al.); 1576 plant spe-
cies from the Mediterranean Chilean “Matorral” (see chapter by Silva-Flores et al.),
245 vascular plant species in the Chilean temperate rainforests (see chapter by
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Godoy and Marin), and some crop species (Pagano et al. Chap. 17; Aguilera et al.
Chap. 7).

Thus, in this book, a total of ca. 2300 vascular plant taxa were analyzed consider-
ing its mycorrhizal and fungal root endophytes. This high number of host plants
only represents 1.6% of the native plants existing in SA. Further, it has been shown
that plant cover is the most important vegetation feature to control soil erosion as
well as for the provisioning of plant products, invasion resistance, pathogen and pest
regulation, soil fertility regulation, and interaction with communities of microor-
ganisms (Pagano et al. 2017). Therefore, there is an urgent need to consider the
microbial interactions in the plant-soil system as most plant species associate with
microorganisms in a benefic way (legumes associate with rhizobial bacteria, and the
majority of vascular plants associate with mycorrhizas and/or endophytic microor-
ganisms) (Kumar et al. 2017). Moreover, mycorrhizas provide several ecosystem
services. Among the papers published between 1990 and 2015 on ecosystem ser-
vices, the largest number is from Europe (38%), with SA representing only 6%
(Adhikari and Hartemink 2016).

Of particular concern are the increasing interest to study the unique vegetation
types and the reduction of the environmental impacts on the protected native vegeta-
tion. Moreover, there was reported a new map of vegetation units in Argentina
within the phytogeographic provinces described by Cabrera (1976) in SA using
descriptions of the vegetation published in recent decades and physiognomic-
floristic maps (Oyarzabal et al. 2018). In this book, a huge spectrum of phytogeo-
graphic provinces, biomes, ecoregions, environment types, and biogeographic
domains were analyzed considering latitudinal, altitudinal, and salinity ranges
among others environments in SA such us the Caatinga, Cerrado, Chaco region,
High-Central-Magenallinic-Patagonian Andes, Pdramo, Puna, Prepuna, Tropical
dry and rainforest, and Valdivian temperate rainforest together with their anthropized
areas. As a general result of this book’s studies, the mycorrhizas and endophytic
fungal root associations have shown first the arbuscular mycorrhizas (AM) and sec-
ond the ectomycorrhizas (ECM) in order of predominance in SA.

In the beginning of the twenty-first century, new alternatives for the study of
plants increased research in diversity, ecology and plant microbiome. As part of the
microbiome, colonizing plant roots and soil biota, the arbuscular mycorrhizal fungi
(AMF), links the biotic and geochemical components of the ecosystems providing
varied ecosystem services. Research on mycorrhizas has gone through several
stages (Fig. 1.1) (Pagano et al. 2016); however, the present period has revolution-
ized research on this fungal group. In 2014, from 300 to 1000 AMF species were
molecularly described (Opik et al. 2014). Most AMF are disseminated worldwide
(Davison et al. 2015). Individual host plants may associate from 1 to 60 taxa
(Davison et al. 2015), and different plant species can present different AMF richness
(Lekberg et al. 2013), maybe due to differential resource supply by plants, as AMF
richness correlates positively with fungal biomass (Antoninka et al. 2011). Further,
plant species can vary in both AMF richness and composition (Meadow and
Zabinski 2012; Lekberg et al. 2013), being preferentially related to different AMF
(e.g. Pagano et al. 2011) due to dissimilar phenology, root architecture and other
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Fig. 1.1 Number of
arbuscular mycorrhizal
species reported in the
different periods of the
history of AMF (Oehl et al.
2011a, b, 2014; Goto et al.
2012; Pagano et al. 2016).
Morphologically described
until 2016. (References:
Species number in
brackets)

1975 -1989 (97)

factors affecting the distribution, colonization strategy or function (Hart and Reader
2002; Oehl et al. 2005; Maherali and Klironomos 2007).

Recent studies reported AMF as belonging to Mucoromycota and
Glomeromycotina (Spatafora et al. 2016). Arbuscular mycorrhizal fungi develop
mutual symbiotic associations with most terrestrial plants and with some macro-
phytes from lakes, streams (Kai and Zhiwei 2006), rivers (Marins et al. 2009) and
marshy plants (Radhika and Rodrigues 2007) species. It is expected that the number
of known fungal species will increase since numerous potential fungal habitats and
areas remain understudied (Hawksworth 2001; Hawksworth and Liicking 2017);
moreover, the distribution of fungal species, phyla, and functional groups as well as
the determinants of fungal diversity and biogeographic patterns are still poorly
understood (Tedersoo et al. 2014; Marin and Bueno in this book).

Mycorrhizas are symbiotic associations between soil fungi and plant roots, as
some structures occur in the soil compartment and others in the plant roots. The
importance of AMF for soil quality is nowadays more recognized (Bradford 2014)
and the association of trees with different mycorrhizal fungi is highlighted to under-
stand the biotic interactions in global carbon dynamics (Averill et al. 2014). In spite
of the urgently recommended study of AMF function under global change (Kivlin
et al. 2013), few projects have initiated such research in SA. The diverse soil func-
tions of natural and managed terrestrial ecosystems support the delivery of complex
ecosystem services, that are not fully understood as they occur at the different inter-
faces of the lithosphere, hydrosphere, biosphere and atmosphere (reviewed by
Adhikari and Hartemink 2016). Moreover, the global assessment of AMF diversity
revealed very low endemism (Davison et al. 2015). This wide distribution range of
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AMEF also has been reported in this book in SA (Cofré et al.), and in salt flats, natu-
ral and crop environments (Becerra et al.); in contrast, it has also been demonstrated
the endemic distribution in La Gran Sabana of Venezuela of the species belonging
to Gigasporales (Lovera et al. in this book).

In SA, Marin and Bueno (in this book) have found 797 articles published on
mycorrhizas, with the largest number of papers being from Brazil (44%), Argentina
(21%), followed by Chile (12%), Venezuela (6.5%), and Ecuador (5%); further,
these authors showed that Brazil was the country with the highest number of scien-
tific works on mycorrhizal and root endophyte research. Moreover, in this book
more than 2000 publications considering diverse issues such as mycorrhizas,
mycorrhizal fungi and other root fungal endophytic associations in SA were revised
and analyzed to look for the ecological patterns at different scales in the chapters
written by Becerra et al., Cofré et al., Urcelay et al., Godoy and Marin, Grilli et al.,
Lugo and Menoyo, Nouhra et al., Pagano et al., Pefia-Venegas and Vasco-Palacios,
Silva-Flores Flores et al. and Soteras et al.

Tedersoo et al. (2010) pointed out that ECM-dominated habitats and plant hosts
in SA continue undersampled compared to the north temperate regions, together
with AMF and most of the fungi that inhabit soils (Tedersoo et al. 2014); further,
there is a need for improving the molecular studies in the region. As regards mycor-
rhizal information, Varga (2015) has pointed out that most of the available publica-
tions usually lack important details about the descriptions of the experimental and
methodological procedures, materials used, applied techniques and treatments, and
the methodology for data collection. Thus, the authors and researchers of this book
have put special emphasis on the detailed description of the methodology of data
collection and analysis, completely and clearly illustrating the results obtained. This
chapter discusses and analyzes the advances on mycorrhizal fungi in native ecosys-
tems of SA and the state of conservation of mycorrhizal fungi and associations
among the South American protected areas.

1.2 Mycorrhizal Symbioses in South America

In this book, different researchers show the occurrence of different types of mycor-
rhizas and mycorrhizal fungi species among the different biogeographic regions of
SA. Arbuscular mycorrhizas and ECM were the most frequent type of fungal root
symbiotic associations, but also dark septate endophytes (DSE), orchid and ericoid
mycorrhizas were recorded and studied in SA. Thus, in the Highlands, from the
northern of SA to the southernmost cone of the continent, AM were the most pre-
vailing plant symbiosis followed by DSE, a few orchid and ericoid mycorrhizas and
dual and triple associations (Lugo and Menoyo). These multiple associations in the
Highlands of SA could be related to the recent evolutionary plant—fungal symbiont
processes as it has been suggested by Brundrett and Tedersoo (2018). The chapter
by Godoy and Marin provides a view of the state of the art of mycorrhizal research
in the old-growth temperate rainforests, located in the Patagonian and Valdivian
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regions of southern Chile and Argentina (exclusive for SA), characterized by ele-
vated precipitation levels without atmospheric pollution. The mycorrhizal traits of
the dominant flora are special: Nothofagus spp. associates with ECM fungi, while
the native conifer species associate with AMF, which is an opposite pattern to that
of the northern hemisphere. These authors show an overview of the different mycor-
rhizal types of 245 vascular plant species and they also show the role of mycorrhizal
fungi on crucial ecosystem processes such as biogenic weathering or potential use
as ecological restoration tools for the re-establishment of native flora. Godoy and
Marin found that the co-inoculation of two ECM species significantly increases the
growth of Nothofagus spp. when compared to singular inoculations, highlighting
the key role on nutrient cycling, maintenance of biodiversity and ecosystem produc-
tivity. They conclude that mycorrhizas of southern Chile temperate rainforests are
affected by the mountain system (the Andes and Coastal mountain ranges), the
mycorrhizal dominance of the forest (either ECM or AM), soil chemistry and alti-
tude. However, how the abiotic and biotic factors interact and affect mycorrhizal
communities -and the mycorrhizal symbiosis- remains to be thoroughly studied in
the South American temperate rainforests (Bueno et al. 2017, Godoy and Marin in
this book) and Mountain forest (Soteras et al. in this book). They stressed that the
diversity and function of soil biota under climatic change provides essential infor-
mation about the ecosystem processes that take place over long periods; and that
traditional approaches commonly restricted to a few years due to funding and logis-
tical restrictions (Amano and Sutherland 2013) need scientific collaboration to bet-
ter understand the role of soil biota, particularly mycorrhizal fungi, in future studies
of biogeochemical cycles in pristine temperate rainforests of SA (Truong et al.
2017; Oeser et al. 2018). Meanwhile, the biogeographic analysis of ECM fungi in
SA was conducted by Nouhra et al. in this book (see paragraphs forward).

The chapter by Clara P. Pefia-Venegas and Aida M. Vasco-Palacios provides a
view of the state of the art of mycorrhizal research from Colombia, including a case
study of AMF and ECM in the Amazonian tropical rainforest. They explain the
restrictions on mycorrhizal research to root colonization and AMF spore quantifica-
tion in commercial-plants, or fungal fruiting bodies near reported ectomycorrhizal
plant species for inventories. They stress that few studies included mycorrhizal
associations in natural ecosystems or the use of molecular tools in Colombia, which
limited the understanding of mycorrhizal symbiosis that could be useful for agricul-
ture, timber production and soil bioremediation. They found a total of 97 reports
related to ECM fungi in Colombia, showing that 172 species of ECM fungi have
been reported mainly in Quercus-dominated montane forests.

Silva-Flores et al. (see Chap. 14) stress the little research regarding mycorrhizal
symbiosis on the South American Mediterranean-type ecosystem (Chilean mator-
ral), which is a biodiversity hotspot. They highlight and compile the knowledge of
mycorrhizal symbiosis in these environments showing the lack of studies on ericoid
mycorrhiza (also at a national level) and the existence of scarce reports. However,
they point out an emerging interest of several researchers mainly in studies of AM,
ECM and orchid mycorrhizal (OM).
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In this book, Cofré et al. (see Chap. 3) address the cumulative information that
has increased considerably over the last years, particularly in SA. They present the
published literature of AMF morphological richness for SA to evaluate richness pat-
terns across the ecological divisions of the region. They compiled evidence of an
increasing interest in the study of these fungi in SA; however, an uneven distribution
among the ecodivisions show the main research focus is in the Amazonia, Atlantic
forest, Caatinga and Chaco while many regions remain unstudied and others poorly
sampled (e.g. Guianan lowlands and Patagonia respectively). They also highlight
that the soybeanization accompanied by monocultures, clearing, fumigation and
movement of peasants in the ecoregions of SA affect the unexplored biodiversity.

The chapter by Carlos Urcelay et al. addresses how the biological invasions con-
stitute a global environmental threat that fast alters natural communities and ecosys-
tem functioning. A way to understand the success of alien trees in novel ecosystems
is by comparing their ecological strategies with those of native ones. As it happens
on a global scale, the different types of mycorrhizas are not randomly distributed
across the biomes and are related to environmental variables instead. They examine
the patterns of mycorrhizal distribution in native and alien tree species occurring in
contrasting montane ecosystems across a broad latitudinal gradient in SA. They
point out that the effects of mycorrhizal fungi on the growth, nutrition, and then
expansion and dominance of most native and alien trees in the ecosystems of south-
ern SA still remain to be determined; however, it seems that mycorrhizal associa-
tions have an unambiguous role in tree invasions in the montane forests across
different climates but the relative importance of each mycorrhizal type in each eco-
system remains unknown.

Interestingly, some native AM plants from SA (Flaveria bidentis, Zhang et al.
2017; Bidens pilosa, Song et al. 2011) are invasive in other countries/ continents.
For example, F. bidentis, a native of SA, is an aggressive invader in North China.
Moreover, the invasion of the exotic Pinaceae in SA is also revised in this book (see
Chap. 2, Urcelay et al.; Chap. 6, Pefia-Venegas and Vasco-Palacios). Special atten-
tion should be given to exotic pastures such as Brachiaria, which is a species largely
used for Brazilian agropecuary and in the integrating cropping livestock systems.
Species of Brachiaria and Panicum are mainly included in tropical agro-systems.
These tropical pastures (Urochloa decumbens syn. Brachiaria decumbens Stapf) in
no-till cultivation are commonly used as pastures due to their adaptation capacity
and large root system, together with intercropped grasses and legumes to increase
the production, forage quality, and the profitability and sustainability of these sys-
tems in tropical regions (reviewed by Pagano et al. 2017).

The high diversity of Orchidaceae, which is present in two biodiversity hotspots
in the northwestern region of SA: the tropical Andean region and the Chocé6-Darien
hotspot (Myers et al. 2000), is subject to constraint due to plant extraction for com-
mercialization, and was investigated in the pioneer studies carried out by Dr. Joel
T. Otero in Colombia (Otero and Bayman 2009; Otero et al. 2013), which reported
Rhizoctonia-like fungi being isolated from several orchids and evaluated for bio-
control potential against the pathogenic Rhizoctonia solani in rice (Mosquera et al.
2010). They found discrete groups of mycorrhizas, including fungi from tropical
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epiphytic orchids; from plant pathogenic Rhizoctonia species (Thanatephorus spp.)
used as a positive control; from terrestrial orchids; and from Vanilla species
(Mosquera et al. 2013). Others studies on epiphytic orchids in Oncidiinae have
revealed moderate to high levels of preference for specific clades of Ceratobasidium
spp. (Otero et al. 2002, 2004, 2005). Other reports on Orchidaceae are scarce and
distributed in a few countries such as Brazil, with the research leaders being Maria
Catarina M Kasuya and Marlon C Pereira (e.g. Pereira et al. 2011; Detmann et al.
2018). As Brazil is the home of approximately 2500 species of orchids of which
1627 are endemics (Barros et al. 2012), new projects on OM led by MC Pereira and
Prof. MC Kasuya are improving these studies. Also in Argentina, some reports of
OM are mentioned (see chapter by Lugo and Menoyo), Brazil (Pagano et al., see
Chap. 9) and Chile (see chapters by Silva-Flores et al. and Godoy and Marin).

Finally, it has been stressed that most published reports (74%) commonly lack
any important detail when describing the study such as those about the experimental
treatment, the abiotic growing conditions, the soil nutrient concentrations, the dura-
tion of the study or a better description of the methodology for data collection
(Varga 2015). In SA, the most published papers have shown the AMF association
with native and also with some agronomical plant species predominate over the rest
of the mycorrhizal and other root fungal endosymbiotic associations (see also chap-
ters by Grilli et al., Lugo and Menoyo, Marin and Bueno, and Silva-Flores et al. in
this book). These results are also in agreement with the global distribution of pres-
ence or absence of the diverse mycorrhizal and root fungal endophytic associations
under an evolutionary approach (Brundrett and Tedersoo 2018).

1.3 The Mycorrhizal Fungal Species in South America

A growing worldwide attention on fungi is being noticed, as of 120,000 known
fungal species (Hawksworth and Liicking 2017), more than one million (Schueffler
and Anke 2014) or 2.2-3.8 million (Hawksworth and Liicking 2017) are predictable
to exist, but also the number of fungal species estimated ranges from 500,000 to ca.
ten million species. However, the range of 1.5-5 million species is the estimation
most accepted by the mycologists (Hawksworth and Liicking 2017 and references
therein). Taking into account that the number of native plants for SA would be
approximately 143,903 species (Ulloa Ulloa et al. 2017), and if approximately
70-80% would be colonized forming AM (Brundrett and Tedersoo 2018), this
yields a possible number of associated plants forming AM in SA of ca. 100,000
putative host plants. Therefore, if 1-60 taxa of AMF could be associated by a host
(Davison et al. 2015), a simple calculation has yielded a putative number of AMF in
SA that surpasses the worldwide total number recorded or virtually proposed until
now by morphological and molecular tools.

Further, for Fungi in general, it has been proposed (Hawksworth and Liicking
2017 and references therein) that the possible sources or sites where fungal, yet
undescribed species, could be found are “in biodiversity hot spots in the tropics,



8 M. A. Lugo and M. C. Pagano

little-explored habitats, and material in collections awaiting to be studied”. Thus, in
SA exist all possible sites and conditions where the undiscovered fungal mycorrhi-
zal species are available and need to be studied and described.

1.3.1 The ECM Fungal Species in South America

South America has about 6—7% of the total number of papers on mycorrhizas world-
wide. As regard to ECM fungi and its ECM associations, they are commonly wide-
spread in forests and woodlands of temperate and cold regions in both Hemispheres
(Tedersoo et al. 2012), but also in tropical and subtropical regions worldwide
(Moyersoen et al. 1998a, b, 2001; Founoune et al. 2002; Onguene and Kuyper
2002); particularly in SA, where ECM fungi can be diverse (Henkel et al. 2012;
Kennedy et al. 2011; Riviere et al. 2007; Smith et al. 2013, 2017; Tedersoo et al.
2007; Vasco-Palacios et al. 2018 among others). Recently, Brundrett and Tedersoo
(2018) have updated the global biogeographical patterns of plant and fungi associ-
ated forming mycorrhizas; however, the fungal diversity of tropical and subtropical
habitats in the Southern Hemisphere is understudied in contrast to Northern
Hemisphere forests (Corrales et al. 2018; Hawksworth and Liicking 2017; Tedersoo
et al. 2007). In addition, many recent reports in SA have reported high fungal diver-
sity in Andean Nothofagaceae forests (Truong et al. 2017), in the Yungas forests
(Geml et al. 2014), and fungal diversity in Caesalpiniaceae legume-dominated
Neotropical forests (Henkel et al. 2012).

In this book, ECM fungi have been also studied along the whole SA (Chap. 4 by
Nouhra et al.), in Tropical forest of Colombia (Chap. 6 by Pefia-Venegas and Vasco-
Palacios), Mediterranean-type Matorral (Chap. 14 by Silva-Flores et al.) and
Temperate rainforest of Chile (Chap. 16 by Godoy and Marin). In the chapter by
Eduardo Nouhra et al., it is provided an overview of the wide range of ECM habitats
and EMC fungi lineages from South America. These authors have found that the
Patagonian forest dominated by Nothofagaceae could harbor a high ECM diversity
and the largest amount of ECM fungi lineages in contrast to the Neotropical sites
considered by Nouhra et al. Further, in Patagonia forests, ECM fungi belonging to
Pezizales (Ascomycota) were highly diverse. In Chap. 4, the analysis performed by
Noubhra et al. has shown one unique lineage at the global scale (/guyanagarika) in
Guiana Region; instead, the ECM linages /cortinarius, /russula-lactarius, /amanita
and /clavulina are present in all of the areas treated in SA; the /cortinarius lineage
was rich in Patagonia and, three lineages were notably rich in the Guiana Shield.

In Colombia, a total of 172 species of ECM fungi have been reported in Tropical
forests of Quercus, Pinus, Colombobalanus, Dicymbe and Aldina, and
Pseudomonotes tropenbosii (Pefia-Venegas and Vasco-Palacios, see Chap. 6). The
fungal ECM taxa reported has been included into typical ECM lineages of
Basidiomycota such as Amanitaceae, Cantharellaceae, and genera of the families
Russulaceae and Boletaceae; in addition, some particular taxa such as Polyporoletis
sublividus (Albatrellaceae), Tremellogaster surinamensis (Diplocystidiaceae) and
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four endemic species of Sarcodon (Bankeraceae) have been also registered in Chap.
6. The genus Sarcodon was considered to be distributed in the Northern Hemisphere,
but now 10 species are known from lowland areas in tropics, to be expanding the
range of distribution and the knowledge about plants host-associated to this genera
(Grupe et al. 2016). The EM lineages Tomentella and Sebacina are commonly
detected on root analysis (Vasco-Palacios 2016; Vasco-Palacios et al. 2014).
However, those have not been reported in Colombia yet, probably, because the
basidiomata of these genera can be easily overlooked, as they occur erratic and are
resupinate and/or cryptic (Moyersoen 2006). In Mediterranean-type Chilean
Matorral, 43 species of ECM fungi have been recorded in four localities which
belong to the genera Amanita, Austropaxillus, Boletus, Cortinarius (represented
with the greatest species number), Dermocybe, Descolea, Inocybe, Laccaria,
Paxillus, Russula, Stephanopus, Thaxterogaster, Tricholoma, and Zelleromyces
(Chap. 14 by Silva-Flores et al.). Along the temperate rainforest of Chile, Godoy
and Marin (Chap. 16) have cited previous reports registering a huge number of 651
ECM fungi taxa exclusive to Nothofagus spp. forests (Garrido 1988) and, consid-
ered as the most abundant ECM fungal orders on Nothofagus forests to Boletales,
Cortinariales, Gautieriales, and Russulales (Palfner and Godoy 1996; Flores et al.
1997; Godoy and Palfner 1997; Palfner 2001; Nouhra et al. 2013).

1.3.2 The AMF Species in South America

With regard to AMEF, there are currently applied three main worldwide and different
systematic points of view; one of them is the AMF morphological and molecular
classification proposed by Redecker et al. (2013) and Schiifiler and Walker (2010)
(which is online updated in http://www.amf-phylogeny.com/amphylotaxonomy.
html). This classification system recognizes the AMF within the phylum
Glomeromycota and the class Glomeromycetes, 4 orders (Glomerales,
Diversisporales, Paraglomerales and Archaeosporales), 12 families, 34 genera and
approximately 316 AMF morphospecies correctly described and the actually
excluded species Glomus tenue that was changed to Planticonsortium tenue in the
subphylum Mucoromycotina (Walker et al. 2018). Another AMF classification sys-
tem based in morphological and developmental features of AMF has been proposed
by Btlaszkowski (2012), Btaszkowski et al. (2018 among others), in this systematic
classification of AMF, 3 classes, 5 orders, 16 families, 41 genera were included and
300 species have recently been reported (Oehl et al. 2011a, 2014; Goto et al. 2012;
Stiirmer 2012; Stiirmer et al. 2018; Blaszkowski 2012; Btaszkowski et al. 2018).
Finally, the third AMF classification involves virtual taxa (VT), which are putative
taxa defined by Opik et al. (2010) and that are part of the most important MaarjAM
database of AMF molecular diversity; under this systematic point of view, AMF
comprise ca. 350-1000 molecularly defined taxa (Davison et al. 2015 and refer-
ences therein). Although in SA, molecular characterization of AMF communities is
poorly known (Grilli et al. 2015; Senés-Guerrero and Schiiller 2016; Soteras et al.
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2016), the AMF diversity prospection by means of VT analyses was carried out in
native (see chapters Grilli et al., Pefia-Venegas and Vargas-Palacios, Silva-Flores
et al., Soteras et al.) and agronomic (see chapter Pagano et al. in this book) environ-
ments. Besides, the AMF high tolerance to Al and higher P efficiency to host vs.
non-host plants were studied in acidic and anthropized soils of Chilean farming
systems (see chapter of Aguilera et al.).

In the 1990s only a few papers were published, but, in the following two decades,
there has been many studies mainly using morphological identification compared to
genetical one. Between 2011 and 2014, studies on mycorrhizal occurrence and
diversity exceeded the number of studies on ecology. Moreover, the number of stud-
ies on mycorrhizal ecology outperformed all other reports in the last years until now
(Fig. 1.1).

In SA, the largest number of described species is from Brazil followed by
Argentina. The importance of checklists has been highlighted for plant and fungi
diversity knowledge by Ulloa Ulloa et al. (2017) and Hawksworth and Liicking
(2017), respectively. In SA, Brazilian researchers have conducted, published and
maintained over time these biodiversity useful tool of checklists for AMF (Goto
et al. 2010; Jobim et al. 2016, 2018 among others); furthermore, a complete revised
list of publications of AMF morphological diversity in SA is addressed in Cofré
et al. (Chap. 3), salt flats (see Becerra et al., Chap. 15) and anthropized environ-
ments (Schalamuk et al. 2013; Aguilera et al., Chap. 7; Pagano et al., Chaps 9 and
17).

In this book, Cofré et al. (see Chap. 3) have shown that most globally distributed
taxa of Glomeromycota are present in SA, including 62% of the worldwide cur-
rently known AMF; however, a huge amount of SA is still unstudied. These authors
have concluded that AMF communities of the ecodivisions of Guianan (Uplands,
Highlands, and Lowlands), Peruvian-Chilean (Atacama) desert, and Caribbean
need to be studied. In addition, Patagonia has been poorly sampled. Moreover,
Cofré€ et al. have found represented in SA 186 different AMF morphospecies which
surpass the 131 identified AMF morphospecies registered until 2012 in a recent
review (Stiirmer et al. 2018).

In Chap. 8, Lovera et al. shows in detail how patterns of AMF in savannas inter-
mixed with forests, shrublands, meadows and palm swamps, are crucial for ecosys-
tem functioning by improving plant nutrition and resistance to environmental stress.
They observed a high diversity of Gigasporaceae and four new species (Scutellospora
spinosissima, S. crenulata, S. striata, S. tepuiensis) and, some undescribed morpho-
types, are considered endemic, suggesting the region as a center of diversification
for Scutellospora or even for the Gigasporaceae. Similarly, due to the several spe-
cies of Gigasporaceae that have been described from Northeast Brazil, and to the
recorded species of the family in this region (ca. 60% of the Gigasporaceae species
diversity), Brazil has been proposed as the center of diversification for Gigasporaceae
(Marinho et al. 2014; de Souza et al. 2016). Thus, Lovera et al. (in this book) sug-
gest that the Guayana Shield, in addition to the Atlantic Shield in the Northeast
Brazil, can be hotspots of diversification for Gigasporaceae, shrublands hosting the
greatest diversity and endemism. Further, Lovera et al. (see Chap. 8) have shown the
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presence of endemic AMF in La Gran Sabana (LGS) of Venezuela in the biome of
shrublands, which also included different vegetation types such as the tropical
grasslands, savannas that host the greatest diversity and endemism of Gigasporaceae
and that are considered an evolutionary hotspot for AMF (Pirtel et al. 2017).
Therefore, these surpassing results are evidencing an increasing interest in the study
of these fungi in the region in recent years. Thus, probably diversity of AMF from
SA in relation to worldwide diversity will increase, as has been proposed by Veblen
et al. (2015).

In SA, many soil properties are relevant to AMF community composition and
diversity (Table 1.1.). Soteras et al. (see Chap. 13) have analyzed the AMF diversity
in the high mountain ecosystems, one of the main hotspots of biodiversity of South
America. The AMF taxa in South American mountain forests have been reviewed
and the richness of morphospecies and structure of AMF communities have been
analyzed in relation to microscale (host species, pH, N, P) and macroscale factors
(latitude, temperature, precipitation). In this book, Soteras et al. has shown that
AMF communities differed in both scales being associated with sampling site, veg-
etation type or host identity. The families Glomeraceae and Gigasporaceae were
related to micro- and macro-scale factors, while Acaulosporaceae was not signifi-
cantly related with neither micro- nor with macro-scale factors. The AMF commu-
nity composition at higher scales of tropical and temperate ecosystems differed due
tolatitude, precipitation and temperature. However, atlower scales soil characteristics

Table 1.1 List of key soil properties related to AMF in natural ecosystems from South America

Changes in AMF community
Key soil properties Mycorrhizal mycelium length | structure and /or diversity

Soil organic carbon X
Soil pH
Potassium

Calcium

Magnesium

Phosphorus availability

Iron
Sulfur
Zinc

Sodium

Base saturation

Clay mineralogy
Silt

Water stable X
macroaggregates
Coarse and total sand

DR PR DR DR | DR | R ) | ) <

Water in soil

Boron

CEC (Cation exchange
capacity).

X |
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and host species were the most relevant factors in differentiating AMF sites compo-
sition. Thus, Soteras et al. have found that AMF communities of high mountain
forests of SA are differentially affected by the particular characteristics of these
environments, different from the cosmopolitan pattern. Meanwhile, in Salt flats
environments, Becerra et al. (see Chap. 15) has registered that the Glomeraceae was
the dominant AMF family in stressful habitats in Argentinean Pampas and in
Northwestern and Central of Argentina.

1.4 New Insights for AMF Conservation

1.4.1 The Mycorrhizas in Protected Areas of South America

In SA, there are very important hotspots areas (Myers et al. 2000; Cardoso da Silva
and Bates 2002; Madrifidn et al. 2013; Young et al. 2015) such as Caatinga, Cerrado,
Dry tropical forest, Highlands of Central High Andes Mountain forest, Mediterranean
Central Chilean matorral, Paramo, Patagonia steppe, Puna, Tropical and Temperate
rainforests. All of these megadiverse and/or unique diverse environments have been
analyzed throughout this book. However, for the huge importance of these areas as
reserves of wild biodiversity, there are very scant conservatory politics and efforts
conducted. Moreover, the settlement of National Parks and Reserves and mycor-
rhizal research in these areas are still undeveloped.

As regards the AMF occurrence in native ecosystems, more information on
indigenous species were compiled by Turrini and Giovanetti (2012). They analyzed
the AMF occurrence in protected areas worldwide, showing the lists of AMF spe-
cies present in ten South American habitats, namely, Canaima National Park — La
Gran Sabana (Venezuela), Reserva Biolégica San Francisco and Podocarpus
National Park (Ecuador), Manu National Park (Pert), Brasilia National Park, Vale
do Catimbau National Park, Serra do Cip6 National Park, State Park of Campo de
Jorddo, State Park of Alto Ribeira, in Brazil. Moreover, other preserved sites are
mentioned in this book for Chile (see chapter by Silva-Flores), and El Palmar
National Park, Quebrada del Condorito, Sierra de las Quijadas and Nahuel Huapi
National Park in Argentina (Fig. 1.2). Further AMF diversity and occurrence revi-
sion is showed in the chapters by Cofré et al., Lugo and Menoyo, Soteras et al. in
this book. With regard to ECM, they were investigated in Nothofagus forests in
Patagonia (boundaries of the Lanin National Park), Argentina (Nouhra et al. 2013),
showing that the composition was influenced by altitude. In this book, ECM asso-
ciations have been revised along a latitudinal gradient in SA which has shown a
similar pattern of frequency of colonization and presence versus AM and other
mycorrhizal associations than at a global scale (Urcelay et al.), in the Valdivian
forests ECM were predominant in native trees (Godoy and Marin), in the
Mediterranean Chaparral of Chile (Silva-Flores et al.) and they were not still found
in South American Highlands (Lugo and Menoyo). The ECM fungi in SA have been
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Fig. 1.2 Some views of National Parks or preserved areas studied for AMF. Clockwise, from
upper left: National Park El Palmar in Argentina, native trees from Patagonia region, Argentina and
sand dunes (Protected preserved area) in Brazil (Photo-credit: M. Pagano); down, national Park,
Sierra de las Quijadas, San Luis province, Argentina (Photo-credit: M. Lugo)
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also studied and revised (Nouhra et al.) and some new records were also mentioned
in the Mediterranean Chaparral (Silva-Flores et al.); further, some exotic ECM and
its relationship with exotic host plants invasions in SA have been explored by
Urcelay et al.

In their chapter on ECM fungi biogeographic research revision in SA, Nouhra
et al. compile data on various aspects since the first appearance of studies in the
region (areas of interest along the Andes, Guiana, Amazonian Basin and the north-
eastern coast of SA). They stress the wide variety of unique biomes in SA, the
ectotrophic Nothofagaceae forest in Patagonia, which presents the highest ECM
diversity. However, substantial ECM diversity remains to be discovered in all
regions of SA. The highest richness present in Patagonia is consistent with global
patterns of ECM distribution (Tedersoo et al. 2012). They analyze the different lin-
eages of ECM by regions and biomes, indicating that the Guiana Region also har-
bors a higher diversity of ECM, being home of at least one unique lineage, and that
the tropical and subtropical Andes regions with their Northern Hemisphere-derived
ECM hosts and the Amazon basin with its widely dispersed Neotropical hosts are
apparently the least diverse regions.

Recently, most important protocols for studying the fungi including AMF were
compiled by Lugo et al. (2018), in order to help researchers to investigate the inter-
actions with AMF, fungi and endophytes. The manual is available in Spanish and
contains methodologies applied in Argentinian environments, in many studies of
AM and AMF and fungal endophytes in roots. Some protocols have been used in
protected areas of Argentina, such as Sierra de las Quijadas National Park (Fig. 1.2.),
where diversity of AMF in Bromeliaceae rhizosphere, terrestrial and epiphytic
Bromeliaceae root colonization by AMF and DSE, and AM association in relation
with plants functional types were studied (Rivero Mega et al. 2014; Lugo et al.
2009, 2015).

Moreover, new reports for protected areas have been published. For example, in
Brazil, permanent plots (100m x 100m) in three phytophysiognomies of the Atlantic
Forest, established in the Biota-Program from the Sao Paulo State Research
Foundation, in the Serra do Mar State Park, Brazil (Joly et al. 2012) were studied for
mycorrhizal symbioses (Duarte et al. 2018), after previous reports from Aidar et al.
(2004) at the Tourist State Park of the High Ribeira Valley (PETAR) also in Sao
Paulo. Nevertheless, more studies are needed as well as enough understanding of
the native mycorrhizal biodiversity (Fig. 1.3). At the level of plant-AMF community
interactions, Lekberg and Waller (2016) showed that plant species harbored distinct
AMF communities in 25% of the studied sites of different biomes worldwide, sug-
gesting host plant identity a weak driver for AMF community assemblage. They call
for obtaining more samples with more plant species and replicates within communi-
ties to expand the understanding of plant-AMF community interactions.

In this book, mycorrhizal fungi and associations have been addressed in pro-
tected areas of Argentina, Bolivia, Brazil, Chile, Colombia and Venezuela through-
out the most of the chapters, and those that have not been included are registered in
the Table 1.2.
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Fig. 1.3 Native AMF from sites in Brazil. Clockwise, from left: AMF spores of Glomerales and
Gigasporales, colonized roots of a native tree (Photo-credit: M. Pagano)

In addition, new reports show increased number of identifiable and unidentifi-
able AMF species in SA. For example, Freitas et al. (2014) have identified 41 spore
morphotypes in rhizosphere of three legume trees in Amazonian forest; Carvalho
et al. (2012) reported 49 AMF species for six different natural habitats (highland
fields, bogs, Cerrado, etc.) and Silva et al. (2014) 50 AMF species for three semiarid
sites (dry forest, a transitional zone and a moist forest). The information of mycor-
rhizal fungi studies performed in the last decade in the protected areas of SA is
summarized in the Table 1.2. However, these reports are still very few, considering
the great extension of SA.

Among the conservation units, none National Park is under continuous research
in SA and few ones have been investigated for the mycorrhizal and root fungal
endophytic symbioses. There is a high number of unidentified morphotypes of
AMF, which are annotated as Genus + sp. 1 and to cope with this problem, different
strategies can be performed such us AMF culture using trap culture method or trans-
formed root culture (see paragraphs forward).

1.4.2 The Mycorrhizal Species in the Soil Profile

In 2005, Oehl et al. stressed that the deep soil layers should be included in studies
to get a complete representation of AMF diversity, as they can show different com-
position than the topsoil. Despite that time, there are few reports of research on
AMF with soil depth, among them there are two reports from South America. One
from Terra Preta de Indio (Pagano et al. 2016) and other from mixed cultivation
Acacia mangium with Eucalyptus grandis (Pereira et al. 2018). Moreover, recently
it was confirmed that different AMF communities can occur in subsoils of in agri-
cultural field, being also pointed as a potential biodiversity reservoir (Sosa-
Herndndez et al. 2018). However, we do not know the functional traits of those
communities, thus the subsoil biology needs to be included in agricultural manage-
ment (Sosa-Hernandez et al. 2018).
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Table 1.2 Total number of identified AMF species and root symbiosis in some natural ecosystems
in the biomes of SA classification by Echeverria-Londoio et al. (2018)

Biome/Vegetation AMEF species/ | Unidentified | % Root
Country | type/State/Region Morphotypes | species colonization | Reference
Argentina | Arid Chaco, Monte/ |7 13 NI Rivero Mega
San Luis/Sierra de las etal. (2014)
Quijadas National 7-37 (AMF)* | Lugo et al.
Park 27-91% (2009)
(DSE)®
0-100% Lugo et al.
(AMF)® (2015)
(65, 13%
AMF)®
Argentina | Espinal, Palmar/Entre |46 I NI Velazquez
Rios/El Palmar et al. (2008,
National Park 2013),
Velazquez
and Cabello
(2011)
Argentina | Temperate Rainforest/ | 27 I NI Velazquez
Rio Negro/Patagonian et al. (2016)
Andes/National Park
Nahuel Huapi
Brazil Amazonia/Terra firme | 39 I(1) NI Freitas et al.
forest (2014)
Brazil Atlantic rain Forest/ | 47-68 1(22) ~20-80 Zangaro et al.
Mature forest, Parana (AMF)® (2013)
state, (52% AMF)°
Brazil Southern Pernambuco | 34-44 1(6) NI Pereira et al.
state/ (2014)
Brazil Northern Sao Paulo 23-25 1(6) ~46-80 Aidar et al.
state (AMF)® (2004)
(63.12%
AMF)®
Brazil Serra do Mar State 5-13 1(8) 50-53 Duarte et al.
Park, Sao Paulo (AMF)® (2018)
Brazil Atlantic rain Forest 27 - NI Pagano and
— Cerrado/Riparian Cabello
vegetation (2012)
Brazil Araucaria 18 NI NI Patreze et al.
Forest/Araucaria 13 1(5) (42.5% (2009)
angustifolia AMF) Moreira et al.
(2016)
Brazil Pantanal/Semi- 19-25 1(18) NI Gomide et al.
deciduous forest, (2014)

Cerrado, Cerradio,
grasslands

(continued)



1 Overview of the Mycorrhizal Fungi in South America

Table 1.2 (continued)
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Biome/Vegetation AMEF species/ | Unidentified | % Root
Country | type/State/Region Morphotypes | species colonization | Reference
Brazil Cerrado/Natural 29-33 (57)° 1(6) NI Pontes et al.
Cerrado forest, (2017)
Northern
Brazil Cerrado/Murundu 24-27 1(3) NI Assis et al.
fields?, Goids (2014)
Brazil Cerrado/Highland 51-75 1(18) NI Oki et al.
fields?, Minas Gerais (2016)
Brazil Cerrado/Ferruginous |24 1(7) NI Teixeira et al.
fields, Iron mining (2017)
areas?®, Minas Gerais
Brazil Cerradof NI NI NI Lemes et al.
(2016)
Brazil Pantanal/Seasonal 21-37 1(18) NI Gomide et al.
flooding — Grasslands, (2014)
Cerrado
Brazil Caatinga/Dry forest, |27-42 (50)® 1(14) NI Da Silva et al.
moist forest (2014)
Brazil Caatinga, 16 - NI Mello et al.
Pernambuco (2012)
Brazil Caatinga/Deciduous | 13-15 1(2) ~10-30 Pagano et al.
Forest (AMF)® (2013)
Brazil Caatinga/Carrasco 16-18 1(2) ~20-50 Pagano et al.
(AMF)® (2013)
Woody caatinga 9-23 1(3) ~10-40 Pagano et al.
(AMF)® (2013)
Brazil Coastal ecosystems 25 1(2) (36% AMF)® | Stiirmer et al.
Restinga (2013)
Brazil Mangrove forest, 17-22 1(3) ~2-74 Silva et al.
Restinga forest (AMF) (2017)
(36.75%
AMF)®
Chilet Chilean temperate 59 I NI Marin et al.
rainforests (2017)
Chilef Evergreen primary 6-29 (58)° 1(7) NI Castillo et al.
forest, secondary (2016)
forest and natural
grassland
Colombia | Orchidaceae NI - 1 (OMF)® Otero et al.
(2013)

References: “Reported as AMF hotspots sites; 7 Checklist or review; @ = maximum number of
AMEF reported; I = informed, number of AMF unidentified species between parentheses; NI = not
informed; ® = mean value of root colonization % and/or type of fungal symbionts involved are
showed between parentheses; AMF = arbuscular mycorrhizal fungi; DSE = dark septate endo-
phytes; OMF = orchid mycorrhizal fungi
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Edaphic factors such as the soil pH is related with species richness and with the
diversity index. However, the height above sea level can also modulate the AMF
community composition which conducts to a diverse distribution of species in
patches with little influence of the type of cultural traits showing the importance of
developing specific biofertilizers for crops that contain AMF naturally adapted to
the different characteristics of the multiple soil types present in agriculture
(Mahecha-Vasquez 2017).

More recently, Araujo et al. (2018) have checked for distribution of AMF along
the soil profile in pure and mixed Eucalyptus grandis and Acacia mangium planta-
tions in Brazil. Acacia mangium in the mixed cultivation system stimulates greater
root colonization rates in Eucalyptus grandis plants in the 0-20 cm and 20-50 cm
layers. AMF spores are present in all the management systems studied, in all soil
layers down to 800 cm of depth. The same applies to AMF root colonization.
Evaluation of sampled spores identified the following six AMF genera: Acaulospora,
Gigaspora, Glomus, Intraornatospora, Scutellospora and Racocetra, distributed
among 16 species.

As it was pointed out before, mycorrhizal fungi and its associations have been
scantly studied in protected areas in SA. The few conservation units studied are
inhabited by a high number of unidentified morphotypes of AMF. Thus, to resolve
this gap in the AMF species recorded, two main strategies can be performed. One
option is to propagate the new species using the roots transformed by Agrobacterium
rhizogenes which are also effective as inocula which generally utilized carrot and is
used as experimental model systems for research purposes (see Giovannetti and
Avio 2002). But these inoculation procedures are highly expensive and only utilized
in agriculture of high value products.

In vivo cultures of species from different regions are maintained in ex-situ col-
lections worldwide (Giovannetti and Avio 2002). For that purpose, the spores are
inoculated nearby the roots of a host plant cultivated in soil, sand, expanded clay,
peat or other substrates (after sterilization by steam, fumigation or irradiation). In
general, new spores are produced in the pot cultures 3 months after inoculation (see
Giovannetti and Avio 2002). Observations under microscopes of stained fungal
structures in the roots can confirm the percentage of mycorrhizal colonization.

The selection of appropriate fungal endophytes plays a fundamental role in pre-
venting growth after transplant (Requena et al. 2001) and plant micropropagation,
which can presently benefit from AM biotechnology in SA. The applications of
mycorrhizas in restoration and environmental issues are still incipient. AMF inocu-
lant for farm application requires large-scale multiplication fungi, which is gener-
ally carried out in substrate-based or in vitro systems (Ijdo et al. 2011). Commercial
inocula exist, but often these inoculants do not work nor contribute satisfactorily,
especially under field conditions (Wetzel et al. 2014). Infective propagules of AMF
(spores, hypha and colonized roots) can be used as inocula (Sieverding 1991). Some
experts have tested the production of AMF inoculum together with biofertilizers
using the on-farm method in SA (Czerniak and Stiirmer 2015). Moreover, those
authors have confirmed the probable use of Gigasporaceae as inoculants.
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In addition to the application of these techniques to complete the knowledge in
the protected areas previously sampled, it becomes necessary to reinforce the
research of the fungal symbiosis and the mycorrhizal fungi in the rest of the pro-
tected areas of SA. This would be possible with the joint effort not only of the South
American researchers, but also with the reinforcement of policies of joint work with
groups of countries more developed in the subject, and with statal policies that pro-
mote this activity in protected areas by financially supporting these topics.

1.5 Conclusion

In this chapter, the needs for more information to understand native ecosystems in
South America under different vegetation types have been highlighted. The exami-
nation and use of arbuscular mycorrhizas in different biomes from SA have been
mentioned. Throughout the chapter, the applications or economic importance of
mycorrhizas have been shown as still incipient. Morphological identification proce-
dure of AMF continues to be important, although it requires a specific training and
experience.

Technology for commercial mycorrhizal inoculum has been developed in a few
countries, mostly in Brazil. Finally, native ecosystems present high AMF diversity;
however, rain forests and Cerrado are less studied ecosystems. Further, two impor-
tant research gap areas have been detected in SA: first, the mycorrhizal and fungal
endophyte associations studies and its followings, along the time in Protected Parks
and Reserves, and second, the researches on mycorrhizal ecosystem services provi-
sion, considering that among papers published between 1990-2015 on ecosystem
services, the largest number is from Europe (38%), SA represents only 6% of the
total number. Consequently, further research is necessary on this field, especially
regarding the new species of mycorrhizas and its functions in the ecosystem.
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2.1 Introduction

Biological invasions constitute a global environmental threat that rapidly alters nat-
ural communities and ecosystem functioning (Mack et al. 2000; MA 2005). The
changes caused by alien plant invasions into novel ecosystems are accompanied by
economic losses and environmental and social problems (Pimentel et al. 2000,
2005; Charles and Dukes 2007; Pejchar and Mooney 2009). For these reasons, it is
extremely important to know the mechanisms that make an exotic plant to expand
into new ecosystems, particularly tree species that are known to profoundly alter
biological communities and ecosystem processes (Richardson et al. 2014).

One way to understand the success of alien trees in novel ecosystems is by com-
paring their ecological strategies with those of natives (PySek and Richardson 2007,
Van Kleunen et al. 2010). In the case of plants, contrasting strategies to successfully
invade novel ecosystems can be expected: (a) those that share attributes with natives
and (b) those that differ from native communities (converging and diverging func-
tional strategies, respectively) (e.g. Cleland 2011; Leishman et al. 2007, 2010; PySek
and Richardson 2007). Whether alien strategies tend to converge or diverge from
those of natives depend on geographical scale, climatic conditions, land uses, plant
life form, and suite of biological attributes selected (e.g. Tecco et al. 2010, 2013;
Zeballos et al. 2014; Funk et al. 2017). However, the comparisons between native
and alien species rarely include symbiotic interactions (but see Tecco et al. 2013).

Biological interactions such as belowground symbiosis between plant and fungi,
known as mycorrhizas, have also shown to influence the success of alien species in
novel ecosystems (Richardson et al. 2000). Mycorrhizas are associations between
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plant and fungi at the root level and are one of the most widespread symbioses. In
exchange for carbon, mycorrhizal fungi provide plants the access to limiting nutri-
ents, among other benefits (Smith and Read 2008). According to the anatomy, mor-
phology, and functional attributes of the symbiosis (including the phylogenetic
identity of the plant and fungal symbionts), three basic and widespread types of
mycorrhizas can be recognized dominating terrestrial ecosystems (Smith and Read
2008; Brundrett 2009): Arbuscular mycorrhizas (AM), Ectomycorrhizas (ECM),
and Ericoid mycorrrhizas (ERM). There also exist other types of mycorrhizas but
they do not dominate in any ecosystem.

Despite the phylogenetic imprints that often characterize mycorrhizal distribu-
tion among plants (Brundrett 2009), models on mycorrhizal distribution across
environmental gradients, vegetation types (Read 1991; Read 1993) and plant life
forms (Brundrett 1991, 2009) have been proposed. At the global scale, the one pro-
posed by Read (1991) is still the best proxy to distribution of mycorrhizal types
among biomes. Recent results at the continental scale (Europe), support Read’s
model and found that distribution of mycorrhizal types is mainly driven by mean
annual temperature, soil pH and net primary productivity (Bueno et al. 2017).

Arbuscular mycorrhizas are formed by more than 80% of the terrestrial plants
and dominate soils with high mineral N but low P availability such as temperate
grasslands, savannahs and subtropical deciduous forests. Ectomycorrhizas are
formed by several plant lineages, mainly trees growing in acidic soils with litter
accumulation and seasonal N and P availability. They typically dominate in temper-
ate forests and taiga. Instead, Ericoid mycorrrhizas are restricted to Ericales and
dominate in acidic soils with low N and P contents such as heathlands and the arctic
tundra. These mycorrhizal types are associated with different patterns of carbon and
nutrient cycling, thus have pivotal role in ecosystem functioning (Cornelissen et al.
2001; Read and Perez-Moreno 2003). For example, Cornelissen et al. (2001)
observed that among British plant species, those with ERM mycorrhizas show low
growth rates, low foliar N and P concentration, and poor decomposition rates. In
contrast, AM plants show comparatively higher growth rates, N and P foliar concen-
trations, and decomposition rates. While ECM plants show intermediate levels of
these attributes. It is worth mentioning that nearly 20% of plant species are Non-
mycorrhizal (Brundrett 2009) but they are rarely considered in models of mycor-
rhizal distribution (but see Brundrett 2017; Bueno et al. 2017).

Some studies aimed to answer whether patterns of mycorrhizal distribution in
alien plant species tend to converge or diverge with those in natives. For example,
the majority of naturalized pants in Great Britain belong to AM families (Fitter
2005). Menzel et al. (2017) found that mycorrhizal aliens inhabit a wider geograph-
ical range when compared with non-mycorrhizal ones in Germany. This trend was
more marked when only woody species were compared. Conversely, invasive aliens
from non-mycorrhizal plant families are higher in number than those from mycor-
rhizal ones in California (Pringle et al. 2009). These differences suggest that mycor-
rhizal types may play different roles in plant invasions in different ecosystems.
Moreover, they show that woody species behave differently than non-woody.
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In this chapter we examine the patterns of distribution of mycorrhizal types
among the most abundant native and alien trees in montane forest ecosystems along
a latitudinal gradient in Argentina (Fig. 2.1). We aim to answer two general ques-
tions: (1) Do patterns of mycorrhizal distribution in contrasting montane ecosys-
tems behave as is predicted by models on mycorrhizal distribution across biomes,
and (2) Do patterns of mycorrhizal distribution in alien species tend to converge or

diverge with those in observed in natives?

c
2
an
)
S
8
2 N Subtropical
g 'Ar'jr{a'ionian montane forst
© | wee=domain [ |
2 \
Chaquean ~ Chaquean
c domain montane forest
2
[1+] 1
) Vaio 3
5 Subantarctic ¢ | ) )
2 ~domain. Andean patagonian
o forest
©
i)
<

IASONDIFMAMI]
1°C mm | 200
|

ITASOND I FMAM]

mm 200

o

Fig. 2.1 Distribution of montane forests in Argentina. In brown the areas that were subjected to
analyses in this chapter. In the right margin representative climate diagrams of these forest ecosys-
tems (26°51'S/65°21'W, 31°6'S/64°27'W and 41°0’S/71°23"W, respectively; WorldClim — Global

Climate Data)
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2.2 Data Sources

Argentina includes an extensive land area that corresponds to two main regions:
Neotropical and Antarctic. These regions are crossed by important montane ranges
in north-south direction. The montane ranges correspond to the amazonian,
chaquean, and sub-antarctic domains and are mostly covered by forests (Cabrera
1971) (Fig. 2.1). These forests are known as: Subtropical montane forests (also
known as Yungas), Chaquean montane forests (also known as Chaco Serrano), and
Andean-Patagonian forests (Morello et al. 2012; Oyarzabal et al. 2018). Data from
soils were extracted from Rubio et al. (2019).

The subtropical montane forests occupy the east slopes in subandean and pam-
pean mountains in northwest Argentina (Catamarca, Tucumdn, Salta and Jujuy
provinces), between 400 and 3000 m asl. The climate is warm and humid to subhu-
mid with variable mean annual precipitation ranging between 800-3000 mm, 80%
concentrated in summer (Fig. 2.1). There is a strong seasonal variation. The mean
annual temperature is 22 °C at lower altitudes decreasing to 13 °C at higher alti-
tudes. Three main vegetation types can be identified: premontane rain forests (400—
700 m asl), montane rain forests (700—1500 m asl), and upper montane forests
(1500-3000 m asl). Soils belong to the Mollisolls, Alfisols, Entisols and Inceptisols
orders with a pH 5-7.

The chaquean montane forests are seasonally dry forest ecosystems located at
central Argentina mountain ranges, mainly in Cérdoba Province, between 500 and
2790 m asl. The climate is subxerophytic and the mean annual precipitation range
between 500 and 900 mm, concentrated in warm months (Fig. 2.1). Mean annual
temperature range from 15 °C in lower altitudes and 7.4 °C at the highest points.
Soils belong mainly to Entisols, pH 6-7.

The Andean-patagonian forests are located in southwest Argentina and Chile.
The climate is cool temperate and humid. Mean annual precipitations range from
750 mm in the eastern areas while reach 4000 mm in some western areas known as
Valdivian rain forests, albeit most areas average 1800 mm concentrated in winter as
rain and/or snow (Fig. 2.1). The mean annual temperature is 8 °C decreasing with
increasing latitude and altitude. Andisols, Molisols, Inceptisols and Entisols are the
main soil orders represented in the area, pH 4.5-6.

Each of these montane forests consists in different subunits of vegetation. Due to
the scale of analysis, each of them is considered as one ecological unit here.

The basic sources of literature for selecting the most abundant native tree species
in each region were: Morello et al. (2012) and Oyarzabal et al. (2018), but also
Cabido et al. (2018) for the Chaquean region.

Naturalized alien species are those foreign species that have successfully invaded
any ecosystem: they have self-sustaining populations that do not require repeated
reintroduction (Fitter 2005). For selecting naturalized alien tree species we used:
Grau and Aragén (2000) and Sirombra and Meza (2010) for Subtropical montane
forests, Giorgis and Tecco (2014) for Chaquean montane forests, and Simberloff
et al. (2002, 2003), Kutschker et al. (2015), Datri et al. (2015), and Calvifio et al.
(2018) for Andean-Patagonian forests.
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For assesing the mycorrhizal types in native and alien trees we gathered data
from own field surveys and data available from literature such as Wang and Qiu
(2006), Brundrett (2009), Fracchia et al. (2009), Tecco et al. (2013), Godoy et al.
(1994), Castillo et al. (2006), among other specific resources. Some species form
both ECM and AM. They were considered as ECM (except for Juniperus commu-
nis, see below) because this type has been shown to be more important in terms of
mycorrhizal colonization rates (e.g. Van der Heijden 2001) and their nutrient and
carbon cycling traits are more similar to those of ECM trees.

A total of 169 cases were analyzed. In the 41 cases of species for which informa-
tion on mycorrhizal type was not available, we assigned the mycorrhizal type cor-
responding to congeneric species because there is a strong phylogenetic conservatism
in mycorrhizal symbiosis (Brundrett and Tedersoo 2018, but also see Brundrett
2017). In some few cases (4) for which information from congeneric species was
also unavailable, we assigned the mycorrhizal type corresponding to the majority of
the species in that family. We did not consider mycorrhizal status (i.e. facultative
-somes cases colonized by mycorrhizal fungi, others not- or obligate mycorrhizal
-always colonized-) because in our experience mycorrhizal plants from these
regions are consistently colonized by mycorrhizal fungi in the field. Moreover, such
status categories are subjected to a high probability of erroneous assignment (Bueno
et al. 2019).

2.3 Mycorrhizal Distribution in Native Trees of Montane
Forests from Argentina

In South America, the first approach to mycorrhizal distribution was made by Singer
and Morello (1960). They postulated that “a completely (ecto)-mycorrhizal com-
munity is characteristic of strongly contrasted thermoperiodical climates” (p. 549),
excluding those with excessive dryness or humidity. In other words, in terms of
richness and abundance, the importance of ECM trees increases with increasing
altitude and latitude but excluding arid or highly humid ecosystems.

More recently, Read (1991) postulated that montane forests from Southern South
America would shift from those dominated by AM trees in the subtropics to those
dominated by ECM trees in temperate regions. Accordingly, we found that the pro-
portion of ECM native species is greater in temperate Andean-patagonian forests in
comparison to subtropical and subxerophytic chaquean montane forests types
(*? =177, p=0.0014) (Fig. 2.2).

For seasonal tropical and subtropical forests from South America, Read (1991)
postulated that they are dominated by AM species with some ECM. Accordingly,
among the 48 native trees species in subtropical montane forests in northwest
Argentina surveyed here, 46 are AM while two are ECM (Fig. 2.2). These two
belong to the genus Alnus (Betulaceae) and Salix (Salicaceae). Alnus is a holartic
genus that migrated southward through the Andes from North America. Alnus acu-
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Fig. 2.2 Frequency of mycorrhizal types in native tree species from Subtropical (SMF), Chaquean
(CMF), and Andean Patagonian (APF) montane forests. NM, non-mycorrhizal; ECM, ectomycor-
rhizal; AM, arbuscular mycorrhizal. Surveyed species in SMF: AM, Allophylus edulis,
Anadenanthera colubrina, Blepharocalyx salicifolius, Bocconia integrifolia, Calycophyllum mul-
tiflorum, Cedrela angustifolia, Chloroleucon tenuiflorum, Cordia americana, Cordia trichotoma,
Enterolobium contortisiliquum, Eugenia uniflora, Ficus maroma, Handroanthus impetiginosus,
Heliocarpus popayanensis, llex argentina, Inga edulis, Inga marginata, Inga saltensis, Jacaranda
mimosifolia, Juglans australis, Myracrodruon urundeuva, Myrcianthes callicoma, Myrcianthes
pseudomato, Myrcianthes pungens, Myroxylon peruiferum, Nectandra cuspidata, Ocotea por-
phyria, Ocotea puberula, Parapiptadenia excelsa, Phyllostylon rhamnoides, Podocarpus parla-
torei, Polylepis australis, Prunus tucumanensis, Pterogyne nitens, Sambucus nigra (var. Peruviana),
Schinus areira, Senna spectabilis, Solanum riparium, Tecoma stans, Tessaria integrifolia, Tipuana
tipu, Trema micrantha, Urera baccifera, Urera caracasana, Vachellia albicorticata, Zanthoxylum
coco — ECM, Alnus acuminata, Salix humboldtiana; in CMF: AM, Acacia aroma, Acacia caven,
Acacia gilliesii, Acacia praecox, Aspidosperma quebracho-blanco, Celtis ehrenbergiana, Condalia
buxifolia, Condalia montana, Geoffroea decorticans, Jodina rhombifolia, Kageneckia lanceolata,
Lithrea molleoides, Maytenus boaria, Myrcianthes cisplatensis, Parkinsonia aculeata, Polylepis
australis, Porliera microphylla, Prosopis alba, Prosopis caldenia, Prosopis nigra, Prosopis tor-
quata, Ruprechtia apétala, Schinopsis marginata, Schinus fasciculatus, Sebastiania commersoni-
ana, Zanthoxylum coco, Ziziphus mistol — ECM, Salix humboldtiana — NM, Bougainvillea
stipitata; and in APF: AM, Aextoxicon punctatus, Araucaria araucana, Austrocedrus chilensis,
Dasyphyllum diacanthoides, Drimys winteri, Fitzroya cupressoides, Laureliopsis philippiana,
Luma apiculata, Maytenus boaria, Persea lingue, Pilgerodendron uviferum, Podocarpus nubige-
nus, Saxegothaea conspicua, Schinus patagonicus, Weinmannia trichosperma, — ECM, Nothofagus
alpina, Nothofagus Antarctica, Nothofagus betuloides, Nothofagus dombeyi, Nothofagus obliqua,
Nothofagus pumilio — NM, Embothrium coccineum, Lomatia hirsuta, Gevuina avellana

minata forms monospecific stands in the upper montane forest (1700-2500 m asl)
but also occupies riparian areas at lower altitudes. The other ECM species is Salix
humboldtiana that occurs at riparian areas in the lower altitudinal belts. It has been
suggested that this species also migrated from the northern hemisphere to the south
through riparian corridors (see Tedersoo 2017). Both species also form AM (Becerra
et al. 2005a, b, 2009). Metagenomic analyses of soils show the presence of several
ECM fungal lineages in A. acuminata forests (Geml et al. 2014; Wicaksono et al.
2017). It was also observed different ECM lineages in soils from the lower altitudi-
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nal belts, although the diversity was lower than in Alnus forests (Geml et al. 2014).
This lower diversity of ECM fungal lineages could be attributed to the fact that there
is no dominant ECM tree species in these forests. The only species surveyed is S.
humboldtiana that is restricted to certain riparian ecosystems. It is also possible that
these fungi are associated with ECM tree species not listed in our survey because
they are represented in low abundance.

Besides those two exceptions, the other native tree species in these forests
(95.8%) form AM and belong to different plant families among which Fabaceae and
Myrtaceae are the most numerous (Table 2.1). It is worth mentioning that this region
is characterized for the scarcity of mycorrhizal studies.

For subxerophytic Chaquean montane forests, the dominance of AM trees is also
predicted (Read 1991). In line, we found that among 29 native tree species, 27 were
AM while one was ECM and the other one was Non-mycorrhizal (Fig. 2.2). Here,
the only ectomycorrhizal tree is S. humboldtiana that, as in the subtropical montane
forests, is restricted to certain riparian habitats without forming extensive forests.

Table 2.1 Number of native No of

tree species surveyed in each Family species Mycorrhizal type

family in Subtropical Fabaceac 12 AM

montane forests in north-west

Argentina Myrtaceae 5 AM
Bignoniaceae 3 AM
Lauraceae 3 AM
Anacardiaceae | 2 AM
Boraginaceae 2 AM
Rosaceae 2 AM
Urticaceae 2 AM
Adoxaceae 1 AM
Aquifoliaceae 1 AM
Asteraceae 1 AM
Betulaceae 1 AM-ECM
Cannabaceae 1 AM
Juglandaceae 1 AM
Meliaceae 1 AM
Moraceae 1 AM
Papaveraceae 1 AM
Podocarpaceae | 1 AM
Rubiaceae 1 AM
Rutaceae 1 AM
Salicaceae 1 AM-ECM
Sapindaceae 1 AM
Solanaceae 1 AM
Tiliaceae 1 AM
Ulmaceae 1 AM
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The non-mycorrhizal species is Boungainvillea stipitata (Nyctaginaceae) for which
no study has assessed its mycorrhizal status. We assigned the mycorrhizal status
according to information of the congeneric species B. spectabilis (Wang and Qiu
2006). This is also supported by the fact that Nyctaginaceae includes numerous
non-mycorrhizal species (Brundrett 2017). The AM tree species of this seasonally
dry montane forests (93%) belong to different families among which Fabaceae is
also the most numerous (Table 2.2).

In turn, ECM trees are predicted to dominate in temperate forests (Read 1991).
Among the 24 native species surveyed in Temperate Andean Patagonian forests, 6
are ECM. However, in terms of species number, AM species show higher values (15
species). In addition, 3 species correspond to NM type (Table 2.3).

The ECM species correspond to the Gondwanic genus Nothofagus
(Nothofagaceae). Despite being lower in terms of species number, in comparison to
AM, the ECM Nothofagus spp. species are dominant trees in these forests (e.g
Veblen et al. 1992). The non-mycorrhizal species belong to the Proteaceae, a typical
non-mycorrhizal gondwanic family that forms clusters roots specialized in obtain-
ing nutrient in infertile soils (Brundrett 2017). Among AM families, Cupressaceae
and Podocarpaceae show the highest numbers with 3 and 2 species, respectively.
Austrocedrus chilensis (Cupressaceae) cover important parts of this territory (Veblen
et al. 1992).

Altogether, these surveys suggest that the importance of ECM and, to a lesser
degree, NM trees in montane forests ecosystems increases from subtropical towards
temperate region. The results support the proposed models for mycorrhizal distribu-
tion in Southern South America.

Table 2.2 Number of native No of

tree species surveyed in each Family species Mycorrhizal type

family i.n Chaquean montane Fabaceae 10 AM

forests in north-west

Argentina Rhamnaceae 3 AM
Anacardiaceae 3 AM
Rosaceae 2 AM
Apocynaceae 1 AM
Cannabaceae 1 AM
Celastraceae 1 AM
Euphorbiaceae 1 AM
Myrtacea 1 AM
Nyctaginaceae 1 NM
Polygonaceae 1 AM
Rutaceae 1 AM
Salicaceae 1 AM-ECM
Santalaceae 1 AM
Zygophyllaceae | 1 AM




2 Latitudinal Distribution of Mycorrhizal Types in Native and Alien Trees in Montane... 37

Table 2.3 Number of native No of

tree species surveyed in each Family species | Mycorrhizal type

family %n Andean patagonian Nothofagaceae 6 ECM

forests in south-west

Argentina Cupressaceae 3 AM
Proteaceae 3 NM
Podocarpaceae 2 AM
Aextoxicaceae 1 AM
Anacardiaceae 1 AM
Araucariaceae 1 AM
Asteraceae 1 AM
Atherospermataceae | 1 AM
Celastraceae 1 AM
Cunoniaceae 1 AM
Lauraceae 1 AM
Myrtaceae 1 AM
Winteraceae 1 AM

2.4 Mycorrhizal Distribution in Alien Trees Occurring
in Montane Forests from Argentina

Our Survey reveal that the Chaquean montane forests show the highest number of
invasive alien tree species (34 spp.) when compared with Subtropical montane for-
ests (15 spp.) and Andean patagonian forests (19 spp.). This could be the result of
more intense sampling in chaquean forests or because this ecosystem is more sus-
ceptible to invasions.

The proportion of mycorrhizal types in alien trees also differ among ecosystems
(¥* =19.2, p =0.0007) and the proportion of ECM type also increases with increas-
ing latitude (Fig. 2.3). Instead, non-mycorrhizal alien trees were only present in
subtropical montane forest, represented by only one species (Grevillea robusta,
Proteaceae).

Among the 15 alien trees species surveyed in subtropical montane forest in
northwest Argentina, the majority were AM, albeit two ECM and one NM were also
registered. The ECM trees were Eucalyptus grandis (Myrtaceae) and Pinus taeda
(Pinaceae). Both genera are well known by having several ECM invasive tree spe-
cies (Richardson and Rejmanek 2011). It is worth mentioning that the invasive alien
tree species were more evenly distributed among plant families in these forests
(Table 2.4) than in the other two regions (see below).

The chaquean montane forests present a wide variety of alien trees species
(34 spp, Table 2.5). The majority is AM followed by ECM, with 28 (82%) and 6
(17.6%) species, respectively. Rosaceae is the family with the highest number of
alien species. Most of them are AM but Crataegus monogyna has been reported to
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Fig. 2.3 Frequency of mycorrhizal types in alien tree species from Subtropical (SMF), Chaquean
(CMF), and Andean Patagonian (APF) montane forests. NM, non-mycorrhizal; ECM, ectomycor-
rhizal; AM, arbuscular mycorrhizal. Surveyed species in SMF: AM, Bauhinia candicans, Citrus
aurantium, Eriobotrya japonica, Gleditsia triacanthos, Ligustrum lucidum, Ligustrum sinense,
Morus alba, Morus nigra, Persea americana, Prunus pérsica, Psidium guajava, Pyracantha
angustifolia — ECM, Eucalyptus grandis, Pinus taeda — NM, Grevillea robusta; in CMF: AM,
Acacia dealbata, Acer negundo, Ailanthus altissima, Bauhinia forficata, Celtis australis,
Cotoneaster franchetii, Cotoneaster glaucophyllus, Cotoneaster horizontalis, Gleditsia triacan-
thos, Jacaranda mimosifolia, Ligustrum lucidum, Ligustrum sinense, Maclura pomifera, Manihot
grahamii, Melia azedarach, Morus alba, Olea europea, Phytolacca dioica, Prunus cerasifera,
Prunus persica, Pyracantha angustifolia, Pyracantha coccinea, Robinia pseudoacacia, Schinus
areira, Tamarix gallica, Tamarix ramosissima, Ulmus pumila, Zanthoxylum armatum — ECM,
Betula pendula, Crataegus monogyna, Eucalyptus camaldulensis, Pinus elliottii, Pinus halepensis,
Salix viminalis; and in APF: AM, Acer pseudo-platanus, Cytisus scoparius, Juniperus communis,
Laburnum anagyroides, Malus sylvestris, Rosa rubiginosa, Sambucus nigra — ECM, Alnus gluti-
nosa, Alnus incana, Alnus rubra, Crataegus monogyna, Pinus contorta, Pinus monticola, Pinus
ponderosa, Pinus radiata, Pinus sylvestris, Pseudotsuga menziesii, Salix fragilis, Salix viminalis

Table 2.4 Number of alien No of
tree species surveyed in each Family species | Mycorrhizal type
family in SubtroPical Rosaceae | 3 AM
montane forests in northwest
Argentina Fabaceae |2 AM
Moraceae |2 AM
Myrtaceae |2 1 AM, 1 AM-ECM
Oleaceae 2 AM
Lauraceae |1 AM
Pinaceae 1 ECM
Proteaceae | 1 NM
Rutaceae 1 AM
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Table 2.5 Number of alien
tree species surveyed in each
family in Chaquean montane
forests in central Argentina

Table 2.6 Number of alien
tree species surveyed in each
family in Andean patagonian

forests in southwest
Argentina

No of
Family species | Mycorrhizal type
Rosaceae 8 7 AM, 1 ECM
Fabaceae 4 AM
Oleaceae 3 AM
Moraceae 2 AM
Pinaceae 2 ECM
Tamaricaceae | 2 AM
Anacardiaceae | 1 AM
Betulaceae 1 ECM
Bignoniaceae |1 AM
Cannabaceae 1 AM
Euphorbiaceae | 1 AM
Meliaceae 1 AM
Myrtaceae 1 AM-ECM
Phytolaccaceae |1 AM
Rutaceae 1 AM
Salicaceae 1 AM-ECM
Sapindaceae 1 AM
Simaroubaceae | 1 AM
Ulmaceae 1 AM
No of
Family species | Mycorrhizal type
Pinaceae 6 1 AM-ECM, 5 ECM
Betulaceae 3 ECM
Rosaceae 3 2 AM, 1 ECM
Fabaceae 2 AM
Salicaceae 2 1 AM-ECM, 1 ECM
Adoxaceae 1 AM
Cupressaceae | 1 AM (ECM)
Sapindaceae |1 AM

be ECM in Europe (Maremmani et al. 2003). Then we suggest that the mycorrhizal
type of this species should be confirmed. The other ECM trees belong to well-
known ECM families such as Pinaceae, Betulaceae, Salicaceae and Myrtaceae.
Unlike both neotropical montane ecosystems (Subtropical and Chaquean), in
Andean patagonian forests ECM is represented by higher percentage of species than
AM (63 and 37%, respectively) (Table 2.6). Pinaceae and Betulaceae showed the
highest species number (6 and 3, respectively) (Simberloff et al. 2002). Among
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them, Pseudosuga menziesii forms both AM and ECM (Salomén et al. 2018). The
other ECM families were Rosaceae and Salicaceae. Juniperus communis
(Cupressaceae) is mainly cited as AM but ECM has been occasionally reported sug-
gesting a facultative relationship with ECM fungi (Thomas et al. 2007). For this
reason, here it is considered as AM but further studies would confirm the mycor-
rhizal status of this alien plant in subantarctic forests.

Two AM shrubby species were also included due to their importance in terms of
abundance and distribution: Cystus scoparius (Fabaceae) (Simberloff et al. 2002,
2003) and Rosa rubiginosa (Rosaceae) (Simberloff et al. 2002; Zimmermann et al.
2010), both AM species.

The patterns of mycorrhizal distribution in alien trees occurring in montane eco-
systems across Argentinian territory also show that ECM species frequency increase
with increasing latitude. However, this increase in frequency is notably higher in
aliens than in natives. Instead, NM aliens are less represented than NM natives.

2.5 Mycorrhizas and Plant Invasions

In the last 20 years, the importance of belowground mutualistic interactions such as
“mycorrhizas” in plant invasions has been widely recognized (e.g. Richardson et al.
2000; Callaway et al. 2003; Dickie et al. 2017). Few studies, however, compared
patterns of mycorrhizal distribution in native and alien flora at the biome or regional
level (Fitter 2005; Pringle et al. 2009; Menzel et al. 2017).

Our surveys include three floras in montane ecosystems from different biomes.
Considering the montane forests altogether, the distribution of mycorrhizal types
show a greater proportion of ECM in alien (20/67 cases) than in native (9/101) tree
species (x? = 12.8, p = 0.017). Inversely, there was a higher proportion of AM and
NM in natives (88 and 4, respectively) than in alien trees (46 and 1, respectively).
The negligible presence of NM alien trees throughout the montane ranges (i.e. sin-
gle specie) is in line with Menzel et al. (2017), highlighting the relevance of below-
ground mutualistic interactions for tree invasion success. The overall prevalence of
AM associations among invasive species is in line with Fitter (2005).

The general trend of a higher proportion of ECM in aliens than in natives kept
significant within the Temperate Andean Patagonian forests (x* = 8.17, p = 0.0169)
when analysing each biome separately (Fig. 2.4). However, there were no differ-
ences between aliens and natives within the Subtropical and Chaquean montane
forests (x* =5.02, p = 0.0811; x* = 4.22; p = 0.1213, respectively). These analyses
suggest that ECM may have an advantage over AM aliens in expanding their ranges
and that this advantage would be higher with increasing latitude (see below).

The non-significant differences in proportion of mycorrhizal types in alien and
natives trees in Neotropical region (Subtropical and Chaquean forests) is explained
by the majority of AM tree species in both native and aliens in these forests.
According to the literature, the most widely studied alien species, and probably
more widely distributed, in Subtropical montane forests are AM (Ligustrum
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Fig. 2.4 Relative abundance of native and alien tree species forming different mycorrhizal type in
Subtropical (SMF), Chaquean (CMF), and Andean Patagonian (APF) montane forests from
Southern South America. NM, non-mycorrhizal; ECM, ectomycorrhizal; AM, arbuscular mycor-
rhizal. AR, Argentina; CH, Chile; UR, Uruguay; BO, Bolivia; PA, Paraguay; BR, Brazil

lucidum, Morus alba and Gleditsia triacanthos; Aragén and Morales 2003;
Fernandez et al. 2017) but the role of mycorrhizal fungi in their success in these
forests has not been studied. In Chaquean Montane forest, Ligustrum lucidum
(Hoyos et al. 2010; Zeballos et al. 2014; Giorgis et al. 2017), Gleditsia triacanthos
(Giorgis et al. 201 1a; Furey et al. 2014; Fernandez et al. 2017; Marcora et al. 2018),
and Pyracantha angustifolia (Tecco et al. 2007; Zeballos et al. 2014) are the most
widely expanded and studied in the region. It has been recently shown that seedling
of these alien tree species benefit from AM fungi, mainly for P nutrition, either from
already invaded or from non- invaded elevations in these montane ranges (Urcelay
et al. 2019). The prevalence of AM association in trees of both neotropical regions
could be interpreted as functional convergence in belowground strategies among
native and alien trees in these biomes. However, it is worth mentioning that ECM
alien trees include some serious invaders such as Pinaceae (Richardson and
Rejmanek 2011) that are naturalized in both montane biomes. For example, in
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Chaquean mountains Pinus elliottii expand outside the afforestations, either to
native forests or grasslands, due to its capacity for co-invade with alien ECM sym-
bionts, particularly Swuillus granulatus and Rhizopogon pseudoreseolus (Urcelay
etal. 2017). No evidence exists on the symbiotic interactions between P. elliottii and
native ECM fungi reported for Salix humboldtiana, the only ECM native tree in the
region (Becerra et al. 2009). The expansion of Pinus elliottii is still incipient (Giorgis
et al. 2011b; Urcelay et al. 2017) but it is predicted to become a great threat in the
near future as occurred in other continents in the southern hemisphere (Richardson
20006).

The higher proportion of ECM alien trees within temperate forests (compared to
both the coexisting natives and to aliens of other regions) highlights the advantage
of this association for invasion success within this biome. It is further in line with
global scale distribution of ECM (Read 1991). Among the invasive aliens in Andean
Patagonian forests, Pseudosuga menziesii is probably the most widely distributed
and studied (e.g. Simberloff et al. 2002; Sarasola et al. 2006; Orellana and Raffaele
2010). Also important are Pinus ponderosa, P. contorta, P. radiata, P. monticola, P.
sylvestris, and Juniperus communis (Simberloff et al. 2002; Sarasola et al. 2006;
Richardson et al. 2008). Pseudosuga and Pinus species need to establish ECM sym-
biosis to succeed in the novel environments. In these species, the specificity for
mycorrhizal partners is higher than in AM trees which are assumed to be generalists
(Nufiez and Dickie 2014). Thus, ECM trees need alien ECM fungi to expand out-
side plantations. This was particularly evidenced for P. menziesii, P. contorta, and P.
ponderosa. They were found to be associated with the different fungi such as Suillus
luteus, S. lakei, Amphinema spp., Melanogaster sp., Rhizopogon cf. rogersii, R. cf.
arctostaphyli, R. roseolus, R. villosuslus, Hebeloma mesophaeum, Lactarius quieti-
color, Cortinarius spp. Pseudotomentella tristis, Wilcoxina spp., among others.
These alien ECM fungi are dispersed either by the wind or by exotic mammals
(Nufiez et al. 2009, 2013; Salomoén et al. 2011, 2018; Hayward et al. 2015a, b).
Inferring convergence or divergence in mycorrhizal association between coexisting
alien and natives in temperate forests is not conclusive. There is a prevalence of AM
in native species in terms of species number but this underestimate the relevance of
ECM in the system in terms of dominance since Nothofagus spp. are very relevant
in terms of structural cover in this biome (Veblen et al. 1992). Thus, we do not infer
divergence out of our results. The analysis of patterns of mycorrhizal distribution
ponderated by species’ abundance will certainly give a better insight to this
question.

2.6 Conclusions

Although not explicitly tested, the results gathered here suggest that the distribution
of mycorrhizal types in native trees at a broad geographic scale in South America is
mainly driven by climate. From the analyses we conclude that patterns of mycor-
rhizal distribution in alien and native trees occurring in montane ecosystems from
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subtropical to temperate regions, roughly follow those predicted by models of
mycorrhizal distribution (e.g. Read 1991). This is seemingly in line with the idea of
broad scale environmental filters driving greater predominance of convergences
than divergences in the functional strategies of coexisting tree species along these
mountain biomes (e.g. Weiher et al. 1998; Cornwell et al. 2006; Cornwell and
Ackerly 2009; Lohbeck et al. 2014). Nonetheless, ECM in aliens is in higher pro-
portion compared to natives, particularly in temperate forests. Further studies should
incorporate the analyses of the abundance of mycorrhizal types in a given ecosys-
tem, not only the proportion of plant species, in order to estimate their impacts on
ecosystem functioning and biogeochemical cycling (Soudzilovskaia et al. 2017).
The evidence suggests that ECM trees co-invade with alien mycorrhizal fungi. In
the case of Pinaceae, they mainly co-invade with species belonging to the genus
Suillus and Rhizopogon (Policelli et al. 2018). Arbuscular mycorrhizal type shows
the highest proportion in native and alien trees from all the ecosystems except for
aliens in the Andean-patagonian region. In contrast to ECM trees, it is presumed
that AM alien trees form mycorrhizas with native fungi.

It is worth remarking that mainly trees were included in the analyses. This selec-
tion can exclude certain mycorrhizal types. For example, the occurrence of small
ericoid shrubs is known for the three montane forests. In some of them, indeed, the
ERM structures and the identity of symbionts were studied (Urcelay 2002; Selosse
et al. 2007; Bruzone et al. 2015). Then, the proportion mycorrhizal types repre-
sented in native and alien species may change if other plant life forms were included.
In this scenario, a higher proportion ERM and NM could be expected because these
types are mainly represented in small shrubs and herbs, respectively.

Since some of the mycorrhizal status lists consulted here may contain errors (see
Dickie et al. 2007; Brundrett and Tedersoo 2019), the type of mycorrhiza in certain
tree species still should be confirmed. However, the patterns reported here, based on
updated and more precise information, do not differ much from those communi-
cated some years ago based on more limited data sets (Urcelay and Tecco 2006,
2008, 2010). This suggests that the patterns of mycorrhizal distribution are robust in
face of the addition and/or refinement of the data.

Finally, the effects of mycorrhizal fungi on growth, nutrition, and then expansion
and dominance of most native and alien trees in ecosystems of southern South
America still remains to be determined. Altogether, these findings suggest that
mycorrhizal associations have an unambiguous role in tree invasions in montane
forests across different climates but the relative importance of each mycorrhizal
type in each ecosystem remains unknown.
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Chapter 3
Biodiversity of Arbuscular Mycorrhizal
Fungi in South America: A Review

M. Noelia Cofré, Florencia Soteras, M. del Rosario Iglesias,
Silvana Velazquez, Camila Abarca, Lucia Risio, Emanuel Ontivero,
Marta N. Cabello, Laura S. Dominguez, and Ménica A. Lugo

3.1 Introduction

Identification of species is crucial in understanding how diversity changes affect
ecosystemic processes. Particularly, soil microbial are key factors of ecosystemic
functioning (Copley 2000). Among soil microbes, arbuscular mycorrhizal fungi
(AMF, phylum Glomeromycota) are worldwide distributed (Tedersoo et al. 2018)
and form symbiotic associations with almost 80% of the vascular plants of the earth,
except for one species, Geosiphon pyriformis, which associates with the cyanobac-
teria Nostoc (Smith and Read 2008). AMF comprise around 300 morphologically
defined or 350—1000 molecularly defined taxa (Davison et al. 2015 and references
therein). Since AMF associate with aboveground community, their occurrence and
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composition can influence ecosystemic processes either through affecting plant
community composition and thus its processes rates, or soil microbial communities,
which are directly involved in nutrient cycling (Rillig 2004). According to Pirtel
et al. (2016), soil microorganisms are considered a potentially suitable target for
studying regional and local effects on diversity. The symbiosis with AMF not only
increases nutrient uptake by the plant of mainly phosphorus (P) and nitrogen (N) in
exchange for plant-assimilated carbon (C), but also improves the tolerance of plants
to various biotic and abiotic stresses such as pathogens, salinity, and drought (Smith
and Read 2008).

External factors (abiotic and biotic) and intrinsic properties of species (dis-
persal ability, rates of speciation and extinction) affect the AMF geographical
distributions (Chaudhary et al. 2008). For instance, the abiotic factors of tem-
perature and precipitation constrain AMF occurrence (Davison et al. 2015) while
biotic ones such as host preferences determine the rhizospheric AMF community
(Senés-Guerrero and Schiiller 2016; Soteras et al. 2016). Moreover, anthropo-
genic activities like agricultural practices that alter soil conditions could influ-
ence the occurrence of AM fungal taxa (Cofré et al. 2017). At the same time,
either external or internal factors may indirectly influence each other, causing
changes in AMF taxa occurrence and distribution (Chaudhary et al. 2008).
Currently, an increasing number of studies attempt at unravelling the worldwide
geographical patterns of AMF (Opik et al. 2010, 2013; Kivlin et al. 2011;
Tedersoo et al. 2014; Davison et al. 2015). These researches reviewed AMF
descriptions based on DNA methods and showed contrasting results of AMF
biogeographical patterns. For instance, Opik et al. (2010) found that two-thirds
of AMF taxa showed restricted distribution, but Davison et al. (2015) postulated
that most of the AMF taxa show a cosmopolitan distribution and that species
richness of AMF virtual taxa decreases with latitude at the global scale. However,
in South America (SA), molecular characterization of AMF communities is
fairly scarce (Grilli et al. 2015; Senés-Guerrero and Schiiller 2016; Soteras et al.
2016). In a recent review, Stiirmer et al. (2018) described large-scale patterns of
distribution of taxa within the phylum Glomeromycota reported on 7 continents
and in 87 countries, including ultramarine country territories like Canary Islands,
Kerguelen Island, the Bermudas, and Guadeloupe Islands. They concluded that
this phylum mainly comprises cosmopolitan taxa. So far, AMF communities
morphologically described have been analyzed from a biogeographical perspec-
tive in few studies (Stiirmer et al. 2018), while distributional patterns across
South American ecological divisions have never been deeply acknowledged.
Therefore, in this Chapter we reviewed studies of SA that morphologically
described the AMF community. Despite morphologically described AMF spe-
cies (hereafter morphospecies) being highly intraspecifically variable, not neces-
sarily representing root colonizing taxa, and not always sporulating during
sampling, they could give a first approach of the AMF community of a particular
place and moment. However, further DNA-based descriptions should be com-
bined with morphospecies approach in order to deeply characterize AMF distri-
bution in SA.
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3.2 Arbuscular Mycorrhizal Morphospecies

AMF spores are asexual multinucleate single cells which originate from the differ-
entiation of vegetative hyphae (Smith and Read 2008). Sporulation in the soil
depends on several factors such as the fungal and host plant identity, soil fertility,
and temperature among others (Smith and Read 2008). Spores represent the genetic
unit of fungal species, being responsible for the colonization of new habitats and
initiation of new individuals (Morton et al. 1993; Btaszkowski 2012). Since many
components of the subcellular structure of the spores such as wall layers are stable
under different environmental conditions, they are considered as diagnostic traits
for the morphological identification of AMF. Although the identification of species
is crucial to understanding geographical patterns of biodiversity (Zak et al. 2003),
the taxonomic classification of AMF is under continuous debate due to the high
variation of morphological traits, difficulties in spore extraction from soil and their
pure culture under controlled conditions (Btaszkowski 2012). Since the definition of
species in Glomeromycota is controversial (Rosendahl 2008), the term “morpho-
species” has been chosen to refer to AMF species (Robinson-Boyer et al. 2009)
when their identification is based on the morphological traits and ontogeny of
spores.

In this Chapter we used the AMF morphospecies classification proposed by
Redecker et al. (2013) and SchiiB3ler and Walker (2010). We followed the AMF spe-
cies list that was updated in September 2018 in http://www.amf-phylogeny.com/
amphylotaxonomy.html. That last classification recognizes within the phylum
Glomeromycota a single class (Glomeromycetes) which includes 4 orders
(Glomerales, Diversisporales, Paraglomerales and Archaeosporales), 12 families
(Acaulosporaceae, Ambisporaceae, Archaeosporaceae, Claroideoglomeraceae,
Diversisporaceae, Geosiphonaecae, Gigasporaceae, Glomeraceae, Pacisporaceae,
Paraglomeraceae, Pervetustaceae and Sacculosporaceae), 34 genera and approxi-
mately 316 AMF morphospecies validly described. Glomus tenue was considered in
the species list but it is important to clarify that it was moved to Planticonsortium in
the subphylum Mucoromycotina (Walker et al. 2018).

3.3 Arbuscular Mycorrhizal Fungi in South America

South America is globally recognized for its vast and incredible biodiversity linked
to its unique geology, climate and biogeographic history. The great plant diversity
in SA is the result of its complex evolutionary history over the last 250 million years
(Fittkau 1969; Lavina and Fauth 2011). The floristic composition of SA (particu-
larly in Chile, Argentina and “Cordillera de los Andes” or Andean Range) turns this
area into a vegetation relict (Villagran and Hinojosa 1997). Moreover, the region
presents a great diversity of mycorrhizas that varies from angiosperm and gymno-
sperm forests dominated by arbuscular mycorrhizal (AM) to ectomycorrhizal


http://www.amf-phylogeny.com/amphylotaxonomy.html
http://www.amf-phylogeny.com/amphylotaxonomy.html

52 M. N. Cofré et al.

(ECM) Nothofagus spp. ones (Fontenla et al. 1998; Palfner 2001; Bueno et al.
2017). In accordance with the particular characteristics of the region, research on
mycorrhizal patterns has provided interesting findings, such as the occurrence of
new mycorrhizal associations (Bidartondo et al. 2002) and regional differences in
the distribution of mycorrhizal fungi (Tedersoo et al. 2014; Davison et al. 2015).
Alarming advances in deforestation, desertification and loss of biodiversity mainly
due to soybeanization (the expansion of the agricultural frontier due to the planting
of soybean) and with consequent processes of marginalization and social persecu-
tion, constitute a worrying reality that is increasingly widespread within the South
American region (Viglizzo et al. 2011). Therefore, knowing the biotic diversity of
the region is of great importance to protect it, so that diversity studies in the differ-
ent types of ecological divisions of South America are essential for the expansion of
knowledge about this ecosystemically diverse and threatened region.

In this Chapter, the available published studies on AMF morphospecies diversity
have been compiled. To this end, we searched for Google Scholar articles from 1955
to 2018 containing the term combination “arbuscular mycorrhizal” AND “country
name” and grouped them into ecological divisions. Studies on AMF morphological
diversity from Paraguay, Guyana, Surinam, French Guiana could not be found. This
research process included the review of a total of 110 articles dealing with AMF
morphospecies diversity of the following nine countries: Argentina (27), Bolivia
(8), Brazil (40), Chile (13), Colombia (6), Ecuador (1), Perud (2), Uruguay (2) and
Venezuela (9), see Table 3.1. Particularly, the works of Uruguay only showed spe-
cies richness number without any other details about the species identified.

3.4 South American Arbuscular Mycorrhizal Morphospecies
Diversity

3.4.1 Arbuscular Mycorrhizal Fungi Morphospecies Richness
in South America

Considering the 110 articles above mentioned, 186 AMF morphospecies were iden-
tified at the species level (Table 3.1) while a large number of taxa were identified at
the genus level (608) but were not considered for geographical descriptions. Ordered
according to the increasing number of the morphospecies identified: in Brazil, there
were recorded 158 morphospecies to species level and 258 to genus level; in
Argentina, 83 and 133; Chile, 59 and 36; Venezuela, 38 and 144; Pert, 31 and 21;
Colombia, 20 and 6; Bolivia, 15 and 5; and Ecuador, 4 and 4.

In a recent review, Stiirmer et al. (2018) described large-scale patterns of taxa
distribution within the phylum Glomeromycota. Their results showed 131 identified
morphospecies among the 1280 registered until 2012 in South America. In contrast,
in our study we found 2187 records until June of 2018 in SA, representing 186
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different AMF morphospecies and evidencing an increasing interest in the study of
these fungi in the region in recent years.

All the taxa were included in 9 families: Acaulosporaceae (40 morphospecies),
Ambisporaceae  (7), Archaeosporaceae (2), Claroideoglomeraceae (7),
Diversisporaceae (9), Glomeraceae (62), Gigasporaceae (46), Pacisporaceae (7),
Paraglomeraceae (4), and within 24 genera: Acaulospora (40 morphospecies),
Ambispora (7),Archaeospora(2), Bulbospora (1), Cetraspora(4), Clareoideoglomus
(7), Corymbiglomus (4), Dentiscutata (7), Diversispora (4), Dominikia (1),
Entrophospora (2), Funneliformis (8), Fuscutata (1), Gigaspora (7), Glomus (29),
Pacispora (6), Paradensticutata (2), Paraglomus (6), Racocetra (11), Redeckera
(1), Rhizophagus (13), Sclerocystis (7), Scutellospora (13), Septoglomus (3). In con-
sistency with Stiirmer et al. (2018), Glomeraceae was the dominant family in South
America according to the number of species per family. The next most dominant
family was Acaulosporaceae in SA as well as in other parts of the world like North
America, Europe and Antarctica, together with the Gigasporaceae family in Africa,
Asia, and Oceania.

3.4.2 Arbuscular Mycorrhizal Fungi in South America:
Ecological Divisions

We used the primary eighteen ecological divisions of SA described by Kelt and
Meserve (2014) and modified by Young et al. (2007) and Josse et al. (2003)
(Fig. 3.1). The Amazonia, Atlantic Forest, Caatinga and Chaco were the ecodivi-
sions with the highest species records thus being the main research focus of SA
(Table 3.1). Meanwhile, the Cerrado, Moist Pacific Temperate and Pampas showed
an intermediate number of species records, while the lowest was observed in the
Dry-South Central Andes, Guianan Uplands and Highlands, Llanos, Mediterranean
Chile, Moist North-Central Andes, Moist Pacific Mesoamerica and Patagonia.

Morphospecies richness varied from 3 to 68 considering the taxa identified up to
genus level. Most of the richest points were located in Brazil, which is considered
one of the most biodiverse countries in the world, comprising six biomes with two
hotspots: the Cerrado (Brazilian Savanna) and the Atlantic Forest. We observed a
general pattern of high AMF richness along the diagonal comprised of the Caatinga,
Atlantic Forest, Cerrado (Brazil), Pampas, Chaco (Argentina) and Moist Pacific
Temperate (Chile) (Fig. 3.1). Other points of high species richness were located in
the Amazonia, Llanos and Moist North Central Andes.

Many authors have discussed evidence about whether the current vegetation of
the “savannah corridor” or “diagonal of open formations”, which extends across
South America from north-northeastern Brazil to the Chaco region of northern
Argentina, represents the remnants of a once continuous forests (Prado and Gibbs
1993).

We visualized the similarities of AMF composition among the Atlantic Forest,
Caatinga and Chaco in a Venn diagram (Fig. 3.2) using BioVenn (Hulsen et al. 2008).
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Fig. 3.1 Map with the primary ecological divisions of South America (Kelt and Meserve 2014,
modified from Young et al. 2007 and Josse et al. 2003), showing the species richness distribution
of AMF cited in the 110 reviewed research articles

The three ecodivisions shared 47 morphospecies of the 154 identified. The Atlantic
Forest and Caatinga showed the highest species composition similarities (30),
followed by the Atlantic Forest and Chaco (6), and finally by the Caatinga and
Chaco (3) which were the most dissimilar ecodivisions. The Atlantic Forest showed
37 unique morphospecies, the Caatinga 16, and Chaco 15.
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Fig. 3.2 Venn diagram
comparing AMF
morphospecies occurrence Atlantic Forest
across the diagonal
comprised of the Atlantic
Forest, Caatinga and
Chaco ecodivisions

Caatinga

Acaulospora scrobiculata (84 times recorded), Claroideoglomus etunicatum
(75),A. mellea (67),A. spinosa (59), Funneliformis mosseae (54), and Entrophospora
infrequens (49) were the morphospecies more frequently recorded in the studies
reviewed. All these morphospecies except for F. mosseae occurred in most of the
SA ecodivisions (between 11 to 13 of the 15 ecological divisions). Several morpho-
species (106) occurred in no more than 3 ecodivisions and were recorded from 1 to
13 times (Table 3.1). These morphospecies could be defined as generalists (e.g. A.
scrobiculata, C. etunicatum and A. spinosa) and specialists (e.g. A. ignota, A. nicol-
sonii, A. fecundispora, Bulbospora minima and Septoglomus titan) sensu Oehl et al.
(2010). These authors differentiate specialist from generalists considering the num-
ber of times a species is found. Specialist morphospecies probably evidence an
association with particular niche conditions. In contrast, the generalist species
Acaulospora scrobiculata was detected in all seven continents (Stiirmer et al. 2018)
and other generalists such as A. trappei, C. etunicatum and R. intraradices have
been commonly found in previous studies carried out in Central Europe (Wetzel
et al. 2014; Sile et al. 2015), hence evidencing the worldwide distribution of some
AMF taxa.

To evaluate the strength of the association of ecodivisions with AMF morphospe-
cies, an indicator of species analysis was applied using the indval() function of the
R package labdsv (Dufrene and Legendre 1997; R Core Team 2018; Roberts 2013).
The analyses revealed 28 significant AMF morphospecies associated with 12 of the
14 ecodivisions. G. australe and A. scrobiculata were significantly associated with
the Amazonia ecodivision (indicator value = 0.4, P = 0.025; and indicator
value = 0.13, P = 0.001 respectively). C. etunicatum (indicator value = 0.13,
P =0.002) predominated in the Caatinga ecodivision. Ambispora callosa (indicator
value = 0.6510; P = 0.005), A. brasiliensis (indicator value = 0.5765; P = 0.003), R.
invermaius (indicator value = 0.4060, P = 0.028), and R. clarus (indicator
value = 0.2581, P = 0.036) were significantly associated with the Cerrado, and A.
bireticulata with the Chaco ecodivision. Dentiscutata nigra (indicator
value = 1.0000; P = 0.013), Cetraspora striata (indicator value: 1.0000; P = 0.013),
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and Funneliformis geosporum (indicator value: 0.2238; P = 0.009) prevailed in the
Dry South Central Andes; and both S. crenulata (indicator value =0.6667; P=0.021)
and S. spinosissima (indicator value = 0.4861; P = 0.047) in the Guianan Uplands
and Highlands. A. morrowiae (indicator value = 0.2899, P = 0.002) was indicative
of the Llanos, and S. calospora (indicator value = 0.2971, P = 0.005), R. diaphanus
(indicator value = 0.2928, P = 0.046), A. laevis (indicator value = 0.2842, P =0.007),
and R. intraradices (indicator value = 0.2256, P = 0.008) prevailed in the
Mediterranean Chile. Pac. chimonobambusae (indicator value = 0.8000, P =0.012),
Par. lacteum (indicator value = 0.6400, P = 0.041), S. dipapillosa (indicator
value = 0.4520, P =0.050), and A. rehmii (indicator value = 0.2697, P = 0.008) were
significantly associated with Moist north central Andes. Both A. thomii (indicator
value = 0.3333, P = 0.043) and G. pallidum (indicator value = 0.2879, P = 0.050)
were preferentially present in the Moist Pacific Temperate, and F. mosseae (indica-
tor value = 0.1862, P = 0.002) in Pampas. A. dilatata (indicator value = 0.6165,
P =0.008), A. alpina (indicator value = 0.5053, P = 0.003) and A. delicata (indicator
value = 0.3806, P = 0.006) were indicator of Patagonia.

This chapter revealed, that most taxa of Glomeromycota are present in SA, includ-
ing 62% of the worldwide currently known AMF (~300). The vast majority of the
territory is still poorly studied (Fig. 3.1). As a matter of fact, AMF communities in the
ecodivisions of the Guianan Uplands and Highlands, Guianan Lowlands, Peruvian-
Chilean desert, and the Caribbean are still unstudied. In addition, the Patagonia has
been poorly sampled, which validates the idea that AMF diversity of SA will increase
in relation to worldwide diversity (Veblen et al. 2015).

The high richness of AMF observed in the diagonal of Caatinga-Chaco is in
concordance with other groups of fungi and plants that were located preferentially
along these highly biodiverse ecosystems (Greer 2014). Moreover, the diagonal also
matches the most studied ecodivisions thus suggesting that biased research may be
overestimating AMF diversity. Studies focused on unstudied ecodivisions of this
large area should be carried out in order to have a complete picture of the AMF
diversity in SA.

3.5 Conclusion

Research on AMF diversity is still scarce in South America. Given the importance
of these soil microorganisms for the functioning of ecosystems, it is essential to
know their diversity. South America has a great potential to be explored in terms of
AMEF diversity due to the great diversity of biomes and its geographical extension.
Its diversity of AMF represents 62% of the currently worldwide known diversity,
and this information coming from studies concentrated only in few regions. It is
crucial to generate inventories of species from all the ecosystems of this great
region, to isolate fungi obtained and deposit them in germplasm banks.
Soybeanization accompanied by monoculture, clearing, fumigation and displace-
ment of peasants increasingly extends the agricultural frontier in this region, thus
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promoting the loss of biodiversity of the fauna and flora in South America. Therefore,
most of the ecoregions that are affected by soybeanization surely have AMF species
not yet described for science, which are undoubtedly of great importance for the
maintenance of these systems.
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Chapter 4

Ectomycorrhizal Fungi in South America:
Their Diversity in Past, Present and Future
Research

Check for
updates

Eduardo R. Nouhra, Goétz Palfner, Francisco Kuhar, Nicolas Pastor,
and Matthew E. Smith

4.1 Introduction. Primary Knowledge of Ectomycorrhizal
Diversity at the Regional Level

Although the functional morphology and anatomy of the ectomycorrhizal (ECM)
symbiosis was first explored in the 1880’s (Frank 1885), pre-molecular monitoring
of local or regional diversity of ectomycorrhizal fungi (EMF) required extensive
time and effort. Determination of the mycorrhizal nature of thousands of potential
fungal partners of ECM host trees worldwide was limited due to the available meth-
odologies during most of the twentieth century. During that time the ECM habit was
deduced primarily based on observations of growth patterns of fruiting bodies.
Melin (1925) was the first to successfully establish in vitro synthesis of the ECM
symbiosis, inoculating seedlings of European conifers and broad-leaved trees with
axenic cultures of compatible EMF belonging to the genera Amanita, Boletus,
Cortinarius, Lactarius, Russula and Tricholoma. However, only a few culturable
species were proven to form mycorrhizas via this time-consuming and failure-prone
method. Consequently, several EMF species from South American Nothofagaceae
forests that were described in the late 19th and early 20th centuries were not known
to form ectomycorrhizae at the time of their original description. Several emblem-
atic taxa were assumed but not confirmed to be EMF, including Boletus loyo
(Spegazzini 1912, Espinosa 1915), Cortinarius magellanicus (Spegazzini 1887)
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and Descolea antarctica (Singer 1950). Even Singer’s classic phyto-
mycogeographical studies of Nothofagaceae ectotrophic ecosystems relied on indi-
rect methods to deduce which fungi were ECM and which were not. Singer and
Moser (1965) used field observations of fruiting bodies presence beneath Nothofagus
trees, and the absence of the same fungi from anectotrophic forest to determine the
ECM status of a candidate fungi. Of course this only worked well with common
taxa that regularly produced fruiting bodies.

During the second half of the twentieth century it became possible to directly
observe the diversity of EMF on tree roots due to novel protocols for tracking myce-
lial connections between fruiting bodies and ectomycorrhizae. This worked well for
comparative morphological-anatomical examination of cellular structures formed
by the fungal mantle and other elements, which are often diagnostic and can allow
identification of EMF to at least the genus level. These direct observational methods
were initially applied to Northern Hemisphere ECM communities by Dominik
(1969) and Zak (1973) and were later refined by Agerer and co-workers (Agerer
1991, 1996). Chilvers (1968) was the first to use this morpho-anatomical approach
in the Southern Hemisphere, studying diversity of EMF on the roots of Eucalyptus
from Australia.

Native ECM forests in South America (SA) are considered less extensive than
those in the Northern Hemisphere, partly due to the fact that the ECM plants are
almost all angiosperms (including members of the Betulaceae, Cistaceae, Fagaceae,
Nothofagaceae, Nyctaginaceae and Fabaceae). Unlike the Northern Hemisphere
Pinaceae, which are always ECM, the native South American conifers form arbus-
cular mycorrhizas and have not been documented to form ectomycorrhizae (Godoy
et al. 1994; Fontenla et al. 1998). There is only one group of ECM gymnosperms
known from SA; species of the enigmatic liana genus Gnetum, however the ECM
status of this plant was determined for species occurring in Papua New Guinea
(Tedersoo et al. 2012).

4.2 Current Knowledge and Biogeographical Considerations
of Native Ectomycorrhizal Taxa in South America

Forest ecosystems cover extensive regions of the Earth’s surface, and ectomycor-
rhizae are the most common and widespread mycorrhizal type in forests and wood-
lands of temperate and cold regions in both Hemispheres (Tedersoo et al. 2012).
However, various studies carried out in tropical and subtropical regions have shown
that ECM associations can be found in many terrestrial ecosystems around the
world (Moyersoen et al. 1998a,b, 2001; Founoune et al. 2002; Onguene and Kuyper
2002). In addition, recent studies from tropical and subtropical habitats suggest that
EMF can be diverse in these environments (Henkel et al. 2012; Kennedy et al. 2011;
Riviere et al. 2007; Smith et al. 2013; Tedersoo et al. 2007; Vasco-Palacios et al.
2018, among others). The biogeographical patterns of South American mycorrhizal
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plant and fungal communities have been updated recently and are summarized in
Tedersoo and Brundrett (2017). However, recent estimates suggest that the fungal
diversity of tropical and subtropical habitats as well as locations throughout the
Southern Hemisphere are highly understudied relative to Northern Hemisphere for-
ests (Corrales et al. 2018; Hawksworth 1991; Tedersoo et al. 2007). This is evident
from the large number of new taxa that are routinely being described and the many
molecular inventories and molecular ecology studies being performed in SA. For
example, recent studies have addressed fungal diversity in Andean Nothofagaceae
forests (Truong et al. 2017), across elevation gradients in the Yungas forests (Geml
et al. 2014), and in legume-dominated Neotropical forests (Henkel et al. 2012).

Considering the abundance of previous and contemporary scientific publica-
tions, and the inaccessibility of some articles, it is not possible to describe all of the
studies of EMF and the ECM symbiosis from SA. Accordingly, this chapter pro-
vides an overview of the wide range of ECM habitats and EMF lineages from SA,
with an emphasis on recent publications.

South America has a wide variety of unique biomes, but for the sake of simplicity
we coarsely divide the ECM regions into three main areas:

1. The Northern Andes cordillera is a high altitude temperate region that harbors
diverse Neotropical vegetation. At the time of the Great American interchange,
Northern Hemisphere flora and funga crossed from North America into SA. The
confluence of Central and SA and the uprising of the Northern Andes in the
Miocene facilitated this migration (Mueller and Halling 1995; Halling 1996;
Hoorn and Flantua 2015). As a consequence, Northern Hemisphere ECM trees
such as Alnus (Betulaceae) and Quercus (Fagaceae), and probably Salix
(Salicaceae), and their fungal associates migrated into South America (Kennedy
et al. 2011). Native Fagaceae are restricted to Colombia (Kappelle et al. 1992)
whereas naturally occurring populations of Alnus and Salix occur as far south as
Argentina and Chile (Hauenstein et al. 2005; Nouhra et al. 2015). The ectotro-
phic forests of temperate Northern SA were previously divided into two regions
by Singer and Morello (1960) based on the ECM host plants. The first region was
montane forests of Quercus and Colombobalanus (Fagaceae) in Colombia and
the second was the Alnus acuminata belt, which stretches as a narrow band along
the Andean mountains, accompanied by alder-specific EMF. Salix humboldtiana
is found across a wide area from Mexico to Chile but often occurs at low density
along water courses (Ragonese 1987).

2. The sub Antarctic forests in far Southern SA are distributed along the Southern
Andes and on the Pacific coast below 30° S latitude. These temperate to cold
mixed forest are characterized by vegetation of Southern Gondwanan origin.
This area was also discussed by Singer and Morello (1960). The region is domi-
nated by ECM trees in the Nothofagaceae, which includes approximately 11
species distributed in the three genera Fuscospora, Lophozonia and Nothofagus.
Trees in the Nothofagaceae are associated with a diverse community of EMF
which are mostly of a Southern Gondwanan origin, with closest relatives in
Australia and New Zealand (Nouhra et al. 2013; Truong et al. 2017). The ECM
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relationships in Nothofagaceae forests have attracted the attention of numerous
mycologists during the past 120 years and current studies are focused on fungal
diversity, EMF community ecology, and the coevolution with host trees.

3. In the northeast corner of SA, numerous studies have explored the EMF of the
Guiana Shield region and the coastal vegetation of the Atlantic rainforests of
Brazil. In the heart of South America, the white sand forests in the Amazon basin
have recently been studied and shown to house ECM plants and fungi (Vasco-
Palacios et al. 2018). These forests range from sites with high plant diversity in
lowland tropical rainforests (e.g. some forests in Amazonia, Caatinga and the
Atlantic Rainforest) to sites almost totally dominated by one ECM plant species
(e.g. some Dicymbe-dominated forests in the Guiana Shield). The ECM host
plants in the tropical regions of SA have diverse phytogeographic origins and are
highly variable in terms of growth habit and typical density (Corrales et al.
2018). Several unrelated plant genera have independently evolved the ability to
form ECM symbioses with diverse EMF (Smith et al. 2013; Henkel et al. 2012).
Among them Dicymbe, Aldina (Fabaceae), Pseudomonotes (Dipterocarpaceae)
and Pakaraimaea (Cistaceae, previously considered in Dipterocarpaceae) are
large forest trees that are often dominant or monodominant in their forests habi-
tats. In contrast, there are also non-dominant taxa such as small trees, shrubs, and
lianas within the genera Coccoloba (Polygonaceae), Gnetum (Gnetaceae) and
Guapira, Pisonia, and Neea (Nyctaginaceae).

4.2.1 Ectomycorrhizal Fungi in the Tropical and Subtropical
Andes

As early as the 1960’s it was already known that some ECM plants and fungi were
distributed south of the Panamanian peninsula in association with Northern
Hemisphere hosts (Singer and Morello 1960; Singer 1963). The Quercus forests in
Colombia were believed to be a continuation of the Central American oak distribu-
tion. The South American extension of the area of Alnus acuminata along the Andes
was recognized during this period as was the discontinuous Salix humboldtiana
populations along rivers and wetlands in the lowlands. At that time, the ECM fungal
communities in the ectotrophic vegetation of the Guiana Shield and the Amazon
Basin were virtually unknown.

Singer and Morello (1960) predicted that the absence of EMF in tropical and
subtropical lowland forest was probably due to the adaptation of plants with vertical
development of roots to the soft deep soils. These type of habitats also show little or
no thermoperiodicity during the year and it was suggested that these two traits were
perhaps incompatible with formation of ectomycorrhizae. Later Halling and Mueller
(Halling 1996, 2001; Halling and Mueller 1999; Mueller and Halling 1995; Mueller
and Singer 1988; Muller and Strack 1992), suggested the co-migration of the obli-
gate ECM fungal communities from North America with their associated alder and
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oak symbionts, which have a North Temperate origin. They identified several ECM
species that have a widespread distribution with oaks across multiple genera, includ-
ing Cortinarius, Lactarius, Laccaria and Strobilomyces. They also identified sev-
eral ECM species in the genera Amanita, Laccaria, Lactarius, Leccinum and Boletus
that appear to be Neotropical endemics that are not found in temperate zones of
North America. Within the Andean forest, approximately 65 ECM species were
described among various fungal lineages associated with the montane Colombian
Quercus humboldtii forests (Halling 1989; Mueller and Halling 1995; Vargas et al.
2017). Among them, the /boletus, /amanita, and /russula-lactarius were the most
species-rich linages, followed by /laccaria, /inocybe, /paxillus-gyrodon, /cantharel-
lus (including Craterellus), and /cortinarius (including Rozites), as shown in
Fig. 4.1. Those studies defined on the basis of community composition that: (1) the
ECM communities associated with oaks in Costa Rica, Panama and Colombia were
more similar to those of North America than to any other Western Hemisphere com-
munities and (2) the presence of endemic Neotropical EMF was an indicator of a
well-diversified community (Mueller and Halling 1995).

Another interesting example of a Holarctic ECM host in SA is Alnus acuminata
(Betulaceae). The genus Alnus is thought to have migrated multiple times from
Eurasia to Western North America via Bering land bridge (Furlow 1979; Navarro
et al. 2003; Chen and Li 2004). From there, some species apparently migrated to or
speciated in Eastern North America whereas other species underwent a similar pro-
cess towards the south. After the Isthmus of Panama was established, A. acuminata
expanded along the Andes deep into SA (Furlow 1979; Chen and Li 2004). The
current distribution of A. acuminata ranges from Mexico to northwestern Argentina
(Weng et al. 2004; Ren et al. 2010), where it is usually found growing at high or
moderate elevations in slopes, ravines, stream banks or roadsides (NAS 1980).

Alnus acuminata hosts a quadripartite symbiosis in which arbuscular mycorrhi-
zal (AM) fungi, EMF and N-fixing actinomycete bacteria are involved (Caru et al.
2000; Becerra et al. 2005d). Through this highly effective symbiosis Alnus spp. are
able to improve the fertility of mountainous land subject to erosive processes and to
colonize poor substrates thereby initiating plant succession (Roy et al. 2007;
Teklehaimanot and Mmolotsi 2007). It has been shown that the dominant symbionts
in the South American alder roots are EMF (Becerra et al. 2005b, Nouhra et al.
2003). In general, Alnus species associate with more limited number of EMF com-
pared to other ECM trees (Tedersoo et al. 2009; Pdlme et al. 2013). This specializa-
tion is likely due to the high N and low pH that is created in Alnus-dominated forests
as well as restricted receptivity by A. acuminata to only some EMF species (Molina
et al. 1992).

Previous works on EMF associated with A. acuminata in SA focused on identify-
ing the ECM morphotypes as well as a few sporocarps collections from the same
sites. Those studies reported 15 taxa distributed in 7 genera, including Alpova (1),
Cortinarius (2), Gyrodon (1), Lactarius (2), Naucoria (1), Russula (2) and
Tomentella (3) as well as three unidentified “alnirhiza” morphotypes (Becerra et al.
2002, 20054, b, ¢, d; Nouhra et al. 2005; Pritsch et al. 2010). Later, some of the same
taxa were also detected based on ITS sequences matches to Alnus EMF communi-
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ties in Mexico, thereby supporting the host EMF co-migration hypothesis (Kennedy
et al. 2011). Another study based on sporocarp sampling identified additional taxa
from the /cortinarius, /inocybe, and /russula-lactarius lineages (Niveiro 2012).

Most recently, Geml et al. (2014) used next-generation sequencing to detect a
total of 181 OTUs belonging to ECM lineages as defined by Tedersoo et al. (2010b)
and Tedersoo and Smith (2013), along an elevational gradient of the Yungas in
Argentina. This study included sampling from montane A. acuminata forests at the
highest elevation. The most frequent lineages were /meliniomyces (29 OTUs), /
entoloma (48 OTUs), /cortinarius (24 OTUs), /hebeloma-alnicola (15 OTUs), /ino-
cybe (15 OTUs) and /tomentella-thelephora (9 OTUs). Additional OTUs were also
documented from 12 additional lineages (/amanita, /cantharellus, /ceratobasidium, /
clavulina, /hydnellum-sarcodon, /hydropus, /laccaria, /paxillus-gyrodon, /ramaria-
gautieria, /russula-lactarius, /sebacina and /tomentellopsis) (Fig. 4.1). Only a few of
these OTUs from soil matched identified specimens, suggesting that most of these
likely represent new species waiting to be described. This bias in the number of
described species vs. the number of OTUs recovered from soil was also reported for
species of Thelephoraceae, which exhibited a lack of specificity among Alnus spe-
cies hosts (Nouhra et al. 2015).

Salix humboldtiana (Salicaceae) is of Laurasian origin and likely arrived in SA
shortly after the formation of the Isthmus of Panama in the late Miocene or early
Pliocene (Gentry 1982). Salix humboldtiana is distributed across South America but
is most frequently found in riparian and flooded habitats. Thus far there are only a
few limited studies of the native EMF with Salix humboldtiana in South America.
Preliminary studies of Salix humboldtiana have documented several species of
EMF as well as arbuscular mycorrhizas and dark septate mycorrhizal types (Becerra
et al. 2009; Lugo et al. 2012). These studies documented seven ECM morphotypes
that included members of the /tomentella-thelephora and /inocybe lineages. Ongoing
studies have detected additional EMF species across the Argentinian distribution of
Salix humboldtiana (Mujic et al. pers. comm.).

4.2.2 Ectomycorrhizal Fungi in the Neotropical Forests
of Northeastern South America and the Amazon Basin

Although ECM associations were long hypothesized to be absent from Neotropical
forests, Singer and Araujo (1979) documented typical EMF in white sand forests
with Aldina heterophylla (Fabaceae subfamily Papilionoideae) in the Rio Negro
region near Manaus, Brazil. This was an unexpected finding at the time and did not
receive widespread attention or appreciation. Although Aldina was implicated as a
ECM tree genus in 1979 (see also Singer et al. 1983; Moyersoen 1993), very little
research on the ECM associations of South American tropical rainforests was initi-
ated until the work of Henkel et al. (2002) and subsequent studies in the Guiana
Shield region (see Henkel 2003; Henkel et al. 2012, among others).
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Henkel et al. (2002) was the first study to show that species of Dicymbe (Fabaceae
subfamily Caesalpinioideae) are symbiotically associated with EMF from many
phylogenetic groups. Evidence suggests that the genus Dicymbe is related to other
ectomycorrhizae-forming Caesalpinioideae species from West Africa (Smith et al.
2011). Henkel et al. (2002) also showed that a less frequently occurring taxon,
Aldina insignis, was also ECM. Since the early 2000’s Henkel and co-workers have
sampled intensively for EMF sporocarps in Guiana Shield forests dominated by
Dicymbe spp., but also in forests with other ECM hosts such as Aldina spp. and
Pakaraimaea dipterocarpacea (Cistaceae). Henkel et al. (2012) documented the
results of 7 years of sampling in Dicymbe corymbosa forests where 126 species
from 25 genera of putative or confirmed EMF were recovered from three replicated
I-hectare plots. When sampling outside of the plots was considered, Henkel et al.
(2012) documented 172 EMF species from a small area, indicating that high EMF
biomass and diversity can be found in monodominant Dicymbe forests.

Henkel and co-authors also performed molecular sampling of ECM roots in the
same Guiana Shield ecosystems (Smith et al. 2011, 2013, 2017). Taken together,
these studies provide an overview of EMF communities in the Guiana Shield.
Evidence from fruiting body studies and ECM root sampling suggest that several
lineages are dominant and diverse both above and belowground (Fig. 4.1), specifi-
cally the /boletus, /russula-lactarius, /tomentella-thelephora and /clavulina lineages
(Smith et al. 2017). Although the /boletus, /russula-lactarius, and /tomentella-
thelephora lineages are considered diverse in other tropical regions, the high diver-
sity of the /clavulina lineage is putatively unique to the Neotropics. It has been
suggested that this region may be a historical center of origin or diversification for
the /clavulina lineage (Smith et al. 2011; Kennedy et al. 2012). Based on sporocarp
surveys, members of the /amanita and /coltricia lineages are also diverse in the
Guiana Shield but these taxa were not regularly detected in ECM root studies, pos-
sibly due to problems with ITS rDNA amplification and sequencing (Smith and
Henkel, unpublished). Studies of the ECM communities in the Guiana Shield also
led to the discovery of the new genus Guyanagarika (Sdnchez-Garcia et al. 2016)
which is currently the only known ECM lineage that is endemic to one specific
biome.

Subsequent studies from other sites in tropical SA indicate that significant EMF
diversity and additional unrecognized ECM plant species likely await future discov-
ery. Recent studies such as those by Roy et al. (2016) and Sulzbacher et al. (2013)
from Brazil and French Guiana highlight the fact that much more work is needed.
For example, Roy et al. (2016) identified 62 morpho-species among 23 genera of
EMF from typical Amazonian “white sand forests” with Aldina heterophylla as the
dominant host. In addition, they documented putatively native EMF from Brazilian
herbaria and found approximately 175 EMF species from 40 genera that were col-
lected in native habitats. Although this was an impressive review of Brazilian her-
barium data, some of the records require additional analysis to confirm their correct
identification (i.e. Octavianina) or to examine their ECM status, (i.e. Phaeocollybia
and Phlebopus). In the case of Phaeocollybia, one study has suggested a root para-
sitic lifestyle (Redhead and Malloch 1986) whereas recent work from Abies forests
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in Mexico suggest that Phaeocollybia is ECM (Argiielles-Moyao et al. 2017). In
contrast, the non-ECM trophic mode of Phlebopus is now well established (Nouhra
et al. 2008). Other genera included in the study, such as Suillus and Rhizopogon, are
widely known as co-invasive species with Pinus, which are quite extensive in Brazil
and other regions of South America.

Sulzbacher et al. (2013) studied the Atlantic Rainforest habitats in Rio Grande do
Norte state of Brazil and found approximately 27 EMF species. As in Guiana, the /
boletus, /russula-lactarius, /amanita and /coltricia lineages were among the most
diverse lineages (Fig. 4.1). Although the host plants were not well known in all
cases where these tropical EMF were collected, the suspected host plants are spe-
cies of Coccoloba (Polygonaceae) as well as Guapira and Neea (Nyctaginaceae).
These host genera are widespread in lowland tropical rainforests but they are mostly
small subcanopy trees that occur at lower densities (Tedersoo et al. 2010a; Haug
et al. 2005). This can make them difficult to locate and identify, particularly when
they are growing in a highly diverse forest canopy of mostly non-ECM plants.
Furthermore, this lower host density and lower host basal area may also partially
explain the strong host preferences among the EMF found with these hosts (Tedersoo
etal. 2010a). It is likely that other ECM host plants are present but have not yet been
fully documented. Singer and Araujo (1979) reported the possibility of ECM asso-
ciations in Swartzia (Fabaceae), Glycoxylon (Sapotaceae) and Psychotria
(Rubiaceae) but work by other researchers has not substantiated these suggested
associations (Tedersoo and Brundrett 2017). However, very few detailed studies on
potentially new ECM plants have been conducted. In one recent study, Freire et al.
(2018) synthesized ectomycorrhizae on the Neotropical native Psidium cattleianum
(Myrtaceae), suggesting that this may be one of the hosts for EMF in the Atlantic
Rainforests of Brazil.

In the Colombian Amazon one study focused on the ECM communities associ-
ated with Dicymbe uaiparuensis and Aldina sp. (Fabaceae) in white sand forests
similar to those in Brazil (Vasco-Palacios et al. 2018). More recently, some studies
have also examined the EMF associated with Pseudomonotes tropenbosii
(Dipterocarpaceae), an endemic tree known only from a few patches of forests
(Vasco-Palacios et al. 2014, 2018). The region is mostly structured by tropical wet
floodplains, locally known as “varzea®, which are subject to annual flooding with
consequent soil enrichment (L6pez-Quintero et al. 2012; Vasco-Palacios et al.
2018). Those studies identified at least 49 species of EMF from fruiting bodies and
colonized root tips. Similar to many other tropical South American systems, the
most diverse and common ECM lineages were /russula-lactarius, /amanita, /clavu-
lina, and /coltricia. However, these sites were characterized by lower diversity of the
/boletus lineage and higher diversity in the /sebacina lineage than in the Guiana
Shield (Fig. 4.1).

One interesting finding is that several common EMF from Colombian Amazon
sites (Vasco-Palacios et al. 2018) are shared with sites in the Guiana Shield approxi-
mately 1500 km away. This includes taxa from several different lineages, such as
Clavulina sprucei and Clavulina amazonensis (/clavulina), Craterellus atratoides (/
cantharellus), Amanita xerocybe (/amanita), Singerocomus inundabilis (/boletus),
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and Lactifluus subiculatus (/russula-lactarius). These findings suggest that at least
some EMF taxa in the tropical regions of SA may be very widely distributed, with
ranges across the Guiana Shield, Amazonia, and the Atlantic forests of Brazil.

4.2.3 Ectomycorrhizal Fungi Associated with Nothofagaceae
in the Andes of Patagonia

In Patagonia, temperate forests dominated by Nothofagaceae species host a high
species richness of EMF (Garrido 1988). There are 11 species of Nothofagaceae
that occur across Southern SA: Fuscospora alessandri, Lophozonia alpina, L.
glauca L. leonii, L. macrocarpa, L. obliqua, Nothofagus antarctica, N. betuloides,
N. dombeyi, N. nitida and N. pumilio. The fungal communities associated with these
forests have been studied since the early 1900’s by Spegazzini. Later, Singer (1954),
Singer and Smith (1958), Horak and Moser (1965, 1975), Horak (1979), Moser
et al. (1975) and Garrido (1988) made extensive contributions to the taxonomy of
agarics and gasteroid fungi of the region. Garrido (1986, 1988), also established the
first checklists of EMF associated with Nothofagaceae in Chile. The most diverse
genus of EMF in Argentinian and Chilean Patagonian forests is Cortinarius s.l.
(Garnica et al. 2002, 2003; Valenzuela and Esteve-Raventos 1994; Truong et al.
2017), including morphologically defined genera such as Dermocybe, Rozites,
Stephanopus and Thaxterogaster. Other important contributions are those of
Gamundi (Gamundi 2010; Gamund{ and de Halperin 1960; Gamundi et al. 2004)
who described many of the ECM Pezizales of the region and Greslebin (2002) who
studied the corticioid taxa.

Belowground approaches for studying the ECM communities associated with
Nothofagaceae and other trees of the Andean-Patagonian forests started with studies
by Garrido (1988) who examined roots of 38 native woody gymnosperm and angio-
sperm plant species in Southern Chile and performed inoculation experiments with
seedlings. As expected, Nothofagaceae spp. were all ECM whereas neighbouring
plants showed colonization by arbuscular or ericoid mycorrhizal fungi. Interestingly,
Ugni molinae was colonized by an ECM morphotype attributed to Cenococcum
geophilum whereas Luma apiculata (Myrtaceae) was colonized by an ECM mor-
photype attributed to an Austropaxillus species. Although no recent studies have
verified these findings, further investigation of these claims should be attempted
since Nothofagaceae have traditionally been considered the only native ECM trees
in the Andean-Patagonian forests.

The work of Carrillo et al. (1992) and Godoy et al. (1994) supported the claim
that Nothofagaceae are the main hosts of EMF in Patagonia with their extensive
surveys of fine roots from 114 (Carrillo et al. 1992) and 83 (Godoy et al. 1994)
herbaceous or woody gymnosperms, angiosperms and ferns from Southern Chile.
Characterization and identification of ECM roots of Nothofagaceae spp. based on
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the macro and micro-morphological taxonomy was initiated by Agerer (1991) and
was first applied by Godoy and Palfner (1997) and Flores et al. (1997) in green-
house and nursery assays. Based on the same methodology, Palfner (2001) described
15 ECM morphotypes, associated with natural evergreen and deciduous
Nothofagaceae forest in Southern Chile and Argentina. The corresponding myco-
bionts include genera from several agaricoid EMF groups such as Austropaxillus,
Boletus, Cortinarius, Descolea and Russula, but also sequestrate and hypogeous
genera like Gautieria and Thaxterogaster (currently Cortinarius). This study found
no evidence for differences between the EMF communities on deciduous versus
evergreen Nothofagaceae species. Recently some EMF have been shown to associ-
ate only with specific Nothofagaceae species, as in the case of Cortinarius pyro-
myxa, which can be found across a wide latitudinal range of Andean-Patagonian
forests, but always in association with the evergreen N. dombeyi (Lam et al. in
review). Further specific associations between individual taxa of ECM plants and
EMF are likely waiting to be discovered as more molecular-based studies address
the ECM communities of SA.

Although there have only been a few molecular studies of South American ECM
communities (e.g. Nouhra et al. 2013; Ferndndez et al. 2013; Kuhar et al. 2016;
Truong et al. 2017), these studies have confirmed the ECM trophic mode of many of
the lineages that were assumed to form ECM (see above). Molecular studies have
also revealed new ECM lineages for the Andean Patagonia. Ecological aspects
related to the fructification and diversity correlated with environmental factors,
showed that the ECM community structure is dependent on the altitude (Nouhra
etal. 2012, 2013), precipitation patterns (Romano et al. 2017a) and fire (Longo et al.
2011). Special attention has focused on the phylogenetic arrangement of sequestrate
ECM lineages and related taxa (Trierveiler-Pereira et al. 2015; Kuhar et al. 2017,
Truong et al. 2017; Pastor et al. 2019; Salgado Salomon et al. 2018), indicating that
many Patagonian EMF share a vicariant history via a Southern Gondwanan origin.
The close biogeographic relationships of the Patagonian fungi with Oceania and
Zealandia have recently been confirmed based on extensive molecular sampling
(Truong et al. 2017), and the EMF show similar patterns to those seen in plants and
animals (Sanmartin and Ronquist 2004). However, the fungal species distribution
within Patagonia also seems to show a complex biogeographic history (Romano
etal. 2017b). At the ECM lineage level (sensu Tedersoo et al. 2010b) there is extreme
dominance by the /cortinarius lineage which accounts for a large fraction of the EMF
diversity in Nothofagaceae forests. The /inocybe, /ramaria-gautieria, /tomentella-
thelephora, and /tricholoma lineages are also notably diverse whereas the /russula-
lactarius is remarkably species-poor compared with almost every other ECM region
of the world. This biome is also home to a prominent set of exclusively Gondwanan
taxa that includes at least 5 lineages, including /aleurina, /descolea, /austropaxillus,
/porpoloma, /phaeohelotium as well as species of Underwoodia (an exclusively
Southern Hemisphere branch of the /tuber-helvella lineage) (Truong et al. 2017,
Tedersoo and Smith 2013, 2017). The ECM status of many putative EMF taxa still
need to be examined carefully. For example, several taxa of Cantharellales, Entoloma,
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and Rickenella may form ECM but have not yet been recovered from ECM roots so
their trophic mode remains in question (Nouhra et al. 2013). The diversity patterns
in Southern SA suggest that the lineage diversification that followed the separation
of austral land masses requires further study. Since ecophysiological functions and
enzyme machinery are distinct among the different EMF lineages (Lindahl and
Tunlid 2015), the unique taxonomic composition in Nothofagaceae forests of SA
suggest that ecosystemic roles of the different groups need to be explored. Studies
on ECM and the effects of EMF inoculation on the growth of Nothofagaceae seed-
lings are scarce (e.g. Salgado Salomén et al. 2013; Marin et al. 2018) and data on the
role of EMF on the enzymatic processes of litter decomposition are needed in order
to better understand the ecology of these forests.

4.3 Physiology and Cellular Biology of Nothofagaceae
Ectomycorrhizae

General physiological benefits of the ECM symbiosis for both mycobionts and phy-
tobionts are well known (van der Heijden et al. 2014) but more specific traits cor-
related to particular ECM fungal species remain relatively poorly studied, especially
in the native Nothofagaceae forests of SA. However, Alvarez et al. (2004) performed
pioneering research on this topic. Using confocal laser-scanning microscopy,
Alvarez et al. (2004) demonstrated different cellular phosphorus-uptake strategies
in axenic cultures of the native Austropaxillus boletinoides and Descolea antarctica,
in comparison with the widespread Paxillus involutus and Pisolithus tinctorius.
Hyphae of A. boletinoides and D. antarctica changed the number of surface-bound
phosphomonoesterase (SBP) active centers depending on the pH and phosphorus
concentration in the substrate. In contrast, P. involutus and P. tinctorius cells reacted
by changing the intensity of activity but not number of SBP active centers. Later,
Alberdi et al. (2007) showed that in vitro assays of synthetized ECM formed by
Nothofagus dombeyi and Descolea antarctica, the colonized seedlings had higher
relative water and leaf soluble carbon contents under drought conditions than seed-
lings inoculated with the widely distributed Pisolithus tinctorius. However, seed-
lings colonized with D. antarctica had less root soluble carbon than those with P.
tinctorius. Following up on these findings, Alvarez et al. (2009) later showed that in
pure culture P. tinctorius was more efficient in metabolizing reactive oxygen species
than D. antarctica and thus suffered less cell damage, especially under drought
conditions.
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4.4 Chemistry and Chemotaxonomy of Nothofagaceae
Ectomycorrhizal Fungi

Fungi are known for their enormous variety of secondary metabolites. Pigment
chemistry has been a particularly valuable tool for detecting or verifying systematic
relationships or separating lineages in higher fungi (VeliSek and Cejpek 2011).
Within the South American EMF, Boletales and Cortinariaceae, have been the focus
of pigment studies in order to reveal relationships with their counterparts in other
continents.

Several studies have focused on the chemistry of the Cortinarii in subgenus
Dermocybe. Gruber (1975) performed thin layer chromatography (TLC) of
anthrachinone pigments extracted from 18 endemic Dermocybe species from
Andean-Patagonian Nothofagaceae forest. She found endocrocin, dermolutein and
endocrocinglycoside in most of the studied species. These yellow pigments are also
known from Northern Hemisphere Dermocybe spp., whereas red pigments, quite
common in Northern Hemisphere Dermocybe spp. are scarce in the South American
taxa or possess different chemical properties. On the other hand, Gruber (1975)
detected various unidentified pigments which did not match reference compounds
available from Northern Hemisphere material. Keller et al. (1987) also used TLC in
a study that compared pigment composition of South American and Australasian
Dermocybe species. They found a higher diversity of anthrachinone compounds in
Southern Hemisphere species than in their Northern counterparts. Interestingly,
chemical analysis grouped species into several groups with similar pigment compo-
sition and these groups contained both Australasian and South American taxa. When
viewed in combination with morphological attributes, it seems likely that these dif-
ferent groups reflect ancient Gondwanan lineages. Greff et al. (2017) separated and
determined pigments of the Chilean endemic Cortinarius nahuelbutensis and iden-
tified flavomannin for the first time in a Dermocybe species. They also identified the
novel compound emodinphyscion, suggesting a separate lineage at least for a part
of South American Dermocybe spp.

Outside of the subgenus Dermocybe few other South American Cortinarius Spp.
have been subjected to chemical analysis. Recently, Lam et al. (2018) isolated novel
diterpene pigments with a nor-guanacastane skeleton structure, called pyromyxons,
from Cortinarius pyromyxa. Cortinarius pyromyxa is a mycobiont of Nothofagus
dombeyi and is characterized by a conspicuous orange coloration of the pileus and
stipe base. Arnold et al. (2012) analyzed the chemistry of Cortinarius lebre, which
has a strong naphthalene-like odor, and identified indole as the principal compound
of the characteristic aroma.

Pulvinic acid derivatives are long known to be key chemotaxonomic compounds
within the Boletales (Winner et al. 2004). Garrido (1988) compared this pigment
class between Austropaxillus statuum, a frequent native mycorrhizal partner of
Nothofagaceae in Argentina and Chile, and the exotic introduced species Paxillus
involutus from the Northern Hemisphere. Garrido (1988) found involutin, a charac-
teristic compound of Northern Paxilli, to be absent in A. statuum and related taxa.
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Instead A. statuum shared trihydroxyphenylglyoxylic acid with Serpula lacrymans.
This chemistry-based finding is consistent with the phylogenetic separation of
native Andino-Patagonian Paxilli in the genus Austropaxillus (Bresinsky et al. 1999)
and also supports the placement of Austropaxillus in the family Serpulaceae (Skrede
et al. 2011). Garrido also detected typical Boletales pigments such as atromentic,
variegatic, and xerocomic acids, and variegatorubin in endemic boletes of Chile,
such as Butyriboletus loyo, Boletus loyita, B. putidus and the poorly known species
B. araucarianus and B. bresinskyanus.

4.5 Mycosociology of South American Nothofagaceae Forests

The highly specific associations between EMF and their phytobionts makes it pos-
sible to characterize an ECM forest type based on the tree composition, the associ-
ated fungal community, or by a combined “phyto-mycosociological approach”
(Salazar 2016). In SA, Singer and Morello (1960) were the first to suggest this
concept for the Andean-Patagonian and coastal forests of Southern Argentina and
Chile. These forests are not just one large homogeneous area dominated by ECM
Nothofagaceae but instead are a patchwork where Nothofagaceae-dominated stands
coexist with non-ECM trees stands such as native conifers, Lauraceae, and sclero-
phyllus angiosperms. In some patches Nothofagaceae, the only native ECM trees,
are naturally absent. According to the concepts of Singer (1971), this presence or
absence of the native EMF community defines the forest as “ectotroph” or “anecto-
troph”. On the species level, the ectotroph forest is defined by the presence of pair-
wise units of phytobiont and mycobiont (e.g. Nothofagus dombeyi/ and Russula
nothofaginea) whose composition is variable, depending on local climate, soil con-
ditions and topography. Although from a twenty-first century point of view, certain
aspects of Singer’s concept may appear self-evident or simple, one has to consider
the conceptual and methodological limitations of the time when the only clues for
presence of EMF in the field were spatial and temporal patterns of fruiting body
formation of macrofungi that were assumed to be ECM. At that time only a few
fungal species from the Northern Hemisphere, mostly associated with conifers,
were definitely proven to form ectomycorrhizae by in vitro synthesis of mycorrhizal
roots (Harley 1959). Singer (1971) also defined diagnostic parameters in order to
classify a forest stand as ectotrophic or anectotrophic; the proportion of obligate
EMF, the presence of host-specific fungal species and the percentage of endemic
taxa. Singer and Morello (1960) also stated that forest plantations of introduced
ECM trees like Pinus spp. in SA represent a separate ectotrophic influence, with
mycobionts that were also introduced from the Northern Hemisphere.

A first mycosociological comparison between introduced and native ECM com-
munities was published by Valenzuela et al. (1998). Their inventory of EMF fruiting
bodies in Nothofagaceae forests and plantations of Pinus radiata in the Valdivian
region of Southern Chile yielded different proportions of EMF and saprobic macro-
fungi in the different forest types. They also noted differences within each forest
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type across sites (coastal mountains, central valley, Andean slope). They also
observed Amanita rubescens, originally introduced with P. radiata as an invader, in
Nothofagaceae forest whereas no endemic EMF were found in pine plantations.
Interestingly, we have made similar observations where the Northern Hemisphere
symbiont Amanita muscaria (and its putative parasite Chalciporus piperatus) was
observed in native Nothofagaceae forest in Southern Chile (M. Smith, personal
observation).

Based on integration and further development of the approaches by the groups of
Singer and Valenzuela, Palfner and Casanova-Katny (2018) completed a compara-
tive study of the fungal communities of degraded and highly fragmented native
Nothofagaceae forest and the surrounding forest plantations of introduced Pinus
radiata and Eucalyptus spp. on Arauco Peninsula in central Southern Chile. They
found that although total fungal species richness was relatively high in the dominant
exotic plantations, species density and proportions of endemic taxa and specialists
were highest in native forest patches. Palfner and Casanova-Katny (2018) deter-
mined that the fragmented Nothofagaceae forest represent important sanctuaries for
native macrofungi, including many endemic EMF, and therefore should receive pri-
ority status in conservation programs.

4.6 Concluding Remarks

South America has a wide variety of unique biomes, landscapes, soil and climatic
conditions that deeply influence the plant and fungal composition. Based on cur-
rently available data, the ectotrophic forest dominated by Nothofagaceae in
Patagonia appears to host the highest ECM diversity. However, it is possible that
this pattern is merely a reflection of the unbalanced distribution of available studies
across SA. Our review of the literature suggests that significant EMF diversity
remains to be discovered in all regions of SA.

As depicted in Fig. 4.1, Patagonia harbors the largest number of ECM lineages
and also has the highest richness based either on vouchered specimens or molecular
operational taxonomic units (MOTUs) recovered from ECM roots, if compared
with any of the Neotropical sites considered. This is also consistent with global pat-
terns of ECM distribution (Tedersoo et al. 2012). Patagonia clearly harbors a much
higher diversity of ECM Ascomycota, particularly in the order Pezizales. This is
expected since it appears that many ECM Ascomycota are absent, infrequent or
species-poor in tropical regions (Corrales et al. 2018).

The Guiana Region also hosts a diverse EMF community and is home of at least
one lineage that is unique at the global scale (/guyanagarika). To date, the tropical
and subtropical Andes regions with their Northern Hemisphere-derived ECM hosts
(e.g. Fagaceae and Salicaceae) and the Amazon basin with its widely dispersed
Neotropical hosts (e.g. Nyctaginaceae, Coccoloba and Gnetum) are apparently the
least diverse regions in terms of lineages and species richness. However, these two
regions are also the least studied areas in SA. The ECM linages /cortinarius, /
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russula-lactarius, /amanita and /clavulina are present in all of the areas treated in this
chapter. The /cortinarius lineage is particularly rich in Patagonia and, at a lesser
magnitude, the remaining three lineages are notably rich in the Guiana Shield. In the
future it will be important to perform wider molecular sampling of ECM associa-
tions in plants, fungi, and soil across the South American subcontinent, including
remote Andean and Neotropical areas such as the Amazon basin, Caatinga, Chaco,
and other biomes to detect new and unique ECM taxa. Other aspects on the study of
the EMF communities in SA, such as ecology, physiology, chemistry, cell biology,
fungi and forest restoration, are mostly undeveloped but are promising for future
research.
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Chapter 5

A Systematic Review of South American
and European Mycorrhizal Research: Is
there a Need for Scientific Symbiosis?

César Marin and C. Guillermo Bueno

5.1 Introduction

The study of global biodiversity presents spatially biased data distribution with
large differences in the sampling efforts and data resolution between the Northern
and Southern hemispheres (Meyer et al. 2015; Wetzel et al. 2018). These differences
are exacerbated by monetary, linguistic, geographic, and political barriers, more
prevalent in the Southern hemisphere (Amano and Sutherland 2013). Besides
regional differences, our knowledge regarding biodiversity information differs
among different organisms, being belowground organisms relatively unknown,
even though they are fundamental to terrestrial ecosystem functioning and aboveg-
round biodiversity dynamics (Bardgett and van der Putten 2014; Carey 2016).
Despite the appearance of new and more efficient molecular and macroecological
biodiversity approaches in the last decades (Wiens 2007), which have boosted
regional and global biodiversity studies, geographical data gaps are still large on
general soil biodiversity (Cameron et al. 2018), and on soil and mycorrhizal fungi
in particular (Tedersoo et al. 2014; Davison et al. 2015; Bueno et al. 2017a). This
has led to a biodiversity-knowledge paradox: while areas in the Southern hemi-
sphere, such as South America (SA), host the most diverse biodiversity hotspots,
they have been largely understudied, particularly on belowground fundamental
organisms and associations such as the mycorrhizal symbiosis.

Research efforts via specific scientific networks are efficient strategies to over-
come local limitations in resources and to extent the research aims in ecological
time or space, which is ideal for answering largely unknown exploratory or
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mechanistic questions (Richter et al. 2018). There are increasing networking efforts
to monitor changes in global aboveground biodiversity, functions, and ecosystem
services (Scholes et al. 2008, 2012; Pereira et al. 2010, 2013; Tallis et al. 2012),
while belowground and fungal biodiversity, including mycorrhizal fungi, have
barely been covered by any scientific network (Wetzel et al. 2015, 2018). In this
context, the integration of Southern needs and perspectives of mycorrhizal research
into operative networking efforts in collaboration with Northern researchers, can
strengthen local and global research, creating successful and mutualistic collabora-
tive efforts. One recent example of these collaborative efforts is the South American
Mycorrhizal Research Network (SAMRN) (Bueno et al. 2017a; Godoy et al. 2017),
which is an horizontal scientific community directed towards the progress of mycor-
rhizal research and knowledge, along with applications and public outreach in
SA. The SAMRN is constructed on the basis of collaborative efforts, to overcome
the lack of funding or collaboration between South American and European or
North American funding agencies (Amano and Sutherland 2013). Despite these
local constraints, collaborative networking initiatives are effective and promising
tools. For instance, in over two years, this network has strengthened scientific col-
laboration between and within local and foreign researchers and students through
the organization of conferences, symposia, and technical specific workshops
(https://southmycorrhizas.org/). These activities have in turn led to several scientific
outreach activities and publications, providing a solid ground for the announcement
and development of the present book.

Overall, in a context of unbalanced geographical resources and needs, it is impor-
tant to understand the research efforts done in different regions to ultimately enhance
future strategies that will focus on the research needs and knowledge gaps of local
and global biodiversity. In this context, the following review focuses on the mycor-
rhizal symbiosis as a key player of the main terrestrial processes and ecosystem
functions (Bardgett and van der Putten 2014), present in most terrestrial plant spe-
cies (Brundrett and Tedersoo 2018). The objective of this systematic review was to
compile, characterize, classify, and compare the scientific literature on mycorrhizal
research in South America and Europe from 1975 to 2018. This study represents the
first effort to understand South American and European differences in aims and
perspectives, which can enable the integration of South American mycorrhizal
information and research initiatives into global initiatives and models.

5.2 Systematic Review of Mycorrhizal Literature

In order to develop our review, we followed the PRISMA protocol (“Preferred
Reporting Items for Systematic Reviews and Meta-Analyses™; Liberati et al. 2009)
which consisted of several steps. First, we conducted a literature search (on 27th of
November 2018) using Web of Science with the terms “mycorrhiza*” AND terms
for the geographical region. We used the term “mycorrhiza*” to include all the vari-
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geographical terms we used “South America” and “Europe”, in adition to all coun-
tries within South America (i.e. “Argentina”, “Bolivia”, “Brazil”, “Chile”,
“Colombia”, “Ecuador”, “French Guiana”, “Guyana”, “Paraguay”, “Peru”, “South
Georgia”, “Uruguay”, and “Venezuela”) and Europe (i.e. “Armenia”, “Austria”,
“Azerbaijan”, “Belarus”, “Belgium”, “Bulgaria”, “Czech Republic”, “Denmark”,
“Estonia”, “Finland”, “France”, “Georgia”, “Germany”, “Greece”, “Hungary”,
“Iceland”, “Ireland”, “Italy”, “Kazakhstan”, “Latvia”, “Lithuania”, “Luxembourg”,
“Macedonia”, “Malta”, “Moldova”, “Montenegro”, ‘“Netherlands”, “Norway”,
“Poland”, “Portugal”, “Romania”, “Russia”, “Serbia”, “Slovakia”, “Slovenia”,
“Spain”, “Sweden”, “Switzerland”, “Turkey”, “Ukraine”, and “United Kingdom”).
Second, we compiled the list of articles for each continent after removing dupli-
cates, using the EndNote Web software for all the European and South American
mycorrhizal published scientific articles between 1975 and 2018 in any language
(>99% of articles were in English). All research articles as well as reviews and
meta-analyses were included. Third, the articles not directly related to the mycor-
rhizal symbiosis (less than 5% of all articles) were manually excluded. Then, an
article dataset was compiled for each continent with information about the country
or countries where the studies were conducted, year of publication, and number of
citations (2724 articles in total). Fourth, we selected the most influential articles (the
ones cited 70 or more times until the 27th of November, 2018) and carefully checked
and assigned them to one of the following nine general mycorrhizal topics: “rhizo-
sphere interactions”, “plant invasions”, “phylo/biogeography”, “morphology”,
“molecular methods”, “ecosystem remediation”, “community structure”, “biogeo-
chemistry”, and “anthropogenic effects”. These topics referred to the role of the
mycorrhizal symbiosis or mycorrhizal fungi in relation to each specific topic. For
instance, “rhizosphere interactions” comprised those articles regarding the interac-
tion of mycorrhizal plant roots and their immediate surroundings with other organ-
isms in the soil. When an article included more than one topic, the assigned topic
was the most prevailing in the article.

5.3 South American and European Mycorrhizal Research
Trends

The literature search yielded a total of 1927 scientific articles for Europe and 797
for SA (Fig. 5.1), showing that even though Europe has a territory roughly four
times smaller than SA, its mycorrhizal research was more than double. From the
beginnings of the 1990’s, there has been a steady increase in the yearly production
of scientific articles in both continents, with an outstanding research increase over
the last 10 years (Fig. 5.1). At the end of the 1980’s and up to the 1990’s, several
factors could have boosted mycorrhizal research, i.e. the availability of molecular
methods that allowed for more efficient and detailed taxonomic and biochemical
studies of the mycorrhizal symbiosis (White et al. 1990; Gardes and Bruns 1993;
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Harrison and van Buuren 1995; Bianciotto et al. 1996). As a consequence of the new
information available, new conceptual developments on mycorrhizal networks
(Toju et al. 2014; van der Heijden et al. 2015) and biogeography (Read 1991) were
extended. A second research wave on mycorrhiza occurred at the end of the 2000’s
(Fig. 5.1), which could be explained by the arrival of the ‘omics’ era (Bonfante
2018). This technological revolution boosted the identification of mycorrhizal genes
and their expression in relation to plant physiological processes in fungal coloniza-
tion and subsequent mycorrhizal activities. Derived from the arrival of this technol-
ogy, one specific topic that attracted great attention was the identification and
classification of fungal mycorrhizal species (SchiiBler et al. 2001; Opik et al. 2010;
Nilsson et al. 2018; Tedersoo et al. 2018; Wijayawardene et al. 2018).

Regarding the mycorrhizal scientific production of SA, Brazil was the country
with the highest number of scientific articles published, followed by Argentina,
Chile, Venezuela, and Ecuador (Fig. 5.2). Brazil is by far the most populated of
these countries, and hosts the largest number of scientists in SA. Together with
Brazil, Argentina and Chile have a long historical tradition in natural history stud-
ies, including mycological studies, which goes back to Darwin (Berkeley 1841). It
is worth mentioning the studies carried out in the Patagonian region, which were
developed by important European naturalists and mycologists such as Claudio Gay
(Montagne 1850) and Rodolfo and Federico Philippi (Philippi 1893; Castro et al.
2006). The interest of European mycologists in Argentinian and Chilean fungi con-
tinued over the Twentieth century, resulting in detailed descriptions of fungi and
fungal communities (Spegazzini 1921; Singer and Morello 1960; Singer et al.
1965; Singer 1969, 1970).

In Europe, Norway, Spain, Sweden, Germany, and Poland were respectively the
five top countries with the highest number of published scientific articles on mycor-
rhizal research (Fig. 5.3). These five countries are historically well known in the
mycorrhizal research field. For instance, the ectomycorrhizal associations in the
Swedish and Norwegian coniferous forests have been studied for almost 200 years
(Bonfante 2018). These two Nordic countries have also increasingly focused their
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Fig. 5.2 Country relevance regarding mycorrhizal scientific production in South America (indi-
cated by blue circle size). The number of articles is only indicated for the top five most productive
countries from 1975 to 2018; 59 of the articles were developed in more than one country

research on mycorrhizal signaling and metabolic pathways, and more recently, on
soil microbiome interactions with the plant rhizosphere (Bonfante 2018; Sterkenburg
et al. 2018). In contrast, the mycorrhizal research in Spain and Poland has been
more focused on arbuscular mycorrhizal fungi, particularly on either the anthropo-
genic effects on fungi or its role in ecosystem remediation (in Spain), and on mor-
phology and taxonomy (in Poland). On the other hand, German mycorrhizal
research comprises a wider range of topics that vary from taxonomy and morphol-
ogy to phylogeography and biogeography of mycorrhizal fungi.

We found that the mycorrhizal topics covered in the most cited articles (70 or
more citations) were notably different in SA and Europe. In South America, studies
describing the mycorrhizal fungi community structure predominated (7 out of 20
most influential articles; Fig. 5.4), while in Europe the articles were more devoted
to the study of the anthropogenic impact on the mycorrhizal symbiosis (41 out of
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most productive countries from 1975 to 2018; 258 mycorrhizal European articles were developed
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141 most influential articles; Fig. 5.5). This difference indicates that more ‘basic
science’ research was needed in South America, whereas a more applied and spe-
cific research was developed in Europe, such as the study of mycorrhizal roles on
rhizosphere interactions and on biogeochemistry (Figs. 5.4, 5.5). In any case, this
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can also indicate that both territories may have different mycorrhizal research needs.
In Europe, the smaller geographical extent and diversity, as well as the higher
population densities and larger historical research (Bonfante 2018), could have con-
tributed to be better explored and known in terms of mycorrhizal ecology, where the
main concerns are the mycorrhizal roles for nature conservation under the current
scenarios of global changes. In contrast, South American highest research interest
was on its relatively unknown biodiversity and local mycorrhizal knowledge, which
may have enhanced research on more descriptive and fundamental questions (Figs.
5.4,5.5). It seems logical that the knowledge development has followed some clear
steps: after studying the biodiversity patterns of mycorrhizal fungi communities,
their effects on the rhizosphere and on biogeochemical cycles will follow.

Regarding the historical impact (number of citations) of each mycorrhizal
research topic per continent, SA showed a very different pattern from Europe
(Fig. 5.6). South American studies focused on the use and description of molecular
methods, highly cited from the middle 1980’s to the late 1990’s (Fig. 5.6). This was
followed by a very influential paper on ecosystem remediation issued during the late
1990’s (Franco and de Faria 1997). These trends were temporally replaced by a
more diverse group of topics related to mycorrhizal fungal morphology, phylogeog-
raphy/biogeography (or phylo/biogeography), and mycorrhizal-related plant inva-
sion research (Fig. 5.6). In addition, four influential papers set rhizosphere
interactions (Rubiales et al. 2009), biogeochemistry (Ryan et al. 2010), and anthro-
pogenic effects (Cornejo et al. 2008; Stiirmer and Siqueira 2011) as very popular
topics of the South American literature in the late 2000’s and early 2010’s (Fig. 5.6).
Europe had seven times more influential papers and thus the impact of single papers
was less pronounced. Overall, the main influential topics during this period were
phylo/biogeography from the middle 1980’s to the early 1990’s, ecosystem reme-
diation during the 2000’s, and plant invasions and molecular methods afterwhile
(Fig. 5.6).
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Fig. 5.6 Percentage of citations of highly cited (70 or more citations) scientific articles in South
America (blue lines) and Europe (red lines) from 1975 to 2018

5.4 Geographical and Thematic Gaps on South American
Mycorrhizal Research

Global studies on soil fungal and mycorrhizal diversity (Tedersoo et al. 2014;
Davison et al. 2015) have so far excluded large portions of South American ecosys-
tems and even some countries (Bueno et al. 2017a). These global studies have
focused on the southern or northern regions of SA, leaving out much of the most
important biodiversity hotspots, such as large areas of the Amazon basin, continen-
tal savannas, most of the Andes, and the Chocé biogeographic region, which hosts
one of the rainiest and most diverse forests in the world (Galeano et al. 1998). This
has already been shown in a review on hypogeous sequestrate fungi (Sulzbacher
et al. 2017), indicating potential limitation for research in those areas. This pattern
also is more or less consistent with our own findings (Fig. 5.2) since countries as
Per, Bolivia, Paraguay, and Uruguay have been barely studied. The main exception
to this pattern among those global studies (Tedersoo et al. 2014; Davison et al.
2015) and our findings (Fig. 5.2) is Brazil, which is the most productive South
American country regarding mycorrhizal literature (Fig. 5.2). But even though there
is much Brazilian mycorrhizal research conducted on its southern part, closer to
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their most important universities, it is still scarce in the northern ecosystems, includ-
ing the Amazon basin or the savanna.

Our review suggests that there are still large and relevant South American areas
and ecosystems with a lack of basic mycorrhizal knowledge (Figs. 5.2-5.5), being
urgent the development of descriptive science such as the analysis of these areas’
fungal mycorrhizal biodiversity and community composition, to ultimately enhance
our local and global understanding of biodiversity. Contrarily, in better known areas
such as the south of Brazil or the Patagonian region (Fig. 5.2; Bueno et al. 2017a),
we suggest to develop more specific and applied research, such as the study of the
role of the mycorrhizal symbiosis in relation to rhizosphere interactions, biogeo-
chemistry, or in relation to anthropogenic impacts on ecosystems. This mycorrhizal
research would enhance the development of more applied science in terms of sus-
tainable development, environmental conservation, or functional and mechanistic
aspects. Needless to say, all these research topics are not mutually exclusive and the
research aims need to be aligned with social and environmental local needs, as such
is the case of some understudied areas being strongly affected by poverty, anthropo-
genic pressure, and ecosystem degradation.

Overall, and accounting for the current mycorrhizal research trends presented
here and promising lines of mycorrhizal research (Bonfante 2018; Waller et al.
2018), we strongly believe that two main data types might need to be urgently col-
lected in SA: (1) molecular data on mycorrhizal fungi, especially data obtained
from environmental samples and which leads to DNA-based classification systems
(“species hypothesis’, Nilsson et al. 2018; ‘virtual taxa’, Opik et al. 2010), and (2)
plant roots to define plant mycorrhizal traits (Moora 2014; Bueno et al. 2018). There
is a large gap of fungal mycorrhizal molecular data missing on databases, as it was
illustrated by a quick search (on 19th of December, 2018) on the database MaarjAM
(Opik et al. 2010), which contains arbuscular mycorrhizal fungi DNA sequences
from environmental or cultured samples. In MaarjAM, 373 sampling locations were
situated in Europe, while only 97 were in SA. Moreover, in terms of plant mycor-
rhizal traits (Moora 2014) there are still many areas and entire countries in SA
where the distribution of plant species and plant communities is not completely
known, in contrast with a relatively well documented distribution of the European
flora and vegetation (Kalwij et al. 2014; Soudzilovskaia et al. 2015, 2017). In fact,
the plant mycorrhizal traits of most of the South American flora remain unknown.
For instance, a recent study conducted in Chile dealing with the latitudinal distribu-
tion of plant mycorrhizal traits obtained after a systematic and thorough literature
search, showed a coverage of about 13% of continental Chile plant species with
geographical information (Silva-Flores pers. com.). Thus, considering Chile as one
of the countries where mycorrhizal research has been further developed (Fig. 5.2),
this percentage is relatively low in relation to a recent European study which cov-
ered around 45% of the European species with available geographic information
(Bueno et al. 2017b). Thus, plant mycorrhizal trait collection is clearly needed in
SA to estimate the prevalence of the mycorrhizal symbiosis in plant communities
and ecosystems, and assign their response to biotic and abiotic conditions. This will
ultimately lead to the understanding of the ecological roles of the mycorrhizal
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symbiosis in SA’s unique ecosystems and its future responses to current global
changes and local anthropogenic activities.

5.5 Suggested Directions

We believe that there are three steps that can be followed in order to boost South
American mycorrhizal research and facilitate its global integration. First, it is neces-
sary to strengthen the communication among South American mycorrhizal research-
ers and to channel and optimize research efforts through collaborative networking
initiatives, such as the South American Mycorrhizal Research Network (SAMRN)
(https://southmycorrhizas.org/; Bueno et al. 2017a). This aim could be efficiently
achieved through the coordination of international funding public agencies, coordi-
nation which has not yet been implemented in SA. For instance, an ideal funding
possibility in SA will be a call for large consortiums of international researchers
with shared aims. This, in turn, will lead to homogenize discrepancies among meth-
odological and study designs, ultimately enhancing the consolidation of strong
international scientific groups in SA. For example, the European Union and their
scientific funding agencies provide large international funding calls, which has led
to large and significant studies on mycorrhizal diversity (Davison et al. 2015; van
der Linde et al. 2018). Second, we suggest to facilitate the integration of interconti-
nental and global projects. European and North American global projects have not
systematically integrated South American researchers, which could enlarge and
optimize their sampling schemes as well as our scientific global knowledge.
Furthermore, South American research network initiatives such as the SAMRN
could enhance the communication among researchers from different continents and
the optimization of potential collaborations. For instance, in terms of effective
information and resources exchange, South American researchers could contribute
with local knowledge, reduce local bureaucracy, offer access to unknown localities,
and provide southern research perspectives, research needs and conceptual gaps. In
turn, northern researchers could provide a more theoretical approach to global
research questions, linked to a higher availability of technological and funding
resources. Some integrating initiatives have been started, such as the analysis of
worldwide leaf microbiomes (FunLeaf project; https://sisu.ut.ee/funleaf); however,
as regards of the mycorrhizal symbiosis, further integration between descriptive and
applied research on mycorrhizal diversity, ecosystem functions, and the effects of
global changes still need to be promoted. Finally, the scientific interaction between
the two continents could be considerably improved by the exchange of graduate
students and postdocs. This exchange will facilitate the flow of ideas and research
opportunities, and a starting point of the much needed scientific symbiosis between
SA and Europe.
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Chapter 6
Endo- and Ectomycorrhizas in Tropical
Ecosystems of Colombia

Clara P. Peiia-Venegas and Aida M. Vasco-Palacios

6.1 Introduction

It is affirmed that fungi kingdom is more diverse in tropical ecosystems than in
temperate ones. However, not all fungi in nature follow that pattern. A good exam-
ple occurs with symbiotic fungi that form mycorrhiza. Arbuscular (endo-) mycor-
rhizal (AM) fungi are more diverse in tropical ecosystems but ectomycorrhizal
(EM) fungi are more diverse in temperate and boreal ecosystems (Tedersoo et al.
2014). Most important, endo- and ecto-mycorrhizal fungi coexist, even in tropical
ecosystems, if host plants with high affinity for mycorrhization are present
(Neuenkamp et al. 2018).

Colombia is the fourth world’s most biodiverse country, and the most megadi-
verse per square kilometer (IUCN 2009). So far, 35,000 flowering plant species
have been listed for the country (Bernal et al. 2016). It is suggested that plant and
mycorrhizal fungal communities are correlated and both determine important fea-
tures on natural and anthropic ecosystems. Due to the close ecological relationship
that exist between plants and soil fungi, it is expected that it harbors a high myco-
logical diversity of fungi as well, with near of 100,000 species of fungi in general
and 11,000 of macrofungi. Unfortunately, the fungal inventory of Colombia is still
far from complete; and symbiotic fungi and the ecological roles of fungi in the eco-
system functioning is notably unknown. Mycorrhizal symposiois ocurr about 90%
of vascular and non vascular plants (Smith and Read 2008; Van der Heijden et al.
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2015). Mycorrhizae played a key role on soil carbon and nutrient cycling. In
Colombia, studies on both endo and ectomycorrhizal fungi has been developed but
that have been focused mainly on AM associated with crops and EM associated
with Quercus humboldtii. In this review we compiled all the studies that have been
developed in both AM and EM in Colombia, one of the pioneer countries in study-
ing mycorrhizal associations in South America. We highlight the main topics stud-
ied, main results, applications, shortcomings and future challenges of this study
area. Through a case study, we show how endo- and ecto-mycorrhizal fungi co-exist
in the soil of a tropical rainforest. We pretent to stablish which issues are still unex-
plored and which aspects need to be addressed by new studies to advance in the
understanding of these associations in Colombia and in neighboring South American
countries.

6.2 The Study of Arbuscular Mycorrhizal Associations
in Colombian Ecosystems

Arbuscular mycorrhization is one of the most studied plant-fungi associations.
However, studies are unequally distributed around the world. Tropical areas are
some of the less studied ones in when compared to temperate areas. One example of
this inequality was presented by Alexander and Selosse (2009), who reviewed the
number of publications on arbuscular mycorrhizal (AM) association in natural eco-
systems. The authors estimated that between 2000 and 2009 approximately 5600
papers about AM association in forests were published. From them, only 170 papers
were about AM association in tropical forests.

Colombia was one of the first countries in South America in studying AM fungi.
An important number of documents related with this plant-fungi association had
been produced. For this chapter, a total of 64 documents were reviewed: 25 of them
were written between 1981 and 1995, and 39 of them were written after 1995 until
2017 (Fig. 6.1). Publications include works in 21 of the 23 states of the continental
Colombia (Fig. 6.2).

However, few of those studies were published in English in indexed journals
(30%) although in the last years the number of papers published in English had been
increasing. Around 70% of the studies about AM association have not been pub-
lished, or were published in Spanish in thesis, in non-indexed journals and in books,
with limited access for academics (Fig. 6.3). The International Center for Tropical
Agriculture — CIAT, placed in Palmira-Valle, Colombia, and the academy are the
main contributors on AM fungal bibliography.

During 70’s and 80’s Colombia experienced a boom in the study of AM associa-
tion and AM fungal diversity with the arrival of American and European researchers
to the CIAT, who taught Colombian researchers about this association. From that
time, 12 new species of AM fungi from Colombia were described: Acaulospora
appendiculata, A. longula, A. mellea, A. morrowae, Glomus manihotis, and
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Fig. 6.1 Number of publications of arbuscular mycorrhizal association from Colombia in a range
of 36 years (from 1981 until 2017)

Entrophospora colombiana (Schenck et al. 1984), Acaulospora myrocarpa (Schenck
et al. 1986), Entrophospora schenckii (Sieverding and Toro 1987), Glomus glo-
merulatum (Sieverding 1987), Acaulospora denticulata and A. rehmii (Sieverding
and Toro 1987), and Scutellospora biornata (Spain et al. 1989). With these species,
the CIAT started one of the most important arbuscular mycorrhizal fungal collection
of the world which conserve 44 species, and where 86% of the registers included in
its database are from Colombia (CIAT 2000). Mostly of the samples were collected
by Dr. Ewald Sieverding who is considered the father of the AM studies in
Colombia (Sieverding 1984, 1989a, 1989b; Sieverding and Howeler 1985).

The taxonomy of AM fungi changed in 2001 when molecular approaches were
used to place AM fungi in a new monophyletic phylum (Glomeromycota). New
molecular taxonomy of AM fungi suggested that the traditional taxonomy of AM
fungi based on morphological data should be re-evaluated according to their natural
phylogenetic organization (Schiif3ler et al. 2001). Since that time, different authors
made efforts to harmonize molecular and morphological information to produce a
new taxonomy and suggest taxonomic keys to classify correctly spore AM morpho-
types (Oehl et al. 2011a; Oehl et al. 2011b; Sieverding et al. 2014; Oehl et al. 2008;
Walker et al. 2007; Sieverding and Oehl 2006; Spain et al. 2006). It looks that since
2011, all AM fungal experts agree in a new taxonomic classification of AM fungi,
even when it is known that many AM fungal will be described only by molecular
approaches, without knowing a corresponding spore morphotype. For the develop-
ment of this new AM fungal taxonomic classification, the AM strains deposited at
the CIAT had been used as reference cultures.

Although the report of new species of AM fungi from Colombia and the creation
of a collection were important increasing the inventories of these organisms, it has
not been the focus of most studies regarding the study of the AM association in
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Fig. 6.2 Map with the Colombian states where works on arbuscular mycorrhizal associations had
been done. The circle size represents the number of publications reported in each state (Map
author: Delio Mendoza — Sinchi Institute)

Colombia. Arbuscular mycorrhization is recognized as an important association
related with plant nutrition (Sdnchez de Prager 2004). As in Colombia, only 2.6%
of soils are suitable for agriculture, most of the papers studied AM association in
relation with crops or commercial plants. AM association has been described in no
less than 29 commercial species including: algarroba (Prosopis juliflora), avocado
(Persea Americana) (Prada 2009), azalea flower (Rhododendron sp.), beans
(Phaseolus vulgaris) (Barrios et al. 2006), blueberry (Vaccinium meridionale)
(Avila Diaz-Granados et al. 2009), borojo (Borojoa patinoi) (Posst et al. 2004),
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Fig. 6.3 Type of publications about arbuscular mycorrhizal association produced from Colombia

cassava (Manihot esculenta) (Howeler and Cadavid 1990; Howeler et al.
1982; Howeler and Sieverding 1982; Howeler and Sieverding 1983; Howeler et al.
1987; Pefia-Venegas 2015; Rodriguez and Sanders 2015; Sieverding and Leihner
1984a; 1984b), cocoa (Theobroma cacao) (Possu et al. 2004), coffee (Coffea
Arabica) (Bolaios and Rivillas-Osorio 2000; Estrada and Sdnchez de Prager 1995;
Rivillas 1995), gooseberry (Physalis peruviana) (Ramirez et al. 2000), guadua bam-
boo (Guadua angustiflia), green pea (Pisum sativum) (Triana 2015), inchi
(Caryodendron orinocence) (Pinto 1988; Pinto and Pedraza 1988), indian couch
grass (Bothriochloa pertusa) (Pérez, Botero and Usma 2012), leucaena (Leucaena
leucocephala) (Osorio and Habte 2013), Mexican sunflower (Tithonia diversi-
flora) (Phiri et al. 2003), oil palm (Elaeis guineensis) (Phosri et al. 2010), onion
(Allium fistulosum) (Montenegro-Gomez et al. 2017), maize (Zea mays) (Gémez
and Séanchez de Prager 2012; Zabala 2012; Zabala and Sanchez de Prager 2014),
molasses grass (Melinis minutiflora) (Quiroga et al. 2009), passion fruit (Paciflora
edulis) (Sdnchez de Prager 2003), peach palm (Bactris gasipaes) (Possu et al. 2004),
pitch pine (Pinus caribea) (Pedraza 1981), plantain (Musa paradisiaca) (Osorio
et al. 2008a; 2008b), signalgrass (Brachiaria decumbens) (Posada-Almanza et al.
2006), sorghum (Sorghum sp.), sugarcane (Saccharum officinarum), sweet pepper
(Capsicum sp.) (Pefia-Venegas 2010; Sanchez de Prager et al. 2010) and tomato
(Solanum lycopersicum) (Guzman et al. 2013). Studies about the AM association in
these species focused mainly in the estimation of the percentage of root coloniza-
tion, the quantification of the number of spores per gram of soil, and the relation of
root colonization and spore production with edaphic conditions, chemical or organic
fertilization, and herbicide application. Most of these studies emphasised the role of
AM fungi as promotor of plant growth and yield. However, some papers also include
other functions of AM as its role in controlling nematodes and plant pathogens, AM
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fungal synergims with other beneficial microorganisms, and the effect of AM fungal
external mycelia on soil aggregation. Although some of these studies include the
taxonomic description of spores (generally until genera and in few of them until
species), AM richness always appeared as supplementary information.

Contrary, efforts to estimate the national inventory of AM fungi, the diversity and
abundance of AM fungi in natural areas or to study ecological aspects of the AM
associacion has been poorly developed in Colombia in contradiction with the poten-
tial that a biodiverse country like Colombia has. Until 2015, Colombia had
59,558,000 ha of natural forests, which corresponded to 52.2% of the total conti-
nental area of the country (SIAC 2016). However, from all the reviewed papers,
only seven studied the AM association in natural ecosystems (Pinto 1992; Guerrero
1993; Rios and Gallego 1997; Pena-Venegas 2001; Restrepo 2006; Posada et al.
2012; Ardila 2017), mostly of them in national natural parks. These works in gen-
eral centered their focus in the estimation of the percentage of root colonization, and
the quantification of the number of spores per gram of soil, with taxonomic descrip-
tion of spores in some cases.

From the reviewed documents it is possible to conclude that AM association
continue being a relevant topic in Colombia, as there is an important number of
papers recently published. All domesticated plants studied until now form AM asso-
ciations, independently the geographic location or environmental conditions in
which plants were cultivated. Although soil AM fungal composition are commonly
studied (mainly from AM fungal spores), soil AM fungal communities differ from
those colonizing plant roots (Saks et al. 2014). More emphasis on root mycorrhiza-
tion is needed in order to advance in the selection and evaluation of AM fungal
strains as possible inoculants for specific plant cultures. The use of molecular tools
in this case is relevant. However, from all documents reviewed, only two thesis
included taxonomic determination of AM fungi from molecular data (Pefia-Venegas
2015; Leo6n 2015), being a novel tool poorly explored in Colombia to study AM
fungal communities. Colombia is a diverse country with different ecosystems, cli-
matic conditions and soils, but few works on AM fungi had been done in natural
ecosystems. We need to encourage students and researchers to study more these
organisms in natural ecosystems to understand more AM fungal communities, their
ecology and diversity.

6.3 The Study of Ectomycorrhizal Associations in Colombian
Ecosystems

Tropical forests were supposed to be dominated by AM fungi while EM fungi were
restricted to temperate regions, except on tropical montane forests where Holarctic
element such Juglandaceae, Betulaceae and Fagaceae occur (Singer and Morello
1960; Halling 1996; Mueller 1996; Gonzalez et al. 2006; Corrales et al. 2018). A
recent interest in the tropical EM association revealed that the number of plant
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families associated with EM fungi is higher than expected (Tedersoo and Brundrett
2017, Corrales et al. 2018). Families of tropical plants such as Dipterocarpaceae or
the subfamilies Caesalpinioideae and Papilionoideae of the family Fabaceae are
specifically EM in lownland forests (Moyersoen 2012; Vasco-Palacios et al. 2014;
Corrales et al. 2018). Other families of plants that present this association but a dif-
ferent ecological pattern are Gnetaceae, Nyctaginaceae, and Polygonaceae (Singer
et al. 1983; Tedersoo et al. 2010; Moyersoen 2012; Moyersoen and Weiss 2014;
Corrales et al. 2018; Vasco-Palacios et al. 2018). In tropical ecosystems, the func-
tional role of EM fungi is poorly understood. Fungal communities drive tree popula-
tion dynamics and can alter decomposition rates. EM association may help the hosts
plant to establish in poor soils. Ectomycorrhizal-forests seems to storage higher
levels of soil carbon than AM-forests (Averill et al. 2014), but this important feature
has not been studied yet in tropical ecosystems.

An exhaustive review of literature yielded a total of 97 publications related to
EM fungi in Colombia, which include 27 theses, 18 books or book chapters, 48
papers from indexed journals and four from non-indexed journals. Reviewed litera-
ture showed that a total of 172 species of EM fungi have been reported for this
country: 116 species from Quercus-forests Pinus-forests, two species from
Colombobalanus-forests, 27 species from white sand forests with Dicymbe and
Aldina, and five species from terra-firme forests with Pseudomonotes tropenbosii
(Table 6.1). Amanita crebresulcata was reported from dry-forests in the state of
Cesar, but not data about the putative host was included. EM species reported from
Colombia belonged to typical lineages of Basidiomycota such as Amanitaceae,
Cantharellaceae, and genera of the families Russulaceae and Boletaceae (Table 6.1).
As singular EM taxa we can mention Polyporoletus sublividus (Albatrellaceae),
Tremellogaster surinamensis (Diplocystidiaceae) and four endemic species of
Sarcodon (Bankeraceae). The genus Sarcodon was considered to be distributed in
the Northern Hemisphere, but now 10 species are known from lowland areas in
tropics, expanding the range of distribution and the knowledge about plants host-
associated to this genera. The EM lineages Tomentella and Sebacina are commonly
detected on root analysis (Vasco-Palacios 2016). However, those have not been
reported in Colombia yet, probably because the basidiomata of these genera can be
easily overlooked as they occur erratic and are resupinate and/or cryptic
(Moyersoen and Weiss 2014).

In Colombia, studies about EM association have been carried-out mainly in
Quercus-dominated montane forests. The first mention on EM fungi in Colombia is
a list of EM fungi from this oak forests was published by Singer (1963) which
included descriptions of new species. The number of publications increased consid-
erably between 80’s and 90’s, time in which several specialists such as Dr. Dumont,
Dr. G. Guzman, Dr. R. Halling and Dr. G. Mueller visited the country (Fig. 6.3a).
From all documents reviewed, 58% studied the EM association with Q. humboldtii,
mostly from Antioquia and Boyac4 states (Fig. 6.4). The states with most records
are Antioquia, Boyacd and Tolima, manly with records from Quercus-forests, and
Amazonas from forests with Dicymbe, Aldina and Pseudomonotes tropenbosii host
trees (Table 6.1).
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Fig. 6.4 Records of EM fungal species in Colombian states (states with only one record were not
included). Amazonas (AMA), Antioquia (ANT), Boyacd (BOY), Caldas (CAL), Cauca (CAU),
Caquetd (CAQ), Cundinamarca (CUN), Huila (HUI), Narino (NAR), Quindio (QUIN), Santander
(SAN), Tolima (TOL), Valle del Cauca (VCA). The circle size represents the number of records
reported in each state (Map author: Delio Mendoza — Sinchi Institute)
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Table 6.1 List of reported ectomycorrhizal (EM) species between 1963 and 2018, based on
literature review and specimens from the Herbarium of the Universidad de Antioquia (HUA)

TAXA Distribution | Hosts Type | References
Ascomycota
Pezizales
Helvellaceae
Helvella lacunosa TOL 0. Tobon (1991), HUA (Gémez 7)
humboldtii
Helvella macropus ANT, TOL 0. Tobén (1991), HUA
humboldtii (Vasco-Palacios 1070)
Helvella sulcata ANT 0. HUA (Halling 5065)
humboldtii
Leotiales
Leotiaceae
Leotia lubrica ANT, BOY Quercus Lépez-Q et al. (2007), Mecanismo
humboldtii de Facilitacién (2001)
Leotia viscosa ANT Quercus Tobdn (1991)
humboldtii
Basidiomycota
Agaricales
Amanitaceae
Amanita advena ANT Q. Type | Tulloss et al. (1992)
humboldtii
Amanita arocheae ANT 0. Type | Halling and Mueller (2005),
humboldtii, Parra-Aldana et al. (2011), Tulloss
C. excelsa et al. (1992), Tulloss (2005)
Amanita aureomonile | VCA 0. Type | Parra-Aldana et al. (2011), Tulloss
humboldtii, et al. (1992)
C. excelsa
Amanita ANT, BOY, |O. Type | AMVA-Area Metropolitana del
brunneolocularis SAN, TOL humboldtii Valle de Aburra (2000), Franco-
Molano and Uribe-Calle (2000),
Halling and Mueller (2005),
Saldarriaga et al. (1988a), Tulloss
et al. (1992)
Amanita BOY 0. Type | Vargas-Estupifidn et al. (2017)
brunneolocularis var. humboldtii
pallida
Amanita campinarae | AMA Dicymbe sp. Vasco-Palacios et al. (2018)
Amanita ceciliae BOY Q. Singer (1963), Tulloss et al. (1992)
humboldtii
Amanita citrina BOY, TOL 0. Vargas-Estupifidn et al. (2017)
humboldtii
Amanita colombiana | ANT, BOY, Q. Type | Franco-Molano and Uribe-Calle
TOL humboldtii (2000), Tulloss et al. (1992),

Vargas-Estupifidn et al. (2017)

(continued)
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TAXA Distribution | Hosts Type | References
Amanita AMA, CES | Dicymbe sp. Palacio M. et al. (2015)
crebresulcata
Amanita flavoconia ANT, BOY, 0. AMVA-Area Metropolitana del
CUN, NAR, | humboldtii, Valle de Aburra (2000), Halling
TOL Pinus sp. and Mueller (2005), Palacio et al.
(2015), Saldarriaga et al. (1988a),
Tulloss et al. (1992), Vargas-
Estupifidn et al. (2017)
Amanita ANT, BOY, 0. Type | Halling and Mueller (2005),
fuligineodisca CUN, NAR, | humboldtii Mecanismo de Facilitacién (2001),
SAN, TOL Pulido (1983), Saldarriaga et al.
(1988a), Tulloss et al. (1992),
Vargas-Estupifidn et al. (2017)
Amanita gemmata CUN Q. Guzman and Varela (1978), Pulido
humboldtii (1983), Tulloss et al. (1992)
Amanita humboldtii | CUN, NAR, | Q. Type | Dennis (1970), Guzman and Varela
TOL humboldtii (1978), Mueller and Wu (1997),
Pulido (1983), Singer (1963),
Tulloss et al. (1992)
Amanita lanivolva AMA Dicymbe sp. Vasco-Palacios. et al. (2018)
Amanita muscaria ANT, BOY, Pinus patula AMVA-Area Metropolitana del
CAL, CUN, Valle de Aburra (2000), Henao-M
SAN and Ruiz (2006), Mecanismo de
Facilitacion (2001), Montoya et al.
(2005), Tulloss et al. (1992)
Amanita picea BOY 0. Type | Tulloss et al. (1992)
humboldtii
Amanita rubescens ANT, CUN, 0. AMVA-Area Metropolitana del
BOY, TOL humboldtii, Valle de Aburra (2000), Pulido
Pinus sp. (1983), Saldarriaga et al. (1988a),
Vargas-Estupifian et al. (2017)
Amanita savannae MET Non data Type | Tulloss and Franco-Molano (2008)
Amanita sororcula ANT, BOY 0. Type | Franco-Molano and Uribe-Calle
humboldtii (2000), Tulloss et al. (1992),
Vargas-Estupifian et al. (2017)
Amanita virosa ANT, BOY, 0. Vargas-Estupifian et al. (2017)
VCA humboldtii
Amanita xerocybe AMA Dicymbe sp. Vasco-Palacios et al. (2018)
Amanita xylinivolva | ANT, BOY, 0. Type | Franco-Molano and Uribe-Calle
CAU, CUN, | humboldtii (2000), Saldarriaga et al. (1988a),
NAR, SAN, Tulloss et al. (1992)
TOL
Cortinariaceae
Cortinarius ANT, BOY, 0. Type | Dennis (1970), Franco-Molano
boyacensis TOL humboldtii and Uribe-Calle (2000), Mueller

and Wu (1997), Singer (1963)

(continued)
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TAXA Distribution | Hosts Type | References
Cortinarius iodes ANT, BOY, 0. Franco-Molano et al. (2000, 2010),
NAR, TOL humboldtii Lépez-Q et al. (2007),
Cortinarius violaceus | ANT, TOL 0. Franco-Molano et al. (2000, 2010)
humboldtii
Rozites colombiana ANT 0. Halling and Mueller (2005),
humboldtii Halling and Obrevo (1987),
Lépez-Q et al. (2007), Saldarriaga
et al. (1988a)
Hydnangiaceae
Laccaria amethystina | ANT, CUN 0. Franco-Molano and Uribe-Calle
TOL humboldtii (2000), Guzman and Varela
(1978), Halling and Mueller
(2005), Mueller (1996)
Laccaria gomezii ANT, HUI 0. Type | Franco-Molano and Uribe-Calle
humboldtii (2000), Halling and Mueller
(2005), Mueller (1996), Mueller
and Singer (1988)
Laccaria laccata ANT, BOY, Pinus sp. Betancur et al. (2007), Franco-
CAL, CUN, Molano (2002), Guzman and
MAG, QUI, Varela (1978), Halling and Mueller
TOL (2005), Lopez-Q et al. (2007),
Mecanismo de Facilitacion (2001),
Montoya et al. (2005), Mueller
(1996), Nieves-Rivera et al.
(1997), Pulido (1983), Saldarriaga
et al. (1988b)
Laccaria ohiensis Non data Mueller (1996)
Laccaria proxima Non data Mueller (1996)
Hygrophoraceae
Hygrophorus cossus | BOY 0. Franco-Molano and Uribe-Calle
humboldtii (2000)
Hygrophorus PNN Non data Boekhout and Pulido (1989),
obconicus Pulido and Boekhout (1989)
Hygrophorus BOY 0. Type | Mueller and Wu (1997)
quercuum humboldtii
Hymenogastraceae
Phaeocollybia ANT, NAR Quercus Type | Franco-Molano and Uribe-Calle
ambigua humboldtii (2000), Halling and Mueller
(2005), Horak and Halling (2018)
Phaeocollybia ANT Quercus Type | Franco-Molano and Uribe-Calle
caudata humboldtii (2000), Halling and Mueller
(2005), Horak and Halling (2018)
Phaeocollybia VCA Quercus Type | Franco-Molano and Uribe-Calle
Columbiana humboldtii (2000), Mueller and Wu (1997),

Singer (1970)
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TAXA Distribution | Hosts Type | References
Phaeocollybia ANT, NAR Quercus Franco-Molano and Uribe-Calle
oligoporpa humboldtii (2000), Halling and Mueller
(2005), Horak and Halling (2018)
Phaeocollybia ANT, CAL Quercus Betancur et al. (2007), Franco-
quercetorum humboldtii Molano and Uribe-Calle (2000),
Halling, Mueller (2005), Horak
and Halling (2018)
Phaeocollybia NAR Quercus Type | Halling and Mueller (2005), Horak
singularis humboldtii and Halling (2018)
Inocybaceae
Inocybe calamistrata | ANT 0. Franco-Molano et al. (2010)
humboldtii
Inocybe hystrix ANT 0. Lopez-Q et al. (2007)
humboldtii
Inocybe jalopensis CUN Q. Dennis (1970), Guzman and Varela
humboldtii (1978), Pulido (1983), Singer
(1963)
Inocybe rimosa CUN Non data Guzman and Varela (1978), Pulido
(1983)
Inocybe tequendamae | CUN Non data Type | Dennis (1970), Guzman and Varela
(1978), Mueller and Wu (1997),
Singer (1963)
Tricholomataceae
Tricholoma caligatum | BOY 0. HUA (Echeverry 36)
humboldtii
Boletales
Boletaceae
Aureoboletus ANT 0. Franco-Molano and Uribe-Calle
auriporus humboldtii (2000)
Aureoboletus russellii | CAU 0. Halling (1989)
humboldtii
Austroboletus AMA P. Type | Vasco-Palacios et al. (2014)
amazonicus tropenbosii
Austroboletus NAR 0. Vasco-Palacios et al. (2014)
subflavidus humboldtii
Austroboletus ANT, HUI 0. Franco-Molano and Uribe-Calle
subvirens humboldtii (2000), Halling (1989)
Boletellus ananas ANT, VCA 0. Franco-Molano and Uribe-Calle
humboldtii (2000), Halling (1989, 1996),
Singer (1970)
Boletus VCA 0. Type | Franco-Molano and Uribe-Calle
fuligineotomentosus humboldtii (2000), Halling (1989), Mueller
and Wu (1997)
Boletus neoregius ANT, CUN 0. Franco-Molano et al. (2000, 2010),
humboldtii Halling and Mueller (2005)

(continued)
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TAXA Distribution | Hosts Type | References
Boletus pavonius SAN 0.
humboldtii
Boletus pyrrhosceles | ANT 0. Franco-Molano and Uribe-Calle
humboldtii (2000), Halling (1992)
Boletus ANT, BOY 0. Franco-Molano and Uribe-Calle
subtomentosus humboldtii (2000), Halling (1989),
Mecanismo de Facilitacion (2001)
Chalciporus ANT Q. Lépez-Q et al. (2007)
caribaeus humboldtii
Chalciporus piperatus | ANT, TOL 0. Franco-Molano et al. (2010)
humboldtii,
Pinus sp.
Chalciporus ANT, CAU, 0. Franco-Molano and Uribe-Calle
pseudorubinellus TOL humboldtii (2000), Halling (1989)
Cyanoboletus CUN 0. Franco-Molano and Uribe-Calle
pulverulentus humboldtii (2000), Halling (1989)
Fistulinella AMA P. Vasco-Palacios et al. (2014)
campinaranae var. tropenbosii
scrobiculata
Leccinum andinum ANT, TOL 0. Type | Franco-Molano and Uribe-Calle
humboldtii (2000), Halling (1989, 1996),
Halling and Mueller (2005)
Leccinum rugosiceps | ANT, CAU, 0. Franco-Molano et al. (2010),
TOL humboldtii Halling (1996), Halling and
Mueller (2005)
Leccinum talamancae | ANT 0. Halling and Mueller (2005),
humboldtii Lépez-Q et al. (2007)
Phylloporus ANT 0. Halling and Mueller (2005),
centroamericanus humboldtii Franco-Molano et al. (2010)
Phylloporus fibulatus | ANT, NAR, | Q. Type | Franco-Molano and Uribe-Calle
TOL humboldtii (2000), Halling et al. (1999),
Mueller and Wu (1997), Singer
et al. (1990)
Phylloporus ANT, BOY, 0. Halling and Mueller (2005),
phaeoxanthus TOL humboldtii Franco-Molano et al. (2010)
Phylloporus CAU 0. Type | Franco-Molano and Uribe-Calle
purpurellus humboldtii (2000), Halling et al. (1999),
Mueller and Wu (1997)
Porphyrellus BOY 0.
indecisus humboldtii
Pulveroboletus ANT 0. Halling (1989, 1996)
atkinsonianus humboldtii
Pulveroboletus ANT Q. Boekhout and Pulido (1989),
ravenelii humboldtii Franco-Molano et al. (2010)
Singerocomus AMA Dicymbe sp. Vasco-Palacios et al. (2018)

inundabilis

(continued)



124

Table 6.1 (continued)

C. P. Pefia-Venegas and A. M. Vasco-Palacios

TAXA Distribution | Hosts Type | References
Strobilomyces ANT, HUI 0. Franco-Molano and Uribe-Calle
confusus humboldtii (2000), Halling (1989), Halling
and Mueller (2005), HUA
(Vasco-P. 2332)
Suillus luteus ANT, CAL, Pinus sp., AMVA-Area Metropolitana del
CUN, TOL Valle de Aburra (2000), Dennis
(1970), Franco-Molano and
Uribe-Calle (2000), Guzman and
Varela (1978), Montoya et al.
(2005), Saldarriaga et al. (1988a)
Tylopilus obscurus ANT, TOL 0. Type | Franco-Molano et al. (2000),
humboldtii Halling (1989), Halling and
Mueller (2005)
Tylopilus umbrosus NAR 0. Franco-Molano et al. (2010)
humboldtii
Xanthoconium ANT, NAR 0. Franco-Molano et al. (2000, 2010)
separans humboldtii
Xerocomellus ANT, NAR, 0. Franco-Molano et al. (2010)
chrysenteron TOL humboldtii
Xerocomellus ANT 0. Franco-Molano and Uribe-Calle
truncatus humboldtii (2000), Halling (1989)
Xerocomus ANT 0. Type | Franco-Molano and Uribe-Calle
orquidianus humboldtii (2000), Halling (1989)
Xerocomus tenax ANT 0. HUA (Halling s.n.)
humboldtii
Calostomataceae
Calostoma ANT, CAL, | Q. AMVA-Area Metropolitana del
cinnabarinum HUI, TOL humboldtii, Valle de Aburréa (2000), Betancur
Pinus sp. et al. (2007), Dumont and Umafia
(1978), Lopez-Q et al. (2007),
Saldarriaga et al. (1988a)
Diplocystidiaceae
Tremellogaster AMA, CAQ |P. Vasco-Palacios et al. (2005)
surinamensis tropenbosii
Gyroporaceae
Gyroporus castaneus | CAU 0. Franco-Molano et al. (2010)
humboldtii
Sclerodermataceae
Scleroderma albidum | CUN Non data Guzman and Varela (1978)
Scleroderma ANT, BOY Q. AMVA-Area Metropolitana del
areolatum humboldtii Valle de Aburra (2000),
Mecanismo de Facilitacion (2001)
Scleroderma citrinum | QUI 0. Franco-Molano (2002)
humboldtii
Cantharellales
Cantharellaceae

(continued)
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TAXA Distribution | Hosts Type | References
Cantharellus cibarius | ANT, CAQ, | Q. Franco-Molano and Uribe-Calle
CUN humboldtii (2000), Guzman and Varela
(1978), Lopez-Q et al. (2007).
Vasco-P. et al. (2005)
Cantharellus cinereus | CUN 0. Guzman and Varela (1978)
humboldtii
Cantharellus CUN 0. Franco-Molano and Uribe-Calle
cinnabarinus humboldtii (2000)
Cantharellus AMA, CAQ | Dicymbe sp. Franco-Molano et al. (2005, 2010)
guyanensis
Cantharellus NAR, TOL 0. Franco-Molano and Uribe-Calle
lateritius var. humboldtii (2000), Petersen and Mueller
colombianus (1992)
Cantharellus CHO Non data Guzman et al. (2004)
rhodophyllus
Craterellus atratoides | AMA Dicymbe sp. Vasco-Palacios et al. (2018)
Craterellus atratus AMA Dicymbe sp. Vasco-Palacios et al. (2018)
Craterellus ANT, BOY, Q. Type | Dennis (1970), Franco-Molano
boyacensis HUI, TOL humboldtii and Uribe-Calle (2000), Halling
and Mueller (2005), Mueller and
Wu (1997), Singer (1963), Wu and
Mueller (1995)
Craterellus AMA Dicymbe sp. Vasco-Palacios et al. (2018)
cinereofimbriatus
Craterellus fallax CUN, HUI 0. Franco-Molano and Uribe-Calle
humboldtii (2000), Wu and Mueller (1995)
Craterellus strigosus | AMA Dicymbe sp. Vasco-Palacios et al. (2018)
Pseudocraterellus ANT Q. Franco-Molano and Uribe-Calle
undulatus humboldtii (2000), Wu and Mueller (1995)
Hydnaceae
Hydnum albidum ANT Pinus sp. Herbarium specimens
Hydnum repandum ANT, BOY, 0. Herbarium specimens
TOL humboldtii,
Pinus sp.
Clavulinaceae
Clavulinaceae
Clavulina AMA P. Franco-Molano et al. (2005),
craterelloides tropenbosii Vasco-P. et al. (2005)
Clavulina AMA Dicymbe sp. Vasco-Palacios et al. (2018)
amazonensis
Clavulina connata AMA Dicymbe sp. Vasco-Palacios et al. (2018)
Clavulina effusa AMA Dicymbe sp. Vasco-Palacios et al. (2018)
Clavulina AMA Dicymbe sp. Vasco-Palacios et al. (2018)
kunmudlutsa
Clavulina sprucei AMA Dicymbe sp. Vasco-Palacios et al. (2018)
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TAXA Distribution | Hosts Type | References
Gomphales
Gomphaceae
Gloeocantharellus AMA Non data Type | Vasco-Palacios and Franco-
uitotanus Molano. 2005
Ramaria botrytis BOY 0.
humboldtii
Ramaria chocoénsis | CHO Non data Type | Hahn and Christan (2002)
Ramaria BOY 0.
cyaneigranosa humboldtii
Ramaria flava BOY, NAR 0.
humboldtii
Ramaria formosa CAL 0. Betancur et al. (2007)
humboldtii
Ramaria stricta CAL 0. Betancur et al. (2007)
humboldtii
Hymenochaetales
Hymenochaetaceae
Coltricia cinnamomea | ANT, AMA, | Q. Vasco-Palacios et al. (2018)
TOL humboldtii,
Dicymbe sp.
Coltricia focicola CUN Non data Guzman and Varela (1978)
Coltricia hamata AMA Dicymbe sp. Vasco-Palacios et al. (2018)
Coltricia perennis ANT Pinus sp. AMVA-Area Metropolitana del
Valle de Aburra (2000))
Coltricia verrucata AMA Dicymbe sp. Vasco-Palacios et al. (2018)
Coltriciella AMA Dicymbe sp. Vasco-Palacios et al. (2018)
dependens
Russulales
Albatrellaceae
Polyporoletus CAQ Non data Vasco-Palacios et al. (2005)
sublividus
Russulaceae
Lactarius atroviridis | ANT, TOL 0. Franco-Molano et al. (2000,
humboldtii 2010), Halling and Mueller (2005)
Lactarius brasiliensis | AMA Dicymbe sp. Vasco-Palacios et al. (2018)
Lactarius caucae CAU 0. Type | Franco-Molano and Uribe-Calle
humboldtii (2000), Mueller and Wu (1997)
Lactarius ANT, CUN, 0. Franco-Molano and Uribe-Calle
chrysorrheus TOL humboldtii (2000), Guzman and Varela (1978)
Lactarius NAR 0. Franco-Molano et al. 2010,
costaricensis humboldtii Halling and Mueller (2005)
Lactarius deceptivus | ANT, BOY, 0. Franco-Molano et al. (2000, 2010),
TOL humboldtii Halling and Mueller (2005),

Mecanismo de Facilitacion (2001)
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6 Endo- and Ectomycorrhizas in Tropical Ecosystems of Colombia

Table 6.1 (continued)

127

TAXA Distribution | Hosts Type | References
Lactarius fragilis ANT, TOL 0. Franco-Molano et al. (2000, 2010)
humboldtii
Lactarius gerardii ANT, BOY 0. Franco-Molano et al. (2000), HUA
humboldtii (Vasco-P. 1071)
Lactarius indigo ANT, BOY, 0. AMVA-Area Metropolitana del
CUN, NAR, | humboldtii Valle de Aburra (2000), Franco-
TOL Molano et al. (2010), Halling and
Mueller (2005), Mecanismo de
Facilitacion (2001)
Lactarius quercuum | BOY 0. Type | Dennis (1970), Mueller and Wu
humboldtii (1997), Singer (1963)
Lactarius rimosellus | ANT 0. Franco-Molano et al. (2000, 2010)
humboldtii
Lactarius ANT 0. HUA (Loépez 7)
subumbrinus humboldtii
Lactifluus annulifer | AMA Dicymbe sp. Vasco-Palacios et al. (2018)
Lactifluus subiculatus | AMA Dicymbe sp. Vasco-Palacios et al. (2018)
Russula boyacensis BOY 0. Type | Dennis (1970), Franco-Molano
humboldtii and Uribe-Calle (2000), Mueller
and Wu (1997), Singer (1963)
Russula brevipes CAL, CUN 0. Guzman and Varela (1978),
humboldtii Montoya et al. (2005)
Russula caucaensis CAU 0. Type | Franco-Molano and Uribe-Calle
humboldtii (2000), Mueller and Wu (1997)
Russula columbiana | CUN 0. Type | Dennis (1970), Franco-Molano
humboldtii and Uribe-Calle (2000), Mueller
and Wu (1997), Singer (1963)
Russula compacta ANT 0. Franco-Molano et al. (2010),
humboldtii Halling and Mueller (2005)
Russula cyanoxantha | ANT, CUN, | Q. Franco-Molano and Uribe-Calle
TOL humboldtii (2000), Guzman and Varela (1978)
Russula emetica ANT, BOY, 0. Franco-Molano and Uribe-Calle
TOL, VCA humboldtii (2000), Saldarriaga et al. (1988a),
Sierra et al. (2011), Garcia and
Rojas (2010)
Russula emetica var. | BOY Q. Type | Dennis (1970), Singer (1963)
lacustris humboldtii
Russula humboldtii CUN 0. Type | Dennis (1970), Mueller and Wu
humboldtii (1997)
Russula hygrophytica | AMA Dicymbe sp. Vasco-Palacios et al. (2018)
Russula idroboi CUN 0. Type | Mueller and Wu (1997), Singer
humboldtii (1963)
Russula peckii ANT 0. Franco-Molano et al. (2010)
humboldtii

(continued)
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Table 6.1 (continued)

TAXA Distribution | Hosts Type | References

Russula puiggarii AMA,ANT |P. Lopez-Q et al. (2007), Vasco-
tropenbosii, Palacios et al. (2018)
Dicymbe sp.

Russula rosea AMA Dicymbe sp. Vasco-Palacios et al. (2018)

Russula semililacea | CUN 0. Type | Franco-Molano and Uribe-Calle
humboldtii (2000), Mueller and Wu (1997)

Russula silvestris ANT 0. Lépez-Q et al. (2007)
humboldtii

Russula virescens ANT 0. Franco-Molano et al. (2000, 2010)
humboldtii

Thelephorales

Bankeraceae

Sarcodon bairdii CAQ Dicymbe sp. | Type | Grupe et al. (2016)

Sarcodon AMA P Type | Grupe et al. (2016)

colombiensis tropenbosii

Sarcodon CAQ Dicymbe sp. | Type | Grupe et al. (2016)

pallidogriseus

Sarcodon AMA Dicymbe sp. | Type | Grupe et al. (2016)

rufobrunneus

Thelephoraceae

Thelephora QUI 0. Franco-Molano (2002)

cervicornis humboldtii

Thelephora palmata | ANT 0.
humboldtii

The largest collections of EM fungi are hosted in the Herbarium of the University
of Antioquia (HUA), the Colombian National Herbarium (COL), and the Herbarium
of the University of Los Andes (ANDES). In addition, some small collections from
thesis are in the Herbarium of the University of Caldas (FAUC) and the Herbarium
of the Pedagogical and Technological University of Colombia (UPTC).

Despite the high number of studies in Quercus-forests, there are no works that
included detailed studies of EM in roots. Around 50% of the studies focus on the
characterization of fungal diversity based on fruiting bodies and from those, only
two publications included EM inventories in roots (Vasco-Palacios 2016, Vasco-
Palacios et al. 2018). Twenty-three percent of all works are about systematics and
taxonomy of specific EM taxa (Fig. 6.5) and a significant number of new species
have been published from these investigations (Table 6.1). The symbiosis
Quercus-EM fungi is important for the establishment and development of seedlings,
and therefore, for the management of this species. Quercus humboldtii is the only
oak species that grows in Colombia in the southern boundary of the geographic
distribution of this important Holarctic lineage (Avella and Rangel, 2014). The
diversity of fungi associated with Q. humboldtii is only known from the fungal fruit-
ing bodies collected around trees, but the EM in Q. humboldtii roots had been never
observed (ca. Singer 1963; Halling 1996; Mueller 1996; Mueller and Wu 1997,
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Fig. 6.5 (a) Number of works about ectomycorrhizal fungi, first reference is Singer 1963.
References considered in this review including thesis, books, books chapter, indexed and not
indexed journals; (b) Topics about ectomycorrhizal fungi association that include data from
Colombia

Tulloss et al. 1992; Franco-Molano et al. 2000; Tulloss and Franco-Molano 2008).
Thirty-four new fungal EM species has been described from Quercus-forests in
Colombia from fungal fruiting bodies (Table 6.1). DNA sequences of most of these
EM species are unknown. Sequences are important for identification of EM fungi at
root level, for geographical comparisons and for meta-barcoding studies of soil
samples. Nowadays, Quercus humboldtii is cataloged as a “vulnerable” species in
Colombia (UICN red lists) due to its timber exploitation and the transformation of
forests into agricultural fields (Céardenas and Salinas 2006). Fungi play an integral
role in shaping and maintaining Quercus-forests, as they are intimately involved
with processes such as nutrient cycling, nutrient uptake, and decomposition of
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organic matter. In spite of, researchers in Quercus-forests have ignored the existence
and role of fungi in establishing and maintaining oak populations. Just few plans of
management and conservation include or mention ectomycorrhizal fungi as part of
the management of this species (CAR-Corporacién Auténoma Regional de
Cundinamarca 2016). Mushrooms are not important only for the host plants there
are food sources for small mammals and insects (Pyare and Longland 2001, Amat-
Garcia et al. 2004). In addition, some species such as Tylopilus, Russula and
Ramaria are important for local communities whom harvested and commercialized
those in Boyacd and Santander states (Piragauta and Pérez 2006).

The black-oak Colombobalanus excelsa is an endemic Fagaceae species that also
presents EM associations (Tedersoo and Brundrett 2017). Its distribution is restricted
to four distant populations in montane forests and has been cataloged as a “vulner-
able” (Cardenas and Salinas 2006; Parra-Aldana et al. 2011). Like other species of
Fagaceas, black oak forms stand with high dominance (Parra-Aldana et al. 2011).
Two species of Amanita, A. arocheae and A. aureomonile are the only species reg-
istered as fungal symbionts of this tree (Tulloss 2005; Parra-Aldana et al. 2011).
There is no more information available so far about EM of black oak. In mountain
areas of Colombia, species of the genus Pinus (Pinaceae) and FEucalyptus
(Myrtaceae) occur. Those plant genera were introduced and fungal symbionts were
introduced together with these trees, and as a result of this process, species such as
Amanita muscaria and Suillus luteus are part of the fungal diversity of Colombia
(Table 6.1). Recent studies in the Amazonian region described the presence of EM
fungi in tropical rainforests associated with endemic trees such as Pseudomonotes
tropenbosii (Dipterocarpaceae), Dicymbe uaiparuensis and Aldina sp. (Fabaceae)
(Vasco-Palacios et al. 2014, 2018). These are the only studies available in public
databases that include morphological and molecular information (ITS sequences) of
fungal fruiting bodies (Vasco-Palacios 2016, Vasco-Palacios et al. 2018).

It is possible presume that there is a high number of undescribed EM fungal taxa
in Colombia based on the results obtained from recently studies. From the total EM
diversity reported for Colombia, 39 records (23% of total diversity) were new spe-
cies described from Colombian specimens. An important number of them are
endemic and only known from the specimen’s type. Thirty-five of those are associ-
ated with Quercus-forests, and five with Dicymbe, Aldina or Pseudomonotes tro-
penbosii as EM hosts from tropical lowland forests. Our studies on tropical lowland
forests revealed that about 25% of all fungal specimens collected were new species
(Grupe et al. 2016; Vasco-Palacios et al. 2018).

Despite the interest in studying EM fungi, there is not enough information to
fully know the EM fungal communities, EM species richness, EM fungal host
plants, EM species distribution and even less our understanding of the ecological
role that EM symbiosis plays in tropical ecosystems and its relation with carbon
sequestration. This knowledge can contribute to the conservation of vulnerable eco-
systems in Colombia such as tropical mountain forests that are under heavy pressure
and from which only 4% still remains. Efforts to document the EM communities of
unstudied plant hosts present in Colombia are needed. Colombobalanus excelsa
(Fagaceae), Juglans neotropica (Juglandaceae), Salix humboldtiana (Salicaceae)
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and Alnus acuminata (Betulaceae) are EM plants which occur also in mountain
areas and same than to Quercus, Colombobalanus and Juglans are categorized as
endangered or vulnerable according to IUCN criteria (Cardenas and Salinas 2006).
In tropical lowland forests, it is necessary to explore deeply ecosystems such as
white sand forests with Aldina and Dicymbe (Fabaceae) and terra-firme forests with
Coccoloba (Polygonaceae), Guapira, Neea and Pisonia (Nyctaginaceae). Tropical
dry forests are another endangered ecosystem in the country, from which only 8%
remains today (Pizano et al. 2014). This forest possesses high degrees of endemism
and speciation (Dexter et al. 2018) but studies on its EM fungal community have not
been conducted so far. A particular and endemic EM fungal community, with unde-
scribed species can be associated with hosts such as Achatocarpus (Achatocarpaceae),
Coccoloba (Polygonaceae), Neea, Pisonia (Nyctaginaceae), and Acacia (Fabaceae)
(Pizano et al. 2014). Expanding the study of EM in Colombia might greatly increase
the number of EM fungal species and their host plants. Studies on EM fungal diver-
sity should combine fruiting bodies surveys with a detailed analysis of root mor-
phology and metagenomic sequencing. Furthermore, an enrichment of EM sequence
reference databases from vouchered specimens of tropical species can contribute to
identify new EM at root level. Additionally, root-based research might allow to
identify new plant hosts and confirm EM symbioses, later can be particularly inter-
esting in lowland tropical rainforests and tropical dry forests.

States: Amazonas (AMA), Antioquia (ANT), Boyacd (BOY), Caldas (CAL),
Cauca (CAU), Caquetd (CAQ), Cesar (CES), Choc6 (CHO), Cundinamarca (CUN),
Huila (HUI), Narifio (NAR), Magdalena (MAG), Meta (MET), Quindio (QUIN),
Risaralda (RIS), Santander (SAN), Tolima (TOL), Valle del Cauca (VCA). *Types:
Species described from specimens collected in Colombia.

6.4 Case Study: Co-Existence of Endo- and Ecto-
Mycorrhizas in a Tropical Rain Forest of the Colombian
Amazon

The aim of this study was to evaluate (endo- and ecto-) mycorrhizal fungal com-
munities in a terra-firme forest of the Colombian Amazon. Ecto-mycorrhization is a
specific relation between plants and fungi, while arbuscular mycorrhization not, as
plants have different dependence for the mycorrhizal association. Comparison of
ecto- and endo-mycorrhization in a certain place might be dissimilar as we could be
comparing specific and dependent plant-fungus EM associations with facultative
endomycorrhizal associations. To deal with this issue, we compare EM plants with
the AM-dependent manioc, assuming both associations have the same nutritional
relevance and, therefore, mycorrhizal community composition might be compara-
ble at root level.

The study was performed in the Middle Caquetd region of Colombia between
00°22'14.9” S and 00°55'11” S, and 72°06'36.3” W and 71°26'18.3” W. Elevation
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ranges between 200 and 300 m, with slopes between 7-25%. Annual rainfall is
unimodal with 3000 mm in average (Duivenvoorden and Lips 1993). This region is
located at the intersection of sedimentary plains of Tertiary origin (dissected ter-
races and hills), with rocky outcrops of Paleozoic origin creating elevated plateaus.
The area is dominated by Oxisols with low pH and low-fertility, and Podzols as
inclusions. The dominant vegetation is a mosaic of mature and secondary tropical
forest of different ages combined with indigenous shifting agricultural plots. There,
four major forest units have been recognized: floodplain forests, white sand forests,
terra-firme forests and secondary forests (Parrado-Rosselli 2005). Terra-firme for-
ests present a high species richness with members of the plan families Mimosaceae,
Fabaceae, Lecythidaceae, Arecaceae and it is considered an AM-dominant forests.
However, in some areas the presence of the family Dipterocarpaceae occur. The EM
symbiosis is an ecological feature of all members of the family Dipterocarpaceae.
Pseudomonotes tropenbosii is an endemic dipterocarp tree that forms EM symbio-
sis and accounts around 19% of canopy trees (Parrado-Rosselli 2005; Lépez-Q
et al. 2012; Vasco-Palacios 2016). In AM-dominant forests the EM plant hosts
Coccoloba polystachya (Polygonaceae) occur in low densities. For EM fungi
searching, soil samples were collected from terra-firme forests with and without
Pseudomonotes tropenbosii, following Tedersoo et al. (2014) methodology. DNA
was extracted from 2.0 g of soil using the PowerSoil DNA Isolation Kit (MoBio,
Carlsbad, CA). The internal transcribed spacer (ITS) regions 2 was amplified by
polymerase chain reaction (PCR) using a mixture of six forward primers as described
by Tedersoo et al. (2014). Sequences were obtained by 454 pyrosequencing (Roche
GS FLX+, Beckman Coulter Genomics, Danvers, MA). Bioinformatics and statisti-
cal analyses were performed as described by Vasco et al. (Submitted).

Natural forest is disturbed by indigenous shifting plots, which are established
after logging and burning mature or secondary forest (Pefia-Venegas et al. 2017).
Manioc (Manihot esculenta Crantz), a crop with high dependence for AM associa-
tion, is the dominant crop species cultivated. As manioc is cultivated from asexual
pieces of harvested plant branches, AM inocula come almost exclusively from soils
and surrounded forest plants. For AM fungi associated with manioc, two swiddens
nearby the forest were visited from sample collection. Fine roots of manioc were
collected from plants that farmers were harvesting at the time of our visit. A total of
11 root samples were collected and two soil samples, one of each swidden, from 5
sub-samples of around 100 g. AM fungal DNA was isolated from 5 g of soil or
70 mg of dry fine manioc roots using the PowerSoil® DNA Isolation kit (MoBio
laboratories, Inc.). Glomeromycota sequences were amplified using the nuclear
SSU rRNA gene primers NS31 and AML2 (Simon et al. 1992; Lee et al. 2008), as
described by Opik et al. (2013), using 454-sequencing. Chimeric sequences were
detected and removed using UCHIME v7.0.1090 (Edgar et al. 2011), and the
MaarjAM database (status February 2015, 5264 sequences, 348 VT) as reference.
The MaarjAM database contains representative sequences covering the NS31/
AML2 amplicon of Glomeromycotina sequences classified as virtual taxa (VT)
(Opik et al. 2014; Opik et al. 2009). A VT is a group of closely related SSU rRNA
gene sequences phylogenetically grouped with sequence identity >97% (Opik et al.
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2014). Reads were identified against Glomeromycotina in the MaarjAM database
with BLAST+ v2.5.0 (Camacho et al. 2009) using an open reference operational
taxonomic unit picking approach (Bik et al. 2012). Sequences that did not match
any VT in the MaarjAM database were compared against the International
Nucleotide Sequence Database Collaboration (INSDC) using the same criteria
except a similarity threshold of 90%, an alignment length at least 90% of the shorter
of the query, and an alignment length not differing from the shorter of the query and
subject sequences by more than 10%. To identify sequences as new VT, sequences
receiving no match against MaarjAM but a match against Glomeromycotina in the
INSDC were clustered at 99% similarity level using BLASTclust (BLAST v2.2.26)
(Altschul et al. 1990). Clustered sequences were aligned with all sequences avail-
able in the MaarjAM database using the MAFFT multiple sequence alignment web
service in JALVIEW version 2.8 (Waterhouse et al. 2009) and subjected to a
neighbor-joining phylogenetic analysis in TOPALi v2.5 (Milne et al. 2004). Novel
VT were identified on the basis of sequence similarity and tree topology with AM
fungal genus and species on the phylogeny of all Glomeromycotina VT (Opik et al.
2013).

6.4.1 Fungal Community Composition of the Studied Terra-
Firme Forest

A total of 1127 OTUs were recovered from soil samples. Close to 20% of all OTUs
are “‘unknown” species supporting the gap of knowledge on fungal diversity in trop-
ics that exist (Hawksworth and Liicking 2017; Corrales et al. 2018). Sixty percent
of fungi were saprotrophs, 10% plant pathogens and 5% EM (Table 6.2). Some
arbuscular mycorrhizal were detected (0.4%), in a very low number this due ITS
sequencing is not the recommended barcode marker for this fungal group (Simon
et al. 1992; Lee et al. 2008).

6.4.2 Ectomycorrhizal Fungi in Terra-Firme Forest

The EM fungal diversity account 57 different OUTs. In general, a relatively large
number of EM taxa were present in terra-firme forests associated to P. tropenbosii
and in AM-dominant areas associated to Coccoloba polystachya. The EM fungal
taxa included Thelephora-Tomentella (Thelephoraceae, 17 OTUs), Lactarius-
Russula (Russulaceae, 8 OTUs), Clavulina (Clavulinaceae, 6 OTUs) and
Scleroderma (Sclerodermataceae, 6 OTUs) (Fig. 6.6). Clavulinaceae is highly
diverse in the neotropics (Henkel et al. 2012; Uehling et al. 2012). Species of
Scleroderma dominates plant roots of species such as Gnetum and Coccoloba
(Tedersoo and Polme 2012; Sene et al. 2015). A continuum between AM-forests
and EM-forests occurs in Amazonian ecosystems, which favor the distribution of
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Table 6.2 Number of soil #
fungal OTUs per specific Trophic categories | OTUS
trophic groups in a terra- AM 64
firme forests, of the -
Colombian Amazonian Mycoparasite 7
region, based on ITS Biotrophic 12
searching Animal parasite 14
EM 57
Plant pathogen 111
Unknown 239
Saprotroph 679

Corrected AM richness as
the number of AM OUTs
(VT) obtained in shifting
plots from sequences ampli-
fied by SSU rRNA, using
NS31 and AML2 as primers

100%
= Amanitaceae
90% m Atheliaceae
® Bankeraceae
80%
= Bolbitiaceae
70% m Boletaceae
® Cantharellaceae
60% ® Clavulinaceae
= Coltriciaceae
50% )
m Cortinariaceae
20% ® Diplocystidiaceae
® Hymenochaetaceae
30% = Inocybaceae
= Russulaceae
20%
Sclerodermataceae
10% = Sebacinaceae
= Thelephoraceae
0%

MF1 MF2 MF3 PtF1 PtF2 PtF3

Fig. 6.6 Relative abundance of EM fungi per soil sample

EM fungal species in Amazonian forests (Vasco-Palacios et al. 2018; Corrales et al.
2018). A deeply study is need to fully understand how EM fungi may drive plant
hosts distribution in Amazonian forests and its relation with changes in edaphic
conditions. In the case of P. tropenbosii, the species only had been reported in small
patches within terra-firme forests of Colombia. A community of P. tropenbosii
might exist in a terra-firme forests and few meters later disapperared.
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6.4.3 Arbuscular Mycorrhizal Fungi Associated to Manioc
in Shifting Terra-Firme Plots

A total of 64 AM fungal VT were recovered from the study area. From them only
11% are AM fungal species reported before in the country. As it has been observed
in previous works (Saks et al. 2014; Varela-Cervero et al. 2015), root AM fungal
richness was higher than soil AM fungal richness: 24 VT from soil samples and 64
from root samples (Table 6.3) (Opik et al. 2006). From the total AM fungal richness
recovered, five VT were not colonizing manioc roots (only recovered from soil sam-
ples) (Fig. 6.7).

It is suggested that forested areas conserve a higher number of Glomeraceae spe-
cies, which is considered a species indicator of non-disturbed areas in contrast to
Archaeosporaceae, Claroideoglomaceae and Diversisporaceae as indicators of dis-
turbed areas (Moora et al. 2014). AM fungi associated with manioc roots cultivated
in shifting plots conserved a high number of Glomeraceae species, but also,
Claroideoglomus was the most abundant genera associated with manioc roots.
Results suggest that shifting cultivation, plots established in mature or old second-
ary forests used intensively for 2-3 years and abandoned later, can be considered a
transitory disturb as it conserve both AM fungal species indicators of disturbed and
undisturbed areas (Garcia de Leon et al. 2018).

In terms of OUTs, the studied Amazonian forest had similar EM and AM fungal
richness, although there are less EM plants than AM plants in that forest. It suggests
that other EM host plants might be in Amazonian forests that had not been identi-
fied. As presented before, one of the reason is that some EM are not evident in plant
roots and only researchers with some experience on it can identify clearly those root
structures. Addinionally, the searching of EM in forest are based on previous
reported EM species, underlooking the real mycorrhizal status of plant species. We
can conclude that indeed ecto- and endo-mycorrhizal fungi co-exist in tropical
forests.

It is presumed that EM might be more sensitive to disturbs, being elimitated from
previous forested areas in which shifting plots are placed for food cultivation. As a
consequence of it, forest in which EM fungi were present will be transformed in
secondary forest dominated mainly by plants associated with AM fungi. It is impor-
tant to indicate that the study area has been inhabited continuously for more than
2000 years as there it is possible to find Amazonian Dark Earths, an indicator of
ancient human occupation (Eden et al. 1984). Even though, human interventions in
the area for thousands of years, EM plant host species and EM fungi still exist. As
explained before, shifting cultivation can be considered a transitory disturb as a
place used for agriculture remain for a longer period of time under forest than under
cropping conditions. The ecological implication human activities had in the plant
composition of secondary forests and in the abundance of EM host species in suc-
cessional Amazon forest had never been addressed, and might help to clarify how
human interventions might condition the presence or not of EM fungal species in
tropical areas.
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Table 6.3 Arbuscular mycorrhizal fungi associated to manioc roots cultivated in swiddens

Virtual taxa AM fungus Type of sample

(VT) Genus Species Root Soil
VTX00280 Claroideoglomus sp. 6156 0
VTX00090 Rhizoglomus manihotis 4718 6
VTX00024 Acaulospora Sp. 4244 0
VTX00126 Glomus sp. 3933 371
VTX00093 Glomus sp. 2087 30
VTX00082 Glomus sp. 1803 1
VTX00418 Glomus sp. 1170 0
VTX00028 Acaulospora sp. 780 42
VTX00248 Glomus sp. 577 0
VTX00178 Glomus sp. 502 0
VTX00227 Acaulospora sp. 401 0
VTX00113 Glomus sp. 230 0
VTX00115 Glomus sp. 240 0
VTX00264 Rhizoglomus clarum 177 0
VTX00312 Glomus sp. 162 2
VTX00070 Glomus sp. 127 74
VTX00403 Glomus sp. 127 0
VTX00087 Glomus sp. 123 0
VTX00269 Glomus sp. 110 0
VTX00359 Glomus sp. 107 0
VTX00292 Glomus sp. 99 0
VTX00153 Glomus sp. 82 0
VTX00270 Glomus sp. 75 1
VTX00080 Glomus sp. 57 88
VTX00238 Paraglomus occultum 56 68
VTX00163 Glomus sp. 33 0
VTX00039 Gigaspora decipiens 31 16
VTX00109 Glomus sp. 31 0
VTX00129 Glomus sp. 25 0
VTX00084 Glomus sp. 18 0
VTX00026 Acaulospora sp. 15 87
VTX00255 Dentistucata heterogama 14 0
VTX00370 Glomus sp. 11 0
VTX00089 Glomus sp. 9 35
VTX00030 Acaulospora sp. 8 1
VTX00368 Glomus sp. 7 0
VTX00108 Glomus sp. 4 0
Mo-P3 Paraglomus sp. 4 0
VTX00399 Glomus sp. 3 219
VTX00398 Glomus sp. 3 3
VTX00105 Rhizoglomus intraradices 3 0

(continued)
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Table 6.3 (continued)

Virtual taxa AM fungus Type of sample

(V1) Genus Species Root Soil
VTX00092 Glomus sp. 2 1
VTX00091 Glomus sp. 2 0
VTX00112 Glomus sp. 2 0
VTX00375 Glomus sp. 1 2
VTX00253 Glomus sp. 1 1
VTX00069 Glomus sp. 1 0
VTX00079 Glomus sp. 1 0
VTX00166 Glomus sp. 1 0
VTX00364 Glomus sp. 1 0
VTX00318 Scutellospora sp. 1 0
VTX00199 Glomus sp. 1 0
VTX00419 Glomus sp. 1 0
VTX00397 Glomus sp. 1 0
VTX00041 Racocetra castanea 1 0
VTX00072 Glomus sp. 1 0
VTX00327 Glomus sp. 1 0
VTX00268 Glomus sp. 1 0
VTX00096 Glomus sp. 1 0
VTX00167 Glomus sp. 0 48
VTX00004 Archaeospora sp. 0 3
VTX00057 Claroideoglomus sp. 0 1
VTX00117 Glomus sp. 0 1
VTX00064 Glomus sp. 0 1

Fig. 6.7 Arbuscular
mycorrhizal fungi richness
(as virtual taxa) associated
to manioc in swidden fields
of an Amazonian forest
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6.5 Conclusions and Highlights for Future Research

Even in tropical countries like Colombia in which endo- and ecto-mycorrhizal fungi
had been studied for almost 50 years, there are still many work to do. More mycolo-
gist in Colombia and South American countries are required to fill all gaps on the
knowledge that we still have. EM and AM fungal diversity inventories are far from
complete and studies on natural environments are limited as well as the results obte-
nied from those. The ecological rol that AM and EM fungi plays in natural enviro-
ments are still ununderstood, even more when is an issue that EM and AM co-exist
in tropical forests. The use of molecular approaches to study EM and AM fungal
communities in soil and root samples are still incipient in Colombia, and had lim-
ited the advance on the understanding of mycorrhizal symbiosis. A next step is
necessary to take. Although it is important the report of mycorrhization of different
plant species, what it is relevant is to understand where, when and how it occurs and
which variables might be important for the occurrence of the plant-fungi associa-
tion. Even more, there are relevant areas in which we can take advantage of EM and
AM associations, further than agriculture or timber production. One of them is soil
bioremediation. It is already known that through mycorrhizal associations it is pos-
sible to mobilize toxic compounds that later can be immobilized in host plants. In
the case of myorrhizal perennial species such as many tropical trees, the immobili-
zation of toxic substances can be done in sifu thorugh this alternative with less cost
and risk than mechanical methods to remove and dispose contaminated soil in a
different place. We need to encourage students and researchers to study more these
organisms in natural ecosystems to understand more about EM and AM fungal com-
munities, their ecology and diversity. Another important aspect is to understand how
plant- and fungal-symbionts can be affected by the climate change and how this
may affect their role of them in ecosystems and food production.
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Chapter 7

How Does the Use of Non-Host Plants
Affect Arbuscular Mycorrhizal
Communities and Levels and Nature

of Glomalin in Crop Rotation Systems
Established in Acid Andisols?

Paula Aguilera, Fernando Borie, Alex Seguel, and Pablo Cornejo

7.1 Introduction

Agriculture intensification including soil disturbance, monoculture and increased
fertilization affect soil biota communities (Wardle et al. 2004) reducing its abun-
dance and the overall diversity of soil organisms and, consequently, affecting eco-
system functionality like plant nutrient acquisition and cycling of resources between
communities (van der Heijden et al. 2008; Wagg et al. 2014). One of the main
threats is the loss of organic matter, which is the support to microbial life. It has
been reported that agricultural intensification affects more negatively the abun-
dances of taxonomic groups with larger body size compared with smaller ones like
protozoa, bacteria and fungi (Postma-Blaauw et al. 2010). Some other studies also
found reduced bacterial biomass but not fungal biomass contrasting with those
reports showing a reduction of fungal-bacterial biomass ratio, especially under
arable conditions. However, intensification of agriculture includes an adequate use
of the main management practices like tillage, fertilization and crop rotation, all of
them modifying microbial diversity and community structure. Crop rotation and
tillage are the most studied practices affecting soil microbial communities. Adoption
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of crop rotation have been largely motivated by the associated crop yield increase
(Bullock 1992) mainly due to an enhanced soil fertility (particularly when legumes
are used in rotation), maintenance of soil structure, disruption of pest cycles and
weed suppression (Smith et al. 2008). On the other hand, by increasing the quantity,
quality and chemical diversity of residues together high diversity rotations can sus-
tain soil biological communities, with positive effects on soil organic matter and
soil fertility (Tiemann et al. 2015). The relationship between above and below-
ground biodiversity in agroecosystems is still controversial. A number of studies
have shown that microbial diversity increase, not change, and decrease under crop
rotations. For example, Lupwayi et al. (1998) reported that microbial diversity was
higher under a rotation of wheat and clover or field peas than under continuous
wheat. On the contrary, Navarro-Noya et al. (2013) found that continuous maize
versus maize-wheat rotation had no effect on soil microbial diversity. However, Yin
et al. (2011) reported that in soybean in rotation with wheat decreased diversity
indices compared to continuous wheat. In spite of soil microbiota is crucial for
several ecosystem processes, such as nutrient acquisition (Smith and Read 2008), N
and C cycling and soil formation and stabilization (Rillig and Mummey 2006) their
impact on plant productivity and how soil management are affecting their function-
ality is still unclear. It has been estimated that in one gram of soil exist around 10 to
200 m fungal hyphae (Leake et al. 2004). However, the main groups of such impor-
tant soil microbes regulating plant productivity are N-fixing bacteria and mycor-
rhizal fungi, the first responsible of 5-20% and the last one for up to 75% of all N
and P acquired by plants annually. Higher positive effects of this two symbiosis on
plant productivity are found in nutrient poor ecosystems where they enhance up
to 90% (van der Heijden et al. 2008). Therefore, this chapter will be focused in the
behavior of arbuscular mycorrhizal fungi (AMF) in the productivity of acid volca-
nic soils.

Arbuscular mycorrhizal (AM) symbiosis is a mutualistic association established
between some soil fungi and plant roots being extremely abundant in the plant king-
dom. Therefore, it has been estimated that about 75% of all plants species form
symbiosis with fungi of phylum Glomeromycota (Smith and Read 2008) including
almost all the most important agricultural species. Although AMF are not host-
specific symbionts some reports have shown that there exists some host preference
and host selectivity (Torrecillas et al. 2012; Aguilera et al. 2014, 2017). Richness
and composition of AMF communities are associated to host plant, climate and soil
conditions (Opik et al. 2006) and consequently soil intensive management have
leaded to a decreased diversity (Verbruggen et al. 2010). Globally, AMF play a key
role in ecosystems influencing several important functions like plant productivity,
plant P uptake, N acquisition and reduction of N-leaching, regulation of plant diver-
sity (van der Heijden et al. 1998), soil formation and soil aggregation (Smith and
Read 2008). Mutual benefits for both partners are based on a bidirectional inter-
change of nutrients, particularly P provided by the fungus and photosynthetic car-
bonaceous compounds provided by the plant (Smith and Read 2008; Smith and
Smith 2013; Borie et al. 2010). Moreover, AM provides a series of additional ben-
efits to plants like protection against abiotic (Seguel et al. 2013) and biotic stress
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(Azcon-Aguilar and Barea 1996) enhancing aggregation and contribution to a better
soil structure (Rillig and Mummey 2006). Main abiotic stresses include drought,
salinity, heavy metals (Miransari 2011; Meier et al. 2012; Cornejo et al. 2013;
Lenoir et al. 2016; among others) including Al phytoxicity (Seguel et al. 2013), a
plant stressor habitually found in acidic soils. It has been suggested that one of the
main mechanisms developed by AM symbiosis against such stressors is glomalin, a
glycoprotein copiously produced by AMF (Wright and Upadhyaya 1996, 1998);
which is present in the fungal wall hyphae in a high percent (80%, Driver et al.
2005). Role, benefits and problems associated to its extraction from soils and chem-
ical nature of such protein will be discussed on a next paragraph. Summarizing, all
beneficial effects produced by AM symbiosis suggest that plants have survived
along the time due to their roots have been colonized by fungi supplying nutrients
and providing a protected niche against diverse environmental stresses. It has even
been proposed that mycorrhizal plants extend their influence to nearby plant roots
in such way that many of them would not be able to coexist with other plants with-
out AMF participation. Agroecosystems are managed biological systems that may
involve the use of several practices, some of them detrimental to AM symbiosis.
Among agricultural management systems soil tillage and crop rotation are the two
main events, which significantly affect the behavior of AM symbiosis on plant pro-
ductivity. Whereas soil disturbance and fragmentation of net fungal mycelia pro-
duced by plough in conventional tillage with beneficial or detrimental effects to
crops and soil quality affecting AMF community have been well documented (Jansa
et al. 2002, 2003; Oehl et al. 2010; Kabir 2005 for references), the incidence of crop
rotations has been much less studied in terms of plant nutrient acquisition as well as
providing other ecosystem services.

7.2 Effect of Crop Rotation on AMF Functionality

Although a wide range of plant species forming AM have been described there are
relatively few of them which either form no mycorrhizal or sparse infections with
AMEF (see Javaid 2007 for references). This is the case of plant species belonging to
Brassicaceae, Chenopodiaceae, Caryophyllaceae and Cyperaceae families
(Brundrett 2009). A notable exception in the largely mycotrophic Fabaceae family
is the non-mycotrophic genus Lupinus. Therefore, the use of such crops in rotations
tend to lead to a reduction in mycorrhizal propagules affecting subsequent cultiva-
tion of AM host crops which just increase AMF populations for maintaining mycor-
rhizal activity and functionality in soil. The lack of root AM colonization in that
species is due to the presence of some allellochemical compounds exuded by plant
roots such as thioglucosides and isothiocianates, compounds containing S in their
chemical structure (Schreiner and Koide 1993). However, the mechanisms involved
in the compatibility roots/fungi are still not well understood. On the other hand,
Chenopodium albus contains saponins in their roots suggesting to be responsible for
preventing fungal root colonization (Lavaud et al. 2000). In addition, Arihara and
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Karasawa (2000) have reported the effects of fallow and five mycotrophic crops
(sunflower, maize, soybean, potato and wheat) and two non-mycotrophic ones (rape
and sugar beet) on root colonization and growth under field conditions from 1990 to
1992 as pre-culture of maize. They found depressed root colonization, grain yield
and P uptake when using rape, sugar beet and fallow although available P was
almost not altered. In summary, the effects of having a host or non-host as proceed-
ing crop in the rotation system conditions the differences in AM fungal inocula
density (Karasawa et al. 2002).

For instance, in Argentina is common the rotation of rapeseed (Brassica napus
—Myec) with soybean (Glicine max L + Myc) and Valetti et al. (2016) in a recent
study showed that the inclusion of rapeseed in the soybean-based system decreased
by a 30% AMEF soybean root colonization. Similar trends reported Koide and
Peoples (2013) in a system rapeseed-maize showing a decrease in mycorrhizal colo-
nization, yield and shoot P concentration in maize at the first year, but such negative
effects were temporary and they did not occur in the second year of maize. The
same behavior had been reported by Karasawa et al. (2001) when using mustard,
radish, sugar beet and backwheat (all-Myc) in maize growth compared with other
four +Myc crops in greenhouse using an Andosol. This type of —Myc crops gener-
ates thioglucosides with fungicidal characteristics thereby affecting fungal sporula-
tion and AM colonization. Other —Myc crops like Proteaceae do not appear to
exudate harmful substances, but Lambers and Teste (2013) reported some evidences
of mycorrhizal sporulation inhibition near cluster roots of Branksia prionotes.
However, in the case of Lupinus albus (—Myc specie) which excretes high amounts
of citric acid by its roots under P deficiency, this exudation may limit AM fungal
growth. In summary, the effect of crop rotation or the use of crop sequences on AMF
functionality have been focused in +Myc crops in terms of fungal diversity or the
effect on plant growth, P acquisition and spore germination. Quite different is for
—Myc crops where studies in connection with AMF diversity are practically absent.
Surprisingly, no references related to glomalin status left in the soil after cropping
such plant species have been found. This lack of information highlights the impor-
tance, novelty and relevance of this chapter.

7.3 Volcanic Soils and AMF

Acids soils (pH<5.5) constrain productivity on about 1.6 billion hectares world-
wide, which represent about 50% of arable land especially in tropical and sub-
tropical zones most concentrated in under developed countries. These soils are
characterized by its high Al activity and P deficiency, which limit crop productiv-
ity and sustainability. A significant area of Southern Chile is covered by volcanic
ash derived soils being the younger soils (Andisols) more acidic than older ones
(Ultisols). In such soils, due to mineral matrix including elevated Fe and Al oxides,
P bioavailability is typically low as a consequence of low P diffusion rates. This
high P fixation together free Al which is phytotoxic to plant roots (Kochian et al.
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2005), the two most important factors affecting plant productivity representing an
economic challenge for local farmers which must apply lime/gypsum and P fertil-
izers for supplying crop nutritional needs. Lime application produce a decrease in
free Al ions, maximize P applied (avoiding precipitation of AIPO,) and increase
root elongation growth (Kochian et al. 2005). For enhancing P acquisition from
soils, plant roots and their associated microbiota have developed some strategies
being the main: a) adaptations of root geometry and architecture for a better soil
exploring (Lambers et al. 2006); b) root exudations of protons (H") (Hinsinger
2001), chelant organic acid anions (Ryan et al. 2001) or phosphatases enzymes
which hydrolyses soil organic P; c) root association with free-living or symbiotic
microorganisms including AMF (Richardson et al. 2011; Smith and Smith 2013).
Some of this strategies that give to the plants efficiency in P acquisition are com-
mon with that reported for plant Al tolerance (Kochian et al. 2005; Seguel et al.
2013). Bearing in mind that Al-toxicity and P deficiency coexist in acidic soils and
the mechanisms/root traits could be similar it is expected that in general Al-tolerant
plants may have a greater efficiency in P acquisition. However, discrepant results
have been reported from different studies relating Al-tolerance and P efficiency
when comparing performance of the same genotypes growing at laboratory and at
field conditions (Ferrufino et al. 2000; Villagarcia et al. 2001). More recently,
studies have demonstrated that citrate exudation does not totally explain the
greater P-uptake efficiency observed in an old recognized Al-tolerant and
P-efficient wheat cultivar, suggesting that this mechanism could be complemen-
tary to other root traits. In this context, several studies have shown that AMF help
to biological adaptations of cereals growing under stressed conditions like P bio-
availability and Al-phytotoxocity (Cumming and Ning 2003; Seguel et al. 2013,
2016) which is suggesting that Al-tolerance/P efficiency is highly influenced by
the AM symbiosis performance. However, the study of the strategies involving the
decrease of Al-toxicity and the increase of P availability (Al-P interactions) have
been scarcely studied under field conditions in spite of the extended area where
plants habitually grow worldwide. In this context, Aguilera et al. (2011) using
confocal microscopy showed the fluorescence emitted by glomalin-Al complex in
AMF spores extracted from a soil high in extractable Al suggesting the key role
played by fungal structures in decreasing Al phytotoxicity (Aguilera et al. 2011).
Additionally, in a study of Al-P interactions on wheat genotypes contrasting in
Al-tolerance when growing at field in a Chilean acid Andisol (pH 5.0; Al sat 32%),
Seguel et al. (2017) found that grain production, P in shoots and roots, root P/Al
ratio, root AM colonization, and AM spore density were higher in Al-tolerant
plants than in Al-sensitive ones. In contrast, Al concentration in shoots and roots
was higher in the sensitive genotype with a concomitant decrease in P concentra-
tion. All these findings suggest that plant traits such as Al tolerance, P efficiency,
and mycorrhizal activity/functionality are co-operating in overcoming adverse
acid soil conditions.

Some efforts have been made in relation to the study of AMF diversity in soils
from Southern Chile. For instance, Aguilera et al. (2014) identified 24 fungal spe-
cies belonging to 12 genera present in the rhizosphere of six winter wheat cultivars
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cropped in an Andisol showing no significantly differences in AM diversity associ-
ated to cultivars but species richness was different among cultivars. On the other
hand, Castillo et al. (2010, 2016) have identified 29 fungal species and 8 genera
being Acaulospora and Glomus the most representative genera. In a bibliographic
review of some records from croplands, grassland and forests soils from Southern-
Central Chile generated by collections made during the period 2004-2014, Castillo
et al. (2016) recorded 21 genera and 66 species which represents 24% of AMF
species known so far. For us it is interesting that in such work they found the
smaller AMF spore number in systems grassland-rape, potato-rape, grassland-
lupine and potato-lupine associations when growing in pots, all of them including
—Myc crops.

It is recognized that glomalin is present in large amounts in soils being a distinct
component of soil organic matter with particular characteristics. It is a thermosta-
ble glycoprotein discovered by Wright and Upadhyaya (1996), which is present
originally in AM wall hyphae in the 80% (Driver et al. 2005) and released to the
environment in a minor proportion (Rillig and Mummey 2006). At hyphal senes-
cence glomalin is stabilized and accumulated in the soil through interaction with
soil matrix constituents, which gives to this protein a high recalcitrance. Glomalin
represents an important C reservoir ranging from 2 to 5% in agricultural soils
(Rillig et al. 2003), even accounting for about 8% in tropical rainforests Andisols
from Martinique in soil with high allophane content (Woignier et al. 2014), more
than 10% in soils from highland Chilean Andisols forests (Seguel et al. 2008), and
even near to 80-90% in soil highly contaminated with Cu in central Chile (Cornejo
et al. 2008). Its original function was related with soil aggregation and C storage
and also numerous studies have reported relationships between soil glomalin levels
and soil aggregates stability (Wright and Upadhyaya 1996; Rillig 2004; Borie et al.
2008; Fokom et al. 2012; Qiang-Sheng et al. 2014) and glomalin and total SOC
(Lovelock et al. 2004; Wang et al. 2015; Zhang et al. 2017). Recently, it has been
postulated that glomalin has a dual functionality, primarily playing a key role in
fungal physiology and secondarily the effects observed in soil aggregation and soil
decontamination (Purin and Rillig 2007). Like SOM levels, glomalin stocks are
governed by its production and decomposition rates, but environmental conditions
could affect both fluxes independently (Rillig 2004). Accordingly, whereas gloma-
lin production and accumulation is dependent of abundance and diversity of AMF,
plant community composition and land use systems (Treseder and Turner 2007) its
decomposition in turn is determined by mesofauna/microbial activity, but it has
been shown that AM fungal hyphae is scarcely palatable for microarthropods
(Klironomos and Kendrick 1996). This low palatability and the strong linkages
with soil matrix are associated to its high recalcitrance being stabilized and accu-
mulated in some soils.

Glomalin is quantified either by the non-specific Bradford assay for proteins or
by ELISA test using an antibody against fresh fungal hyphae or spores (Wright and
Upadhyaya 1996). The use of this antibody to identify pure fungal proteins has been
questioned because it reacts positively to non-fungal proteins (Rosier et al. 2006).
As many laboratories are not equipped to apply ELISA assay almost all reports have
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been carried out using the non-specific Bradford total protein assay. However, it has
been demonstrated that other compounds extracted by so drastic conditions as soil
autoclaving at 121 °C at pH 8.0 by 1 h, according the ad-hoc protocol, also react
with Bradford reactive producing an overestimation of soil glomalin stocks (Aradjo
et al. 2015; Schindler et al. 2007; Whiffen et al. 2007; Purin and Rillig 2007).

The extracted contaminants complicates the characterization of the structure and
composition of glomalin. As material extracted by citrate buffer is not exclusively
glomalin (pure protein from AMF origin) it has been coined a new conceptual term
for defining the whole similar compounds namely Glomalin Related Soil Protein
(GRSP). However, here we will indistinctly use the name glomalin when referring
to protein extracted from soils as well as the protein obtained from soilless systems.
The basic extraction method originally reported involves the use of sodium citrate
as extractant at different concentrations (0.2 M, 0.5 M), pHs (7.0, 8.0) and time of
autoclaving (30 or 60 min) (Wright and Upadhyaya 1996, 1998). At mild extraction
conditions easily extractable glomalin is obtained (EE-GRSP) suggesting a type of
glomalin more labile or more recently produced whereas at stronger extraction con-
ditions gives total glomalin levels (T-GRSP). Recent reports have shown that GRSP,
in terms of chemical structure, constitutes a mixture of many compounds, some of
them not related to AMF (Aradjo et al. 2015).

Therefore, Schindler et al. (2007) applying NMR techniques to GRSP extracted
from soils with different organic matter contents and purified by precipitation and
dialysis concluded that spectra obtained resemble that of humic acids which are co-
precipitated with proteinaceous material. In addition, Guillespie et al. (2011) using
X-Ray absorption spectroscopy, pyrolysis-mass spectrometry and proteomics found
that GRSP obtained directly from soils is a mixture of proteinaceous, humic, lipid
and inorganic substances.

They conclude that in the soils analyzed and following the protocol of glomalin
extraction detailed in Wright and Upadhyaya (1998) the protein as a product of
AMF is poorly represented in the GRSP mixture. More recently, Wang et al. (2014,
2015) with the application of XR and SIR Spectroscopy reported that GRSP from
plantations and forest from Eastern Chine consists of 49 fluorescent substances, 7
measures of functional groups and several elements including Si, Fe and Al.

Summarizing we agree with the authors reporting that is necessary to deep in
obtaining more purified proteinaceous materials from soils (Guillespie et al. 2011;
Kanerva et al. 2013) especially in those with high organic matter/humic acids con-
tents as Andisols. However, we believe that still is possible to minimize extra co-
extracted compounds by improvements in the extraction step by including: (1)
ultrasonic stirring to break some SOM-clay interactions, (2) shortening the times for
separation of centrifugate from solution, and (3) to compare the use of membrane
dialysis tubing of 3.5 KD and 8.0 KD. Guillespie et al. (2011) propose an interesting
area for future GRSP, which is the use of monoxenic carrot root hyphae of several
AMEF species for extensive proteomics fingerprinting. In the same context, we have
extracted glomalin produced in the hyphosphere of plants grown in compartmental-
ized rhizoboxes using soilless as substrate (Aguilera et al. 2018) and inoculated with
pure AMF species coming from our collection. Advanced instrumental methods
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including proteomic fingerprinting analysis like MALDI-TOF-MS (Kanerva et al.
2013) need to be applied to GRSP obtained from soils and glomalin obtained from
pure AM fungal species.

Finally, all glomalin analyses obtained from soils and from axenic conditions
must be contrasted to obtain more information about production and nature of this
protein in acid soils and how it is affected by agronomical management, especially
considering the use of usual rotation of host and non-host agricultural plant
species.

7.4 General Statements

Plant growth in acid soils as Andisols is generally depressed by a complex of severe
conditions where Al phytotoxicity and P-defficiency are the two more prominent
stress agents. For overcoming such limitations farmers must use lime, Al-tolerant
genotypes and P fertilizers for profitable yields. Therefore, in wheat (+Myc) pro-
duction it is normally that farmers use wheat/lupine/wheat, wheat/rapeseed/wheat
or wheat/barley/wheat as crop sequence in the rotation. But, lupine and rape are
non-mycotrophic crops (—Myc) thereby affecting mycorrhizal fungal propagules
left in the soil for subsequent crop and perhaps AMF diversity which is not the case
for barley or oats, two +Myc crops. Moreover, we do not know how transient those
negative events are. Our research group, using wheat as a plant model, have reported
that mycorrhizal symbiosis not only gives higher tolerance to Al-phytotoxicity but
also increases P acquisition by root plants. Those beneficial effects are much higher
in Al-tolerant genotypes than in Al-sensitive ones. We have postulated that one of
the main mechanisms operating in such stressed conditions is the production of
glomalin, a glycoprotein produced by arbuscular mycorrhizal fungi, highly recalci-
trant, which complex free Al decreasing their activity concomitantly with an
increase in P availability. Glomalin also produces higher soil aggregation and higher
water holding capacity. However, chemical structure of glomalin is still not well
understood being a controversial topic due to the complexity of its extraction from
soils without interferences but it is clear that is found in higher amounts in organic
soils contributing to C storage and C stability, being a reliable indicator of soil
health/fertility and functioning maintenance of the agroecosystems. Effects on
P-use and mycorrhizal behavior on crop productivity when using —Myc crops in
rotation sequences have been scarcely studied.
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Chapter 8

Ecology and Biogeography of Arbuscular
Mycorrhizal Fungi Belonging to the Family
Gigasporaceae in La Gran Sabana Region
(Guayana Shield), Venezuela

Check for
updates

Milagros Lovera, Gisela Cuenca, Pablo Lau, and Jests Mavarez

8.1 Introduction

La Gran Sabana (LGS) is a large plateau in southeast Venezuela. It is part of the
Canaima National Park, a protected area characterized by a high diversity and ende-
mism of both plants and animals (Huber 1994; Berry et al. 1995). La Gran Sabana
is located within 4° 30" — 6° 45" N and 60° 34’ — 62° 50’ W with altitudes from 1440
meters above sea level (m.a.s.]) in the North to 800 m.a.s.l. in the South (Fig. 8.1).
With a complex mosaic of ecosystems, it is dominated by open savannas intermixed
with other vegetation formations like forests, shrublands, meadows and palm
swamps. The presence of sandstone mountains with a flat summit and vertical walls
that can reach up to 3000 m.a.s.1. (tepuis), are a distinctive feature of the area. The
parental substrate of the Guayana Shield, to which LGS belongs, are Precambrian
quartzite and sandstone, one of the oldest materials on Earth (Bricefio and Schubert
1990). High precipitation levels (2500 mm/year) and a very ancient parental sub-
strate results in very acidic soils, highly weathered and low in nutrients (Folster and
Dezzeo 1994). In this harsh environment, the associations with soil microorganisms
are crucial for the survival of plants.
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Fig. 8.1 (a) Location of La Gran Sabana (LGS). Squares indicate sampling site locations, (b)
View of LGS landscape, and (¢) Eastern fepui chain with Ili-tepui at South and Tramen-tepui at
North

Arbuscular mycorrhizas (AM) are ancient relations between soil fungi belonging
to Glomeromycota phylum and the majority of land plants (Schiipler et al. 2001). In
this association, the fungi depend on carbon supplied by host plants while the plants
receive many benefits which include among others, a better P, N, Zn and Cu nutri-
tion, increased tolerance to water stress, protection against root pathogens and
enhanced soil structure (Kiers et al. 2011). In LGS oligotrophic soils, many indig-
enous plants are expected to depend on mycorrhizas for survival. Indeed, most of
the plants evaluated so far in this region, present high levels of mycorrhizal coloni-
zation (Cuenca and Lovera 1992; Lovera and Cuenca 1996; Rosales et al. 1997).
Savannas have been present on LGS for at least 10000 years (Rull et al. 2016). Its
area has increased at forests expense due to recurrent burning and other anthropic
disturbances, including soil removal and mining that cause serious problems as soil
erosion, water contamination and damage to plant communities.

Since the 1990s, our research group has conducted several studies in LGS aimed
at assessing the diversity of arbuscular mycorrhizal fungi (AMF) present in both
natural and disturbed areas. Findings indicated an important loss of AMF diversity
produced by anthropic disturbances (Cuenca and Lovera 1992; Lovera and Cuenca
1996; Cuenca et al. 1998; Lovera and Cuenca 2007). The inventories carried out in
the region indicate the existence of a high diversity of AMF and have allowed the
detection of a large number of new species, many of which belong to the
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Gigasporaceae family (Cuenca et al. 2003). This family has been associated to
sandy soils and it is particularly efficient transferring P to the plant (Lekberg et al.
2007; Chagnon et al. 2013; Veresoglou et al. 2013), being very frequent in the oli-
gotrophic soils characteristics of LGS. So far, 4 new species belonging to the family
Gigasporaceae have been described in LGS: Scutellospora spinosissima (Walker
et al. 1998), S. crenulata (Herrera-Peraza et al. 2001), S. striata (Cuenca and
Herrera-Peraza 2008) and S. fepuiensis (De Andrade et al. 2017). Additionally,
other AMF morphotypes present in the region have unique characteristics, which
are consistent with the idea that a significant proportion of the Glomeromycota
diversity is expected to be found in the tropics (Cuenca and Lovera 2010; Chaudhary
et al. 2017). Most of the new species of Gigasporaceae described for LGS have not
been detected until now outside this region. Some of them are restricted to specific
environments on a local scale and others are found coexisting in different ecosys-
tems present throughout the study area. In the case of S. spinosissima, the restriction
in its range of distribution is considered to be regional since this species has also
been found in the Colombian Amazonian area (Pefia-Venegas et al. 2006) and the
Northeast of Brazil (Pereira et al. 2018). It is generally considered that microorgan-
isms do not have dispersion restrictions, and therefore their taxa tend to be globally
distributed (Finlay 2002). However, studies on the distribution of AMF on a global
scale have found the existence of some patterns in their distribution among conti-
nents, climatic zones and ecosystems (Opik et al. 2010; Kivlin et al. 2011; Stiirmer
et al. 2018a). Other studies such as Davison et al. (2015), find that AMFs have a
predominantly cosmopolitan distribution, with a low proportion of endemism.

In this framework, the aim of this work is to evaluate the presence of the
Gigasporaceae family in LGS in order to identify biotic and abiotic factors that
could be involved in the presence of many endemism of this group of AMF in this
region of Venezuelan Guayana Shield. Additionally, information on the phyloge-
netic relationships of some species described in LGS region (S. spinosissima, S.
crenulata and S. striata) and two putative new species of Scutellospora, is included
in order to explore the influence of its evolutionary history on the restricted nature
of their distribution.

8.2 Methods

8.2.1 Study Area and Characteristics of the Biomes Evaluated

The presence or absence of Gigasporaceae was evaluated in different localities of
LGS visited by our research group in previous field work. These localities covering
the main types of natural ecosystems present in the region (savannas, shrublands,
forests, herbaceous meadows and palm swamps). Most sampling sites were located
in the northern sector of the plateau (Fig. 8.1), between 1000-1400 m.a.s.l
Ecosystems are sub-mesothermal mountainous with mean annual temperature
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between 18-24 °C. The most outstanding features of the natural ecosystems evalu-
ated are the following:

Savannas These are a mixture of grasses and sedges without woody elements,
with a continuous herbaceous cover. Principal plant species are Trachypogon spica-
tus, Axonopus anceps, Paspalum carinatum, Leptocoryphium lanatum (Poaceae)
and Rhynchospora barbata, Hypolytrum pulchrum, Scleria cyperina, Bulbostylis
paradoxa, Lagenocarpus rigidus (Cyperaceae), among others. Soils are oxisols or
entisols, very low in nutrients and strongly leached (Berry et al. 1995; Huber 2006).

Herbaceous meadows These are herbaceous-type savannas where the dominant
species are not grasses but broadleaf herbs. They are restricted in their extension and
are always associated with humic soils (peat) saturated with water during a large
part of the year. This type of ecosystem is dominated by species of Rapateaceae
family as Stegolepis ptaritepuiensis and S. guianensis, rossete plants of Xyridaceae
and Bromeliaceae families and subshrubs belonging to Rubiaceae and Ochnaceae.
Its flora is related to the highland-tepuian flora and has a high proportion of plant
endemism (Huber 1995).

Sclerophyllous shrubs This type of ecosystem grows on rocky sandstone sub-
strates, or on deep sand areas of alluvial origin (Huber 1994). It presents a woody
component of low height (2-3 m). Its flora is largely autochthonous, with many
endemic plant species. It consists mainly of slow growth sclerophyllous leaf shrubs
adapted to edaphic environments with severe water and nutritional deficiencies.
Plant species that occur frequently are: Bonnetia sessilis (Bonnetiaceae), Clusia
pusilla (Clusiaceae), Gongylolepis benthamiana (Asteraceae), Euphronia guianen-
sis (Vochysiaceae) (Huber 1995).

Forests Growing generally associated to diabase outcrops, adjacent to lowland
bottoms of fepuis and areas bordering water bodies. They are mostly in the form of
islands of variable size, medium height (15-25 m) and form a closed canopy. The
dominant families are usually Legumes, Lauraceae, Vochysiaceae, Rubiaceae,
Annonaceae and Burseraceae. In the understorey, shrubs, palms and herbs (helico-
nia type) occur (Huber 1995).

Palm swamps This type of ecosystem is formed by large patches of the palm
Mauritia flexuosa (Arecaceae) that grow on alluvial plains covered by seasonally
flooded savannas. They develop at lower altitude (750-1000 m.a.s.1.). In the herba-
ceous stratum, occur frequently Hypogynum virgatum, Andropogon spp. and
Panicum spp. (Poaceae), Rhynchospora and Bulbostylis spp. (Cyperaceae), and
other herbs such as Waltheria spp. (Sterculiaceae). There are also low shrubs of the
families Melastomataceae, Clusiaceae and Piperaceae (Huber 1995).
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8.2.2 Collection of Presence Data of Gigasporaceae in LGS

The information about the presence of the family Gigasporaceae in LGS was
obtained from the Glomeromycotan Herbarium of Venezuela (HGV), which har-
bors the reference specimens and the ecological information of the localities visited
by our research group along two decades in this region. Many of the specimens of
the HGV herbarium were re-evaluated in order to verify their identification accord-
ing to the current status of the AMF taxonomy. The classification of Redecker et al.
(2013) was followed together with other specialized literature: original published
descriptions of the species, INVAM at the West Virginia University, USA (http://
invam.wvu.edu), Department of Plant Pathology, University of Agriculture in
Szczecin, Poland (http://www.agro.ar.szczecin.pl/~ jblaszkowski /) and Blaszkowski
(2012).

The Gigasporaceae species present in LGS were divided into two groups accord-
ing to its geographical distribution range for comparative purposes: (1) Endemic
distribution (ED): species restricted to South America (include local and regional
endemism present in LGS), and (2) Wide distribution (WD): species which have
been documented in South America and also in other continents or in the North
American subcontinent. Gigasporaceae species were classified as ED or WD on the
basis of information available in the public databases MaarjAM (Opik et al. 2010)
and BD (Stiirmer et al. 2018a) and scientific literature including AMF inventories,
however this classification should be considered as provisional, subject to changes
as new geographic regions are evaluated.

8.2.3 Statistical Analyses

The proportion of species with endemic distribution for different biomes was com-
pared using a Pearson chi-square test for categorical data. Relationships between
soil properties and species composition of Gigasporaceae were explored using a
canonical correspondence analysis with Montecarlo permutation test (cca function,
vegan package 2.5-2, R, Oksanen et al. 2018).

8.3 Gigasporaceae in Different Biomes of LGS

Through the revision of the HGV herbarium, 18 species of Gigasporaceae are pres-
ent in LGS, representing 34% of family diversity. The records of 5 scutellosporoid
morphotypes that are considered putative new species were included in this analy-
sis, adding a total of 23 species for the region. Sclerophyllous shrublands harbored
the greatest diversity of Gigasporaceae, with 82% of the total species present in
LGS (Table 8.1).
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All endemic species of Gigasporaceae (ED group) was found in sclerophyllous
shrublands being S. spinosissima, S. crenulata and Scutellospora sp., the most fre-
quent species in this biome (Table 8.1). This result is coincident with the proposal
of S. spinosissima and S. crenulata as indicator species for shrublands of LGS
(Chaudhary et al. 2017).

The predominance of ED group species in the herbaceous meadows, suggests
ecological associations of the ED Gigasporaceae with this particular biome.
However, scarce information available in the database for herbaceous meadows, and
especially for palm swamps, represented a limitation for the analysis of these eco-
systems. Some species such as S. tepuiensis, Scutellospora sp.;, Scutellospora sp.s
were restricted to one type of biome (shrubland) and in the case of Scutellospora
sp.s and S. tepuiensis were restricted to a single locality. S. tepuiensis has been
found only at the top of the Sororopan tepui, it would be very interesting to carry out
samplings in other fepuis of LGS to establish if its distribution is more widespread
in highland tepuian ecosystems. Other Gigasporaceae species present in the
Sororopan tepui, S. spinosissima and R. tropicana, are also found in other ecosys-
tems of LGS. In the case of R. tropicana, it is a species belonging to the WD group
that is also found in Africa.

Table 8.1 Relative frequency of Gigasporaceae species with endemic or wide distribution present
in different biomes of LGS and mean soil properties of the sites where Gigasporaceae were
collected. The number of localities evaluated is shown in parentheses below each biome

Palm
Savanna Meadow | Shrubland swamp
(6) (3) ) Forest (5) | (1)
HMA Relative frequency
Endemic Scre | Scutellospora 0.33 0.66 1.00
distribution crenulata
(ED) Sspi | Scutellospora 0.33 0.66 1.00 0.40
spinosissima
Sstr | Scutellospora 0.17 0.22
striata
Step | Scutellospora 0.11
tepuiensis
Sspl | Scutellospora 0.33 0.66 0.20 1.00
Sp.
Ssp2 | Scutellospora 0.17 0.66 0.44 0.60
Sp.2
Ssp3 | Scutellospora 0.22
SP-3
Ssp4 | Scutellospora 0.33 0.22 0.20
Sp.4
SspS | Scutellospora 0.11
SP-s

(continued)
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Table 8.1 (continued)
Palm
Savanna | Meadow | Shrubland swamp
(6) 3) ) Forest (5) | (1)
Wide Cgil | Cetraspora 0.17 0.20
distribution gilmorei
(WD) Dbio | Dentiscutata 0.66* 0.22
biornata
Dcer | Dentiscutata 0.11
cerradensis
Dret | Dentiscutata 0.17 0.33
reticulata
Dsav | Dentiscutata 0.33 0.33 0.20
savannicola
Gdec | Gigaspora 0.33 0.20
decipiens
Ggig | Gigaspora 0.44 0.40
gigantea
Gmar | Gigaspora 0.11 0.20
margarita
Gram | Gigaspora 0.11 0.40
ramisporophora
Rtro | Racocetra 0.17 0.33 0.22 0.40
tropicana
Sare | Scutellospora 0.17 0.22
arenicola
Scal | Scutellospora 0.17 0.66 0.40 1.00
calospora
Sdip | Scutellospora 1.00
dipapillosa
Sper | Scutellospora 0.80
pernambucana
Species 12 5 19 13 4
richness
Soil properties | Mean values (Standar deviation)
pH 5.3(0.4) 5.1(0.6) 5.2(0.5) |4.8(0.4)
OM (%) 3.9 (1.6) 17.1 (5.1)  10.4(7.2) /6.3 (3.1)
N (%) 0.2(0.1) [0.5(1.0) [0.2(0.6) |0.2(1.5)
P (ng/g) 1.2 (1.0) 1.1 (1.0) |1.3(0.6) |4.4(1.5)
Sand (%) 65.2 (11.7) | 80.0 (0.0) | 88.6 (7.0) |83.3 (5.1)

“Frequency values greater than 0.50 are indicated in bold, with the exception of the palm swamp
ecosystem in which only one location was evaluated
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Biogeographical data obtained by Stiirmer et al. (2018a) points to Scutellospora
as one of the genera with the highest proportion of endemic species (>50%). This is
atrend strongly supported by our findings, given that the most of the ED Gigasporacea
found in LGS belongs to the genus Scutellospora. Additionally, the remarkable
richness of Gigasporaceae species in LGS is according with the overrepresentation
of this family in South America found by Stiirmer et al. (2018a). In shrublands and
forests of LGS, the Gigasporaceae family represents 26—32% of the species richness
within each location (Cuenca and Lovera 2010; Chaudhary et al. 2017), while even
greater dominance of Gigasporaceae (50-87%) has been found in the savannas of
Roraima (Brazil) (Stiirmer et al. 2018b). Interestingly, both regions are part of the
Guayana Shield, which suggests that could be an association of Gigasporaceae to
the particular ecological conditions of this geological basement.

8.4 Ecological Factors Associated with the Presence
of Endemic Gigasporaceae in LGS

8.4.1 Vegetation

The presence of ED Gigasporaceae in the different biomes evaluated could be asso-
ciated with their levels of plant endemism. Both shrublands and herbaceous mead-
ows have a higher proportion of endemic plants than other biomes in LGS (Berry
etal. 1995). Then, it was interesting to perform a Contingency Table Analysis (CTA)
to evaluate if the proportion of ED Gigasporaceae species is greater in these biomes
in comparison with the one found in the other types of vegetation of the region
(savannas, forests and palm swamps). This comparison evidenced that ED species
are present in shrublands and meadows in a significantly higher proportion than in
other vegetation types pooled together (Pearson Chi-Square = 8.090, df = 1,
P = 0.004) (Fig. 8.2). This result supports earlier findings obtained by Opik et al.
(2009) in which endemic putative AM fungi were associated with host plant species
with narrower ecological and geographical ranges suggesting that preferential asso-
ciations with endemic plants present in meadows and shrublands could have played
a significant role in restricting the distribution of some of the ED Gigasporaceae
species of LGS. This hypothesis could be tested in the future using molecular tools
to characterize the AMF community associated with the group of endemic plants of
these ecosystems.

Differences in the structure of AMF communities found in ecosystems with dif-
ferent plant communities composition are commonly associated with variations in
plant-fungus function compatibility (Opik et al. 2010; Kiers et al. 2011). However,
the existence of specificity by the host in arbuscular mycorrhizal association is still
a subject of debate. It has been proposed that the specificity of the mycorrhizal
association in relation to the host plant can be better understood at a broader level,
in ecological groups of plants, implying that plants with similar traits select symbi-
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Fig. 8.2 Presence records of the group of species of Gigasporaceae with wide and restricted range
of distribution present in different ecosystems of LGS

onts that complement these traits (Opik et al. 2009; Chagnon et al. 2015). Most of
the ED Gigasporaceae species in this study, could be kept in trap pots only when
they were found associated with native plants from herbaceous meadows (Stegolepis
sp.) and shrubs (Clusia pusilla, Eucerea nitida, Gongylolepis benthamiana,
Calliandra resupina, Pagameopsis garryoides, Macairea parviflora and Humiria
balsamifera), plants that share adaptation strategies to edaphic environments with
strong nutritional deficiencies.

8.4.2 Soils

The presence of AMF can be strongly linked with soil properties such as pH gradi-
ents, nutrient content and soil texture. In particular, oligothrophic soils and sandy
texture are conditions favourable for the Gigasporaceae family (Landis et al. 2004;
Lekberg et al. 2007; Cuenca and Lovera 2010). The species of this family develop a
greater volume of extra-radical mycelium and, therefore, have a greater ability to
capture water and nutrients, which makes them successful in environments where
these resources are scarce (Hart and Reader 2002).

Soils in LGS are generally acidic, sandy and particularly low in available phos-
phorus, nevertheless sclerophyllous shrublands and herbaceous meadows grow on
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specific soil patches with singular characteristics: the former are found in deep sand
areas and rock outcrops, while the latter grows on peat bogs with high levels of
organic matter and nitrogen. These observations allow suggesting that the higher
proportion of ED Gigasporaceae species in shrublands and meadows in LGS
(Fig. 8.2) could also be related to the particular edaphic conditions of these ecosys-
tems. To explore this idea, a Canonical Correspondence Analysis (CCA) was made
on the set of records with edaphic information in the HGV database. It was found
that the variables that explain most of the variation in the ordination of the species
were the sand content, phosphorus and nitrogen levels (Fig. 8.3). Organic matter
was not included in the analysis because it had low significance and a high correla-
tion with the percentage of nitrogen in previous analyses.

Edaphic variables allowed segregation in the ordination of the ED and WD
groups. In general, ED species were associated with lower phosphorus levels and
higher sand and nitrogen contents, while WD species showed an opposite tendency.
The ED species that were mostly influenced by edaphic variables were S. tepuiensis,
S. crenulata, S. striata, Scutellospora sp., and Scutellospora sp.s. The restricted
geographic distribution in these species could be linked to their adaptations to the
extreme limit of the range of soil textures and low availability of phosphorus that
constitutes the niche of the family. The association between some ED species and
high levels of nitrogen is interesting; however, N and sand vectors have similar
directions in the analysis, so the interpretation of this result must be made with cau-
tion. Gigasporaceae are predominantly found in environments with low levels of
nitrogen and organic matter (Landis et al. 2004; Stiirmer et al. 2018b), nevertheless,
N: P stoichiometry can also influence AM fungal communities in according to
Johnson (2010). In the case of shrublands and meadows in LGS, prevalent condition
of low availability of P plus high N seems to favor the presence of several species of
the ED group of Gigasporaceae.

Scutellospora spinosissima, Scutellospora sp., y Scutellospora sp.,, show a
lower influence of the edaphic variables (Fig. 8.3). In the case of S. spinosissima, its
greater adaptability to different edaphic conditions in LGS soils could be related
with its more widespread distribution. So far it is the only species of the ED group
of Gigasporaceae that has been found outside of LGS.

The others two localities with presence records for S. spinosissima in South
America are: Leticia (an adjacent region to the Guayana Shield in the Colombian
Amazon) and the Atlantic Forest in North-eastern Brazil, a region with very poor
and lixiviated soils that belongs to the Atlantic Shield (Pefia-Venegas et al. 2006;
Pereira et al. 2018). The finding of S. spinosissima in another geological shield of
South America could have important implications from a biogeographical point of
view. Considering that ecologically similar areas around LGS and Northeast of
Brazil have been little explored regarding the presence of AMF, it is feasible that S.
spinosissima and other species of ED Gigasporaceae group could indeed have a
more widespread distribution in this region.
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Fig. 8.3 Canonical Correspondence Analysis (CCA) ordination plot of species of Gigasporaceae
in La Gran Sabana (LGS). Species with restricted distribution (ED) are highlighted in bold. The
AMEF species are abbreviated (see full names in Table 8.1). The constrained model is significant
(P =0.002) and explains 33.4% of inertia. Explanatory variables: nitrogen (P = 0.034), phosphorus
(P =0.033) and sand (P = 0.004) are significant after a Permutation test by anova.cca function of
vegan package in R. The range of variation of edaphic parameters analysed were: pH (4.3-5.8),
sand (60-95%), P (0.01-6.00 pg. g~!), organic matter (1.9-20.8%) and N (0.08-0.55%)

8.5 Biogeography and Phylogeny of Endemic Gigasporaceae
in LGS

In addition to the ecological issues mentioned above, historical or evolutionary fac-
tors such as speciation-extinction processes and the rise and fall of barriers against
dispersion could have modelled AMF communities and have impacted the observed
geographic distribution patterns. Indeed, the presence of endemic species in a par-
ticular locality could tentatively be attributed to two such historical scenarios: (1)
these species originated in their present locality and did not get dispersed or (2) they
persist today only in a small area of their previous geographical distribution, which
was larger originally (Brown and Lomolino 1998).

The use of phylogenetic data to make inferences about the history of speciation
and biotic assembly of AM communities in different geographic regions could be
important for a better understanding of Glomeromycotan biogeography (Chaudhary
et al. 2008). In this framework, the molecular characterization of the SSU-RNA,
gene and phylogenetic analyses of several Gigasporaceae species belonging to ED
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group (S. spinosissima, S. crenulata, S. striata, Scutellospora sp., and Scutellospora
sp.,) made by Lovera (2012) resulted particularly useful to understand the influence
of past processes related to the evolutionary history of these species on their current
geographic distributions. The molecular phylogeny inferred showed that S. spino-
sissima, S. crenulata, S. striata and Scutellospora sp.;, constitute a monophyletic
group within the genus Scutellospora (Fig. 8.4). The monophyletic origin of these
species suggests that the most plausible explanation for their regional endemism in
LGS or in a bigger area in the Northeast of South America is the result of a process
of in situ diversification combined with limitations for dispersal and/or establish-
ment in other regions (scenario 1).

The in situ diversification scenario implies that speciation processes that occurred
in sympatry, lead to the coexistence of phylogenetically close species. Congeneric
coexistence is expected to be enhanced by divergence in functional traits (i.e. char-
acter displacement), yet among AMF, the existence of similar functional traits in
nearby species (i.e. phylogenetic conservatism) has been well established at the
family level (Hart and Reader 2002; Maherali and Klironomos 2012; Chagnon et al.
2013). In the case studied here, all the species that make up the clade S. spinosis-
sima, S. crenulata, S. striata and Scutellospora sp., coexist sympatrically in many
of the ecosystems evaluated, particularly in the sclerophyllous shrubland (Table 8.1).
The adaptation to particular niches, such as different soil types within a habitat
edaphically heterogeneous, or the development of different functional compatibili-
ties with host plants, would diminish inter-specific competition among this set of
sympatric AMF. If this turns to be correct, niches in the species of this group would
be segregated by their relatively high specialization to particular biotic or abiotic
conditions (Drumbell et al. 2009). Such specialisation could also explain, at least
partially, the endemism of these taxa and their inability to establish themselves in
environments with ecological conditions different from those that prevail in this
region.

Species in the family Gigasporaceae are generally considered to be inefficient
dispersers due to their characteristically large spores produced in low numbers, root
colonization only from spores and spore dormancy (Chagnon et al. 2013; Kivlin
et al. 2014). However, the existence of cosmopolitan species within the family
implies that in a large span of time, they can reach ranges of global distribution
(Davison et al. 2015). The low genetic divergence found among S. spinosissima, S.
crenulata, S. striata and Scutellospora sp.; (Fig. 8.4), suggests that this clade
diversified relatively recently, providing little time for dispersal events out of its
hypothetical center of origin in LGS. The finding of S. spinosissima in the region of
the Atlantic Shield in Brazil could be due to a recent event of dispersion and estab-
lishment in another environment with similar ecological conditions, or alternatively,
could imply the existence of a larger previous distribution in the Northeast of South
America that is now reduced only to the areas of the geological shields. The joint
use of genetic markers more variable than the SSU gene and better analytical tools
(e.g. coalescence-based models, approximate bayesian computation, etc.) will be
necessary to understand appropriately the patterns, tempo and mode of diversifica-
tionin this clade of AMF. The recent diversification of this group of ED Gigasporaceae
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is according to Davison et al. (2015) who suggested that the diversification of the
majority of current AM fungal virtual taxa occurred within the period of 4-30 mil-
lion yr. ago.

Finally, the phylogenetic analysis carried out in Lovera (2012) also showed that
Scutellospora sp., is phylogenetically distant from the rest of the species evaluated,
forming part of a new basal lineage of Gigasporaceae (Fig. 8.4). Morphologically,
Scutellospora sp., has a germination shield with the shape of an orb, which is a
feature that has been observed as well in Bulbospora minima and S. pernambucana,
two species recently discovered and described from Brazil, that also constitute
ancestral lineages of the Gigasporaceae family (Silva et al. 2008; Marinho et al.
2014). Scutellospora sp., and S. pernambucana coexist in forest habitats in LGS,
unfortunately, the phylogenetic relationships among these species are yet
unknown due to the use of different molecular markers. Likewise, is important to
obtain molecular data of S. fepuiensis and the rest of the putative new species found
in this region, to improve understanding of the diversification processes of
Gigasporaceae present in LGS.

8.6 Conclusions

The existence of abundant undescribed species, high rates of endemism probably
associated with an in situ diversification processes, and the presence of a basal lin-
eage to the family, make LGS a very interesting region for the study of the biogeog-
raphy and evolution of Gigasporaceae. Furthermore, these results indicate that the
region could represent a center of diversification for the genus Scutellospora or even
for the whole family Gigasporaceae. Similarly, during the last decade, ten new spe-
cies of Gigasporaceae have been described from Northeast Brazil, and about 60% of
the species diversity of the family has been recorded in this region leading to pro-
pose that Brazil could constitute a center of diversification for this family (Marinho
et al. 2014; de Souza et al. 2016). The ensemble of these results suggest that LGS in
Venezuela, and probably the entire area of the Guayana Shield, in addition to the
Atlantic Shield in the Northeast Brazil, must be considered as hotspots of diversifi-
cation for Gigasporaceae. Based on this striking result we propose that the ecologi-
cal conditions associated with these ancient geological shields (acidic, sandy and
oligotrophic soils with presence of numerous endemism of plants) promote diversi-
fication processes in Gigasporaceae. Additionally, the biogeographic history of
these tectonically stable areas, which have never been covered by the sea, could
represent a refuge area for AMF species, as has been proposed by Stiirmer et al.
(2018a). Our results pointed out to shrublands as the biome that hosts the greatest
diversity and endemism of Gigasporaceae in LGS, a type of vegetation that is
included in the category tropical grasslands, savannas, and shrublands which is
considered an evolutionary hotspot for AMF by Pirtel et al. (2017). The high ende-
mism of plants and the particular edaphic conditions present in LGS shrublands
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looks like the main drivers of the important diversification processes within
Gigasporaceae detected in these ecosystems.

The interesting patterns discovered in this study, together with the exciting ques-
tions that arise from them, highlight the importance of integrating phylogenetic
information in studies about the ecology and biogeography of AMF. In this regard,
it is necessary to increase sampling effort and enhance molecular data on the AMF
species in this region in order to increase the understanding of the biogeographical
patterns glimpsed so far.
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Chapter 9

Tropical Dry Forest Compared

to Rainforest and Associated Ecosystems
in Brazil

Marcela C. Pagano, Danielle K. da Silva, Gladstone A. da Silva,
and Leonor C. Maia

9.1 Introduction

The arbuscular mycorrhizal fungi (AMF) links the plants and geochemical compo-
nents of the ecosystems providing important ecosystem services. Research on
Mycorrhizas has gone through different stages (Pagano 2016), but their importance
in natural ecosystems is nowadays increasingly recognized. Commom AMF species
composition differs in each paleocontinent, while endemic species are usually rare
(Davison et al. 2015). For example, Funneliformis mosseae is considered a wide-
spread generalist (Opik et al. 2006), frequent in grasslands and arable lands and less
associated to forests (Bouffaud et al. 2016). AMF density and distribution vary both
spatially and temporally within and between species, being influenced by soil types
and host plant species diversity. Some AM fungi, for example, are only found in
specific soil nutrient conditions (Valyi et al. 2016).

Natural forest ecosystems and their associated vegetation types were not fully
investigated, and the deep soil layers should also be included in studies to get a com-
plete picture of AMF diversity, as they can show different composition than the topsoil
(Oehl et al. 2005). In the same way, trap cultures are a useful tool to better understand
the AMF ecology of native plant communities and are useful to confirm the results of
a higher or lower species richness obtained from different vegetation types.

M. C. Pagano (<)
Federal University of Minas Gerais, Belo Horizonte, Brazil

D. K. da Silva
Programa de Pds-Graduagdo em Ecologia e Monitoramento Ambiental, Centro de Ciéncias
Aplicadas e Educagao, Universidade Federal da Paraiba, Jodo Pessoa, PB, Brazil

G. A. da Silva - L. C. Maia
Laboratério de Micorrizas, Departamento de Micologia, Universidade Federal de
Pernambuco, Recife, PE, Brazil

© Springer Nature Switzerland AG 2019 177
M. C. Pagano, M. A. Lugo (eds.), Mycorrhizal Fungi in South America,
Fungal Biology, https://doi.org/10.1007/978-3-030-15228-4_9


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-15228-4_9&domain=pdf

178 M. C. Pagano et al.

A recent review about AMF in tropical forests worldwide (Marinho et al. 2018)
showed that 228 species belonging to 14 families and 35 genera of Glomeromycotina
were registered in tropical forests. This number of species represents 75% of the
known richness of this group of symbiotic fungi, and the authors pointed out that the
largest numbers of these AMF species are from Dry forests.

In Brazil, the tropical dry forests are most located in the Northeast semiarid
region and in the Midwest and Southeast, being characterized by high temperature
and low humidity due to severe periods of drought. In the semiarid Northeast the
characteristic vegetation is known as ‘Caatinga’, and the plants are adapted to toler-
ate the dry season through different mechanisms including deciduousness, presence
of spines, bodies for water storage, small leaf area and deep roots (Giulietti et al.
2006). The dry forests of the other regions are savannas, most known as ‘Cerrado’
and ‘Cerraddo’, that extends from the margin of the Amazonian forest to the
Midwest and Southeast region, presenting, diverse physiognomies ranging from
dense grassland, in general sparsely covered by shrubs and small trees, to an almost
closed woodland with a canopy that reaches 12—15 m height (Ratter et al. 1997). All
native plants are adapted to live in its variable arid climate and many support fire.
Highlands and rupestrian fields and grasslands at altitudes between 800 m and
2000 m are sub-physiognomies of Cerrado (Rizzini 1997).

The Brazilian rainforest is mainly represented by the Amazon forest and the
Atlantic forest, that includes the Araucaria forest in the South of Brazil, and encom-
passes, among other associated ecosystems: sand dunes, restingas and mangroves
along the Atlantic coast of the country. An open forest, characteristic of the Pantanal
biome and that differs from the Atlantic and Amazon forests occurs as a transition
between the Amazonia forest and the Cerrado, in the Midwest.

In all these dry and humid forest environments AMF associations have been
registered. This chapter discusses advances on diversity of arbuscular mycorrhizal
fungi in natural forest ecosystems drawing on results of research in Brazil.

9.2 The Arbuscular Mycorrhizal Symbioses in Tropical Dry
Forest

9.2.1 Caatinga

Arbuscular Mycorrhizal Fungi are well represented in semiarid lands, which are
characterized by diverse vegetation types due to its soil, topography and climatic
variation. Most thorny dry woody vegetation (caatinga vegetation); non-thorny dry
forest and closed, non-thorny dry tall-shrubby vegetation (carrasco vegetation) pre-
sented AMF association and high AMF diversity (Pagano et al. 2013). As described
by these authors, the Arum-type AM morphology was prevalent in roots and 32 AM
fungal taxa (spore-based taxonomy) were isolated from rhizospheric soil samples
collected in Caatinga areas, with Glomus, Gigaspora and Cetraspora being
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commonly found (Pagano et al. 2013). In general, compared to dry forest, woody
caatinga presented higher sporulation and AMF diversity; however, carrasco vegeta-
tion was more similar to dry forest in their AMF species composition. Total AMF
spore numbers were consistently similar in all sites, but the AMF spore ontogeny,
varied between vegetational types: Deciduous Forest and Carrasco presented higher
gigasporoid spore numbers, followed by glomeroid and acaulosporoid spores type
(Fig. 9.1); while, the woody caatinga showed lower Gigasporales representants
(Pagano et al. 2013).

Spore populations of AMF communities in dry forest are generally low in num-
bers and can vary between one to 2.8 spores g~! soil (Mello et al. 2012; Pagano et al.
2013; Da Silva et al. 2014); however, it also depends on soil type and vegetation, as
range of 0-10 glomerospores/g=' soil was registered in different areas of tropical
dry forest (Maia et al. 2015a). Studies in a Caatinga environmental gradient (a dry

Fig. 9.1 Trees associated with mycorrhizas in native forests of Brazil and AM spores recovered
from rhizospheric soils. Clockwise, from upper: dry forest and rainforest vegetation, spores
(Gigasporales and Acaulospora) recovered from their rhizospheric soils (photos by M. Pagano and
E. A. Correa)
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forest, a transitional zone and a moist forest) showed the presence of AM associa-
tion and high AMF diversity, trap cultures being of great importance as more spe-
cies can be identified, such as those of Glomus (Da Silva et al. 2014).

Rarely more than 42 AMF species were reported in field studies performed in dry
forests (Table 9.1). In general, species of Acaulosporaceae, Gigasporales, and
Glomerales can be commonly found in dry forest; however, Glomus can predomi-
nate in transitional zone and moist forest (above 670 m.a.s.l.) (Da Silva et al. 2014).
Near 60% of AMF species identified in dry forest ecosystems were retrieved from
trap cultures, and among them 17% belonged to Glomeraceae, a few species such as
Glomus ambisporum were obtained only from trap cultures (Da Silva et al. 2014).
This is due to the fact that species of Glomeraceae display more extensive root colo-
nization than other families and lower soil colonization by extraradical hyphae in
addition to rapid colonization of new plant hosts from colonized roots fragments
(Hart and Reader 2002).

New species have being described from Caatinga areas such as Bulbospora min-
ima (Marinho et al. 2014), Paraglomus pernambucanum (Mello et al. 2013),
Racocetra intraornata (Goto et al. 2009), Septoglomus furcatum (Btaszkowski et al.
2013) and Septoglomus titan (Goto et al. 2013). These new records show the need
to better study the great estimated AMF species richness in Brazil, and, therefore, to
the discovery of new species (de Souza et al. 2010).

9.2.2 Cerrado

Earlier studies that described AMF communities in Cerrado (e.g. Cordeiro et al.,
2005; Ferreira et al. 2012) registered~11 AMF species. Plants in areas of a Cerrado
stricto sensu presented low root colonization (30%) and AMF density varied from 7
to 8 spores g~! soil (Cordeiro et al. 2005).

More recent studies analyzed the Murundu fields (characterized by termite
mounds varying from 2 to 10 m in diameter and 2 m in height) that occur in some
parts of the Cerrado biome in Goids state, which were considered hotpots for AMF
diversity (Assis et al. 2014). In that study, AM fungal community was represented
by 27 species from eight genera and five families; Acaulospora mellea, A. caver-
nata, A. colombiana, Oehlia diaphana and Dentiscutata reticulata were commonly
found.

The tropical wetland (Pantanal biome) was only recently investigated and in veg-
etation areas with different flooding regimes (flood-free, occasional flooding and
seasonal flooding), 37 AMF species were registered (Gomide et al. 2014). The
authors observed increasing spore numbers in “Cerraddo”, the tallest Cerrado veg-
etation with a continuous and moderately closed canopy according to Andrade et al.
(2002), and grassland soils and higher richness in Cerrado > areas exposed at low
water/lowlands > “Cerraddo”, corroborating the observations that AMF diversity is
related to heterogeneity of vegetation (Gomide et al. 2014).
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Table 9.1 Total number of identified AM fungal species in some natural Brazilian ecosystems

Vegetation type/State/ | AMF
Ecosystem Biome Region species | Reference
Forest Amazonia | Terra firme forest, 39 Freitas et al. (2014)
Central Amazonia
Forest Atlantic Mature forest, Parand | 47 Zangaro et al. (2013)
forest state, Southern
Forest Atlantic Mature forest, 17 Pereira et al. (2014)
forest Pernambuco state/
Northeast
Forest Atlantic Riparian vegetation 27 Pagano and Cabello (2012)
forest/
Cerrado
Forest Atlantic Araucaria forest 18 Moreira et al. (2016)
forest (Araucaria
angustifolia)
Tropical Pantanal Semi-deciduous forest, | 21-25 | Gomide et al. (2014)
wetland Cerrado, Cerradado,
grasslands
Savanna forests | Cerrado Natural Cerrado forest, | 29-33 | Pontes et al. (2017)
Midwest
Savanna forests | Cerrado Murundu fields?, 27 Assis et al. (2014)
Goias, Midwest
Savanna forests | Cerrado Highland fields®, Minas | 8 Pagano and Scotti (2009)
Gerais, Southeast 51 Oki et al. (2016)
20 Costa et al. (2016)
Savanna forests | Cerrado Ferruginous fields, 6 Pagano and Scotti (2010)
Iron mining areas®, 59 Teixeira et al. (2017)
Minas Gerais,
Southeast
Savanna forests | Cerrado High altitude Cerrado |49 Vieira et al. (2019)
savanas, Bahia,
Northeast
Dry forest Caatinga Montane forest, 47 da Silva et al. (2014)
Pernambuco Montane | 52 Assis et al. (2018)
forest, southern Ceara,
Northeast
Dry forest Caatinga Dry forest, moist forest | 27-42 | da Silva et al. (2014), Assis
et al. (2018)
Dry forest Caatinga Caatinga, Pernambuco, | 16 Mello et al. (2012)
Northeast
Dry forest Caatinga Deciduous Forest, 13-15 | Pagano et al. (2013)
Northeast
Dry tall- Caatinga Carrasco, Northeast 16-18 | Pagano et al. (2013)
shrubby
vegetation

(continued)
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Table 9.1 (continued)

Vegetation type/State/ | AMF

Ecosystem Biome Region species | Reference

Dry woody Caatinga Woody caatinga, 9-23 Pagano et al. (2013)
savanna Northeast

vegetation

Sand dunes and | Atlantic Sand dunes and 10-53 |da Silva et al. (2012),
Coastal forest Restinga forest, South Stiirmer et al. (2013), Souza
ecosystems et al. (2013), Silva et al.

(2015a), Silva et al. (2015b),
Silva et al. (2017)

Sand dunes and | Atlantic Mangrove forest, 17-22 | Silva et al. (2017)
Coastal Forest restinga forest,
ecosystems Northeast

aReported as AMF hotspots sites

The southeast Brazilian Highlands or Rupestrian fields were also investigated
regarding AM fungal communities. These areas have shrubby, tortuous and sclero-
phyllous vegetation or grasses that grow in stones, in sandy soils and present varied
adaptations (Rizzini 1997).

For a recent list of AMF species in Cerrado Rupestrian grasslands see Oki et al.
(2016). The specialized vegetation types in such environment present high herba-
ceous species richness, high endemism (species of Asteraceae, Euphorbiaceae,
Melastomataceae and Velloziaceae), and unique plant and fungal species composi-
tions, among other organisms, resulting in megadiverse ecosystems (Fernandes
2016). Thus, these areas have been pointed out as a hotspot of diversity for AMF
and endophytic fungi, whose relations need to be more understood (Oki et al. 2016).
In this rupestrian ecosystem Coutinho et al. (2015) reported the presence of 22% of
the known world diversity of AMF.

Recent studies in tropical mountain ecosystems, such as in the Chapada
Diamantina in Bahia (NE Brazil) where predominates rupestrian fields showed that
the AMF communities were related to the heterogeneity of habitats, including silt
and coarse sand contents as the main factors. Among the 49 identified AMF species,
members of Glomeraceae and Acaulosporaceae were the most representative. The
AMF communities did not follow the shifts in plant communities. The high altitude
savannas (Cerrado) and natural rocky rupestrian fields (shrublands), differed in the
composition of the AMF communities (Vieira et al. 2019).

In other Cerrado areas of Minas Gerais, earlier studies have shown AM coloniza-
tion and glomerospores occurrence in the root zone of Paepalanthus bromelioides
and Bulbostylis sp. (Pagano and Scotti 2009) and a high root colonization in native
Centrosema coriaceum (Matias et al. 2009). Those rhizospheric sandy soils (sand
>78%) presented low organic matter content (2.72%), low base saturation and P
content and moderate acidity (pH 5.3) (Pagano and Scotti 2009). Eight AMF species
were identified in the rhizosphere of the studied plants: Acaulospora spinosa, A.
elegans, A. foveata, Gigaspora margarita, Dentiscutata biornata, D. cerradensis,
D. heterogama and Racocetra verrucosa. The low number of AMF species reported
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Fig. 9.2 Highland fields of Brazil. Clockwise, from upper left: native vegetation, colonized root
by AM, and spores recovered from rhizospheric soils (photos by M. Pagano)

could be related to the small sample effort or the few plant species evaluated (Pagano
and Scotti 2009).

Rupestrian ferruginous fields are characterized by soils of the iron mines region
called Quadrildtero Ferrifero, in Minas Gerais State, and present small woody plants
which support environmental stress (Rizzini 1997). In that areas a high percentage
(90%) of root colonization was observed in preserved vegetation dominated by
Eremanthus incanus (Pagano et al. 2010) (Fig. 9.2).

Teixeira et al. (2017) found 59 AMF species in an iron mining area in Minas
Gerais State representing 15% of the 289 known species. These authors retrieved
57% of the AMF species by trap cultures and proposed this region as a hotspot of
AMF diversity. Hotspots are priority places for AMF conservation, and besides the
high diversity, they are threatened in the highest degree according to Myers et al.
(2000).

Also in Minas Gerais, studies at “Parque Nacional das Sempre-Vivas”, in
Diamantina, revealed endangered plant species (Syngonanthus elegans) associated
to 26 AMF species (Costa et al. 2016), which demonstrate the importance of mutu-
alistic partners for plant establishment and survival.

New reports investigated the occurrence and density of AMF spores across dif-
ferent vegetation types in Bahia state, in the northeast region, showing that
Glomeraceae and Acaulosporaceae were the most representative families in species
number. The AMF community composition differ between habitats types, and the
soil physical characteristics (silt and coarse sand) were the main factors related to
the AMF community. A checklist of AMF in the Brazilian Cerrado was provided by
Jobim et al. (2016) and on that a total of 92 species were reported; two of these spe-
cies (Ambispora brasiliensis and Cetraspora auronigra) were exclusively found in
rupestrian fields. These data indicate that more efforts should be made to investigate
the diversity of AMF in areas of Cerrado, which is still little known regarding the
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occurrence of these soil fungi that probably also contribute for the establishment of
vegetation and the ecosystem balance.

9.3 The Arbuscular Mycorrhizal Symbioses in Tropical
Forest and Associated Ecosystems

Several studies were performed in areas of rainforest in Brazil, but most of them
included sites of Atlantic rainforest, with less attention to the Amazonian rainforest,
which probably also has a high diversity of AMF. Below we comment these studies,
showing the need for further investigations.

9.3.1 The Arbuscular Mycorrhizal Symbioses
in the Amazonian Rainforest

As mentioned, little consideration has been given to investigate mycorrhizal asso-
ciations in the Amazonian rainforest (Stiirmer and Siqueira 2006). However, as
shown by Freitas et al. (2014), common AMF are widely dispersed in plant com-
munities of this biome, where the spore density can attain nine spores per gram of
dry soil and, interesting, circa 80% can be identified. In that study, 39 species were
registered, with taxa of Glomeraceae dominating the AMF community. The highest
number of species belonged to Glomus followed by Acaulospora, Claroideoglomus
and Scutellospora (Freitas et al. 2014). Other research on Amazonian forest pointed
to no alteration of species richness and abundance distribution across the conversion
of pristine tropical forest to pastures (Leal et al. 2013). Other recent reports showed
the decrease of AMF with the reduction of secondary forest cover in eastern
Amazonia (Maia et al. 2015b) and AMF spore communities in the terra firme forest,
a vegetation type from Central Amazonia (Freitas et al. 2014).

9.3.2 The Arbuscular Mycorrhizal Symbioses in the Atlantic
Rainforest

In an updated review provided by Jobim et al. (2018), a total of 128 AMF species
were registered in the Brazilian Atlantic Forest, and 18 of them, as well as one fam-
ily and three genera, were first described from this biome, which is a hotspot of
biodiversity.

In areas of Atlantic rainforest, 40 AMF species were associated with different
vegetation types (Table 9.1), and these AMF communities were dominated by
species belonging to the families Glomeraceae > Acaulosporaceae > Gigasporaceae.
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Acaulospora and Glomus can be commonly found, accounting for 70-80% of the
total spores recovered (Bonfim et al. 2013). In some rainforests in the South and
Southeast of Brazil, AMF richness is lower at initial stages of the succession com-
pared to mature forests although the number of spores can be greater at initial
stages (Aidar et al. 2004; Stiirmer et al. 2006; Zangaro et al. 2008). Recent studies
conducted in a fragment of a seasonal semidecidual mountain forest in Vitéria da
Conquista, Bahia State, showed that the edge effect can modify the AMF com-
munities with some exclusive species in the first 0—10 m from the edge (Santos
et al. 2018).

In some areas of Atlantic rainforest, the spore density can attain ~20 spores per
gram of dry soil, and ~72% can be identified by morphological methods; among 57
species identified from 79 spore types isolated from soil under different vegetational
stages, Glomeraceae dominated the AMF community, and the highest number of
species in mature forest belonged to Glomus and Acaulospora followed by
Claroideoglomus, Scutellospora and Gigaspora (Zangaro et al. 2013). In that study,
AM fungal community structure differed in 11 species along plant succession under
Grass (43), Scrub (52), Secondary (41) and Mature forest (47 species). Glomus and
Acaulospora predominated.

In other sites in Brazilian Atlantic forests, earlier studies also showed mean
number of glomerospores from <1 to >10 spores g~' soil (Aidar et al. 2004) and
AMEF richness of 13 (Silva et al. 2006) to 25 species (Aidar et al. 2004) in second-
ary forest and 14-27 species in riparian forests (Fernandes et al. 2016; Pagano and
Cabello 2012).

Comparing areas of Atlantic Forest with different land uses, In Pernambuco
State, Pereira et al. (2014) found 50 AMF species distributed in 15 genera; 52% of
them belonged to Acaulospora and Glomus. These authors found that AMF com-
munity composition was more influenced by land use than by the physical and
chemical soil characteristics and that “diversity, evenness, and richness indices
tended to be lower in communities established in climax environments of Atlantic
Forest, rather than in the ones established in cultivated areas”.

The AMF in natural Araucaria forests, an ecosystem of Atlantic Forest occurring
in the South and also in areas of the Southeast region of Brazil, was largely studied
by the group of Elke Cardoso (University of Sdo Paulo). In pioneer research by
Moreira et al. (2003, 2006, 2007a, b, 2009) in the southeast of Brazil 18 AMF spe-
cies of the genera Glomus, Funneliformis, Rhizoglomus, Gigaspora, Acaulospora,
and Archaeospora were observed in the root zone of A. angustifolia (Moreira et al.
2016). They also found a rate of root colonization varying from 30 to 50%.
Acaulospora and Glomus are very common in these forests, as previously reported
(Moreira et al. 2007a, b, 2009). However, auxiliary cells (typical of Gigasporales)
were also observed. The authors confirmed this plant species (A. angustifolia) as
very AMF dependent for developing and survival, as trees that grow in relatively
poor soil can obtain the nutrients necessary for growth and formation from AMF
networks and, probably, by legumes that also fix nitrogen in their roots that grow in
the forests (Cardoso and Vasconcellos 2015).
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9.3.3 The Mycorrhizal Symbioses in Sand Dunes, Restingas,
and Mangroves

In South America, studies on the AMF symbioses in Sand dunes and Restingas are
concentrated in Brazil, with most reports from the States of Santa Catarina (Stiirmer
and Bellei 1994, 2011; Coérdoba et al. 2001; Silva et al. 2017) and Rio Grande do
Sul (Cordazzo and Stiirmer 2007), in the South region; in Sao Paulo (Trufem 1995;
Trufem et al. 1994), and Rio de Janeiro (Silva et al. 2017), in the Southeast region;
in Paraiba (da Silva et al. 2012; Silva et al. 2015a, 2015b, 2017; Goto et al. 2009,
2010, 2012b; de Souza et al. 2013), Bahia (Santos et al. 1995; Goto et al. 2012b,
Assis et al. 2016), and Rio Grande do Norte (Goto et al. 2012a, b; Blaszkowski et al.
2014, 2015; Silva et al. 2017) in the Northeast region.

In Sao Paulo State, a high number of glomerospores was observed in the rhizo-
sphere of plants from the restinga da Ilha do Cardoso and this number increased
with increasing temperature, precipitation and insolation (Trufem et al. 1994;
Trufem 1995). The authors pointed out the dominance of Acaulospora, Gigaspora
and Scutellospora over Glomus and Sclerocystis.

Stiirmer’s work in sand dunes improved the knowledge regarding native AMF
communities in coastal ecosystems of South Brazil, being useful to be applied in
conservation programs. His results confirmed the beneficial effects of AMF on dune
stabilization (Stlirmer and Siqueira 2006). In the coast of Santa Catarina, reports of
Stiirmer and Bellei (1994) showed the seasonal variation of AMF populations asso-
ciated with Spartina ciliata in dunes, with four species being commonly retrieved:
Gigaspora albida, Racocetra weresubiae, Acaulospora scrobiculata and
Scutellospora sp. Twelve AMF species were recorded in Praia da Joaquina, and
Gigasporales dominated in the fixed dunes whereas Acaulosporaceae dominated in
the frontal dunes; the number of spores and species richness increased with dune
stabilization (Cérdoba et al. 2001). In Rio Grande do Sul, in contrast, Gigasporales
dominated the fledgling dunes, while Glomeraceae dominated the fixed dunes with
Panicum racemosum (Cordazzo and Stiirmer 2007). Racocetra weresubiae,
Dentiscutata cerradensis and Racocetra gregaria predominated in three areas of
coastal dunes with similar AMF community structure (Stiirmer et al. 2013).

The pioneer work on sand dunes from Northeastern Brazil (Bahia) was con-
ducted by Santos et al. (1995), who reported that the majority of coastal dunes
plants investigated were associated with arbuscular mycorrhiza, and Glomus micro-
carpum was the dominant species. Later, the research group led by LC Maia per-
formed some studies on sand dunes and Restinga areas from Northeastern Brazil,
mostly in Paraiba State. In these works, glomoid and gigasporoid spores were pre-
dominant both in natural and revegetated dunes (da Silva et al. 2012; Souza et al.
2013). Silva et al. (2015a) recorded 50 AMF species belonging to 18 genera in a
vegetational gradient in dunes; higher AMF diversity was observed in herbaceous
than in shrubby and arboreal dunes. These authors also found that pH, cation
exchange capacity, Fe and fine sand were the main structuring factors of the AMF
communities.



9 Tropical Dry Forest Compared to Rainforest and Associated Ecosystems in Brazil 187

In studies along a transect crossing a fluvial-marine island, in short distances
sites showing different edaphic characteristics and vegetation physiognomies (pre-
served mangrove forest, degraded mangrove forest, natural Restinga forest, and two
regeneration Restinga forests) 22 AMF species were identified without differences
in species richness. Conversely, spore abundance per family, diversity and composi-
tion of AMF communities and rate of mycorrhizal colonization differed statistically
among the sites (Silva et al. 2017). These authors also mention that soil characteris-
tics, especially the sum of exchangeable bases were strongly related to composition
of AMF communities and that even within short distances the different habitat types
host diverse AMF communities.

In Rio Grande do Norte state, Jobim and Goto (2016) recorded 46 AMF species
distributed in 15 genera in maritime sand dunes of Brazilian northeast, while 24
AMEF species were recorded by Silva et al. (2017) in dune areas from Rio Grande do
Norte.

Several new species were described from sand dunes, such as Racocetra tropi-
cana (Goto et al. 2011), Paradentiscutata maritima (Goto et al. 2012b), Glomus
trufemii (Goto et al. 2012a), Rhizoglomus natalensis (Btaszkowski et al. 2014) and
Acaulospora ignota (Btaszkowski et al. 2015), what indicates that these ecosystems
are also of great interest for studies on diversity of AMF.

9.4 Conclusion

In this chapter, the occurrence of arbuscular mycorrhizas in different forest ecosys-
tems has been compared. The diversity of AM fungi in different vegetation types
was listed compiling recent results in dry forests, rainy forests, Cerrado (savanah)
and rupestrian fields showing particular species composition. Three hotspots for
AMF diversity were proposed: the Murundu fields, the Highland fields and the
Rupestrian ferruginous fields. Besides, there are more challenges related to the need
of improving the methodology of collection. Whitcomb and Stutz (2007) stressed
the need of a higher sample effort (eg. from 30 to 75 samples) to deal with underes-
timated AMF diversity. Usually, to detect 70-80% of AMF species present in a
community is difficult due to problems in quantifying the diversity and the com-
plexity of AMF communities. These authors showed randomly distributed AMF
species with no detectable belowground hotspots (associated to the location of
plants). Thus, it is necessary to increase the sample efforts for detecting more spe-
cies of AMF in natural communities. Morphological identification of AMF contin-
ues to be important, as well as molecular identification, considering that 11 to 40%
of commonly present morphotypes continue to be unidentifiable.

Finally, this chapter shows that several natural ecosystems present high AMF
diversity; with forests and Restingas (sand dunes) presenting high glomerospore
richness. Further research is necessary, especially regarding the occurrence, identi-
fication and ecology of mycorrhizas for a better understanding of the Brazilian
unique ecosystems.
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Chapter 10
Mycorrhizas in Central Savannahs:
Cerrado and Caatinga

Jadson B. Moura and Juliana S. R. Cabral

10.1 Introduction

10.1.1 Central Savannahs: Cerrado and Caatinga

Savannah is the name given to biomes that have a phytophysiognomy composed
predominantly of low vegetation and small tree species (Veloso et al. 1991). The
Cerrado and Caatinga, which together constitute 35% of the Brazilian territory
(Vieira 2001; Beuchle et al. 2015) (Fig. 10.1), are considered savannahs since their
phytophysiognomies are composed of herbaceous plants, small shrubs and grasses,
and spaced tree species. These phytophysiognomies have instances of xeromor-
phism or adaptations to arid environments, such as trees and shrubs with tortuous
branches, thick barks, hardened leaves with shiny surfaces and covered also by tri-
chomes, and flower blooms occurs in the dry season.

The Cerrado (Fig. 10.2) is the second largest Brazilian biome after the Amazon,
extending over an area of 2,045,064 km? that covers eight states of Central Brazil:
Minas Gerais, Goias, Tocantins, Bahia, Maranhao, Mato Grosso, Mato Grosso do
Sul, Piauf and Distrito Federal (Hunke et al. 2015). It is crossed by three of the larg-
est hydrographic basins in South America (SA) and has regular rainfall indexes that
provide it with a great biodiversity. The Cerrado is nowadays considered the last
agricultural frontier of the Americas (Braz et al. 2004; Klink and Machado 2005).

The predominant soil class in this biome is the oxisol type, which is a deep soil
with low natural fertility and phosphorus levels, high iron contents, aluminium
oxides and acids with intense weathering (Santos et al. 2013).
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Fig. 10.1 Distribution of the Cerrado and Caatinga Biomes in the Brazilian territory

The Cerrado has one of the largest biodiversity on the planet because it is a tran-
sitional biome which is in direct geographical contact with other important South
American biomes such as; Amazonia, Caatinga, Mata Atlantica, Pantanal and
Bolivian Chaco (Taber et al. 1997; Klink and Machado 2005).

The Caatinga (Fig. 10.3) is a semi-arid biome and the main one of the Brazilian
Northeast, covering nine states: Ceard, Bahia, Rio Grande do Norte, Paraiba,
Pernambuco, Alagoas, Sergipe, southwest of Piaui and Maranhado, and northern
Minas Gerais (Vasconcelos et al. 2017) and an area of approximately 900,000 km?
that represent almost the 54% of the northeastern region as well as the 11% of the
Brazilian territory.
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Fig. 10.2 Cerrado area of the Chapada dos Veadeiros National Park, Goids, Brazil

Fig. 10.3 Caatinga area in Nova Fazenda property, Desterro, Paraiba
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The Caatinga biodiversity is fundamental to the sustainability of this biome. In
addition to the herbaceous and shrub species, as well as the Cerrado, the Caatinga is
composed of many thorny and aculeate species (such as Cactaceae and Bromeliaceae)
and deciduous species that lose their leaves at the beginning of the dry season
(Santos et al. 2017; Lima and Rodal 2010).

Due to the dry climate with scarce and irregular precipitations concentrated in
the months of January to May, the little weathered soils are predominantly litholic,
alic and dystrophic, of medium texture and poorly developed, varying from shallow
to very shallow (Mello et al. 2012; Vasconcelos et al. 2017).

10.2 Mycorrhizae in the Cerrado and Caatinga

Central American savannahs are environments that naturally offer adverse abiotic
conditions for plant growth and development, with low phosphorus level and lim-
ited water regime. In these environments, the plants depend directly on the perfor-
mance of mycorrhizal fungi to survive such conditions, turning the association
between fungi and plants as an important resilience factor to stressful situations
(Thomazini 1974; Porcel and Ruiz- Lozano 2004; Hunke et al. 2015; Moura et al.
2017).

The different surveys carried out on different types of Cerrado soils show that
arbuscular mycorrhizal fungi (AMF) are associated to a large number of native
plants of the region including grasses, legumes and tree species such as “pequi” and
“buriti” (Miranda 2008).

10.2.1 Arbuscular Mycorrhizal Fungi in the Central American
Savannahs

Arbuscular mycorrhizal fungi (AMF) have recently received a new systematic sta-
tus that ranges from phylum (Glomeromycota) to sub-phylum (Glomeromycotina)
(Spatafora et al. 2016). Together with this advance, new families and genera have
been described (Btaszkowski et al. 2018; Symanczik et al. 2018). Moreover, 3
classes, 16 families, 41 genera and 300 species have recently been officially report-
ing (Btaszkowski et al. 2018).

The average density of AMF species in the Cerrado varies from 25 to 50 spores
per 50 cm?® of soil. In the Caatinga area, there is a strong variation in the number of
these fungi propagules due to plant community and soil chemical composition vari-
ations, which could contain high phosphorus levels (Mello et al. 2012).

Mimosa tenuiflora, a native plant of the Caatinga flora, is an important mycor-
rhizal fungi community host in the Brazilian semi-arid regions. In soils were M.
tenuiflora was developed, 18 species of AMF were identified. Spores of the genera
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Acaulospora, Claroideoglomus, Dentiscutata, Entrophospora, Funneliformis,
Gigaspora, Glomus, Racocetra, Rhizoglomus, and Scutellospora were highly
produced in the dry season (Mello et al. 2012; Souza et al. 2016). In the Caatinga
area, in the state of Pernambuco, Mello et al. (2012) identified 16 taxa of AMF with
a predominance of the genus Glomus represented by 7 species. These authors also
reported for the first time in Brazil the presence of the species Pacispora boliviana,
which was believed to be only found in Bolivia (Oehl and Sieverding 2004).

A new AMF species, named Ambispora brasiliensis, was identified in the
Cerrado region by Goto et al. (2008) in the state of Minas Gerais. Further, Silva
et al. (2008) found a new species in the northeast of Brazil, described under the
name Scutellospora pernambucana. Moreover, de Pontes et al. (2017) identified
Acaulospora spinulifera as a new species in Cerrado areas, the Atlantic forest, and
in soybean crops in addition to an isolated new species, Scutellospora alterata,
found in the northeast region of Caatinga (de Pontes et al. 2013). Thus, 67% of the
79 species of AMF found in Brazilian biomes were identified in the Cerrado, this
could be mainly due to the regional soil conditions (Moreira et al. 2006; Moura
2015).

10.2.2 Ectomycorrhizal Fungi in the Central American
Savannahs

There are few recorded instances of ectomycorrizal fungi associations in tropical
savannahs, except for i) those found in some southeastern Asian tropical forests
where plants of the Dipterocarpaceae family predominate in association with a large
number of fungal species (Oliveira and Giachini 1999), and ii) for some leguminous
species found in African savannahs (Ba et al. 2012). In Brazil, there are reports of
this association in the Amazon forest (Singer and Araujo 1979), in the Atlantic for-
est (Ferreira et al. 2013) and in Eucalyptus forests in the southern region of the
country (Bertolazi et al. 2010).

Thomazini (1974) was a pioneer in the surveying of ectomycorrhizal fungi spe-
cies in the Cerrado region. In addition, Casagrande (1985, 1986, 1987) found these
fungal associations with “ata brava” (Duquetia furfuraceae), “carobinha”
(Jacaranda decurrens), “guabiroba-do-Cerrado” (Campomanesia coerulea), “sene-
do-campo” (Cassia cathartica) and “pata-de-vaca-do-Cerrado” (Bauhinia
holophylla).

The hypogeal fungal species Scleroderma polyrhizum was found associated with
“pequi” rhizosphere (Caryocar brasiliense) (Baseia and Milanez 2000).
Underground fungi are more difficult to locate and hence to identify and classify.
Consequently, the reported existence of this fungal growth habit associated with the
Cerrado plants opens a new horizon for further research studies.

In the Caatinga region, due to the low density of arboreal species, there are no
confirmed reports of fungi that form ectomycorrhizal associations with plants.
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Baseia and Galvao (2002) looked for ectomycorrhizal associations among fungi of
the phylum Basidiomycota in the rhizosphere of plants of the Caatinga but they did
not reported the presence of symbiotic associations.

10.3 Agroecosystems in American Savannahs
and Mycorrhizae

The different soil systems directly influence the rhizosphere mycorrhizal commu-
nity. In general, this community is more abundant in agroecosystems cultivated
under conservation systems than in fallow soils, intensive cultivations with phytos-
anitary products and systemic fungicides, or in crops with low or no dependence on
symbiotic associations with mycorrhizal fungi (Miranda 2008). The highest abun-
dance of AMF occurs in tropical systems, and the highest rates of colonization were
observed in tropical savanna plants (Treseder and Cross 2006).

10.3.1 Arbuscular Mycorrhizal Fungi in Agroecosystems
of American Savannahs

The AMF community is usually high in cultivated systems, especially in those that
adopt conservation systems such as no-tillage or with reduced use of agrochemicals
(Miranda and Miranda 2011). Ferreira et al. (2013) observed a lower spore density
and AMF colonization in no-tillage systems and deforested areas than in riparian
forests, forest edges, and pastures. Moreover, the authors also found a predomi-
nance of the families Acaulosporaceae, Glomeraceae, and Gigasporaceae. The
maintenance of high amounts and diversity of AMF species was observed (de Pontes
et al. 2013) in a cowpea (Vigna unguiculata) bean planting system, with organic
fertilizer usage, emphasizing the importance of the myco-trophic crop species in
agricultural production systems.

Proper soil and plant management are fundamental to benefit the mycorrhizal
community and the symbiotic associations, especially in areas where the commu-
nity is quantitatively and qualitatively low. The cultivation system used, although
there is no great specificity between host and fungus, is the major influential factor
in the occurrence and abundance of mycorrhizal fungi in the soil (Bever et al. 1996).

In the Cerrado region, where the climate is well defined with a dry and a rainy
season, it can be observed that the spores abundance in the native soil is low and
inferior to that in the cultivated soil where there is an increased in the AMF abun-
dance. As regards to the spore number, it increases along with soil moisture at the
beginning of the rainy season whereas it decreases in the upper soil layers in the dry
period (Howeler et al. 1987).



10 Mycorrhizas in Central Savannahs: Cerrado and Caatinga 199

Besides no-tillage and reduced use of agrochemicals, another practice of com-
mon management in the cultivated areas of the Cerrado is the correction of soil pH
with the application of limestone, which positively influences the soil mycorrhizal
community by gradually increasing the spore number. Even though Miranda and
Miranda (2011) verified the gradual increase of spore number in an area that suf-
fered pH correction; limestone overdoses have also been proved to cause a decrease
in spore density. In addition to pH correction, the application of phosphorus, a
scarce nutrient in most Cerrado soils, could be also beneficial to the mycorrhizal
fungi community (Miranda 2008).

The mostly adopted planting methods in the region are the conventional system,
which makes use of soil tillage, and the no-tillage system which does not have till-
age and aims at constant vegetation cover. Moura (2015) obtained similar values of
spores density and mycorrhizal community composition when comparing conven-
tional and conservationist systems applied to wheat, sugarcane, brave beans, maize,
corn, crotalaria, and brachiaria. Oehl et al. (2004) verified two different farming
systems, conventional and organic farming, they report that AMF spore abundance
and species diversity was significantly higher in the organic than in the conventional
systems.

10.3.2 The Use of Ectomycorrhizae in Agroecosystems
under the Cerrado Soil

Ectomycorrhizal fungi, unlike AMF, are characterized by their high fungus-host
specificity, having a predilection for arboreal species. Genera such as Eucalyptus,
widely cultivated in the Cerrado region, are among the species capable of forming
symbiotic associations with ectomycorrhizal fungi (Miranda 1986).

Giachini et al. (2000) found in cultivated soils the genera Chondrogaster,
Descomyces, Hysterangium, Pisolithus and Setchelliogaster associated with
Eucalyptus spp., and the genera Amanita, Rhizopogon, Lactarius, and Suillus asso-
ciated with cultivated Pinus. In the Amazon forest region, Singer and Araujo (1979)
verified the presence of symbiotic associations in the dense litter layer. Further,
Pagano and Scotti (2008) demonstrated that the cultivation of Eucalyptus camaldu-
lensis has a variation in its mycorrhizal colonization with a predominance of AMF
associations (with Glomus sp.) while Eucalyptus grandis has a predominance of
ectomycorrhizal colonization with low spore density, showing the different mycor-
rhizal dependence among these species.

In the southern region of Bahia in the Cerrado soil, positive results were observed
when adopting the inoculation to establish Pinus seedlings with Thelephora terres-
tris and Pisolithus tinctorius (Filho and Krugner 1980).
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10.4 Final Considerations

All things considered, among all the planting practices adopted in the tropical
savannahs, the choice of crop species, irrigation system and agrochemicals used
have a much stronger impact on the mycorrhizal community than the soil types or
planting system adopted. Water availability is also a limiting factor in these regions,
the water regime is divided into dry and rainy annual seasons, that also influence the
mycorrhizal communities.
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Chapter 11

Structure and Diversity of Arbuscular
Mycorrhizal Fungal Communities Across
Spatial and Environmental Gradients

in the Chaco Forest of South America

Gabriel Grilli, Nicolas Marro, and Lucia Risio Allione

11.1 Introduction

The Gran Chaco Americano represents the largest seasonally dry forest ecosystem
in South America (SA). This biogeographical region encompasses part of Argentina,
East Bolivia, a little of southeastern Brazil, and western Paraguay, occupying more
than 1,200,000 km? (Zak et al. 2008; Caldas et al. 2015). In central Argentina, the
Chaco forest may be classified, according to precipitation patterns, into eastern
humid to sub-humid Chaco and into western dry semi-arid to arid Chaco (Hoyos
et al. 2013). Recently, Oyarzabal et al. (2018) distinguished 7 units of vegetation in
the Chaco region of central Argentina according to physiognomic and floristic fea-
tures: the Wetlands, Sub-humid Chaco, Arid Chaco, Semiarid Chaco, Chaco
Serrano, Mountain grassland and “Salinas” (Salt flats) (Fig. 11.1). Therefore, the
Chaco forest has a wide variety of environments, each with high levels of biodiver-
sity (Bucher and Huszar 1999; Nori et al. 2016) and providing important ecosys-
temic services such as biodiversity maintenance, clean water supply, carbon
sequestration and soil erosion protection (Kauffman et al. 2003; Caldas et al. 2015).
Regrettably, as in many ecosystems around the globe, the land use changes are pro-
foundly affecting the biodiversity present in this region (e.g. Cagnolo et al. 2006;
Longo et al. 2014; Grilli et al. 2012, 2017; Verga et al. 2017). Biodiversity studies
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Fig. 11.1 Vegetation units at Chaco forest in Argentina (Oyarzabal et al. 2018)

conducted in this region have been mainly focused on aboveground organisms (i.e.
mainly plants; e.g. Zak et al. 2004; Cagnolo et al. 2006; Cabido et al. 2018) while a
lower number of studies considered belowground organisms (e.g. Lugo et al. 2005;
Urcelay et al. 2009; Becerra et al. 2014; Grilli et al. 2013; Soteras et al. 2016).
Therefore, information about how belowground communities are spatially struc-
tured across vegetation units in the Chaco forest is still scarce.

Regarding belowground organisms, the arbuscular mycorrhizal fungi (AMF) are
one of the main elements and most widespread fungal type in soil microbiota. The
AMF establish a symbiotic association with the majority of land plants, providing
them with major access to soil nutrients in return for carbon compounds (Smith and
Read 2008). The AMF were traditionally identified on the basis of resistance structures
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such as asexual spores (i.e. morphospecies). Lately, improvement in DNA sequencing
techniques (i.e. Next Generation Sequencing) allowed the identification of uncul-
tured environmental communities (Opik et al. 2009), enabling the study of variation
in the composition of AM fungal communities across spatial, environmental and
biotic gradients.

The study of how communities assemble in nature has been one of the major
paradigms in ecology since the beginning of the discipline (Preston 1948; Pielou
1975; Tokeshi 1990; McGill et al. 2006; Gotzenberger et al. 2012). Accordingly,
several theories have arisen in order to explain the community structure of living
organisms. Among them, the deterministic niche-based processes predict niche dif-
ferentiation by inter-specific competition as the main force structuring the commu-
nity (Gause 1934; Silvertown 2004), while stochastic neutral theories affirm that
demographic stochasticity and dispersal limitation structure the communities
(Hubbell 2001). In general, these theories have been tested on macro-organisms
(reviewed in Gotzenberger et al. 2012), and to a minor extent on micro-organisms
(Dumbrell et al. 2010; Kivlin et al. 2011; Verbruggen et al. 2012). Phylogenetic
analysis might be helpful to prove deterministic and stochastic processes in AMF
communities (Egan et al. 2017). If we consider that functional traits in AMF might
be phylogenetically constrained (Powell et al. 2009), we could expect that niche-
based mechanisms exclude species with similar traits due to inter-specific competi-
tion and therefore, enhance the phylogenetic dispersion of AM fungal communities
(i.e. phylogenetic overdispersion). On the contrary, neutral mechanisms such as
dispersal limitation or deterministic such as habitat filtering reduce the phylogenetic
distance between the AMF communities (i.e. phylogenetically clustered). Regarding
the Chaco forest, the forces structuring AM fungal communities in the vegetation
units remain poorly understood.

Therefore, the aims of this chapter include reviewing the data available in the
literature concerning AMF communities in order to (i) analyze the relationship of
AMF taxonomic diversity with spatial and environmental variables across ecosys-
tems in the Chaco forest, and to (ii) evaluate the phylogenetic diversity and the
structure (i.e. clustered or overdispersed) of AMF communities at the Chaco forest
ecoregions compared to local, regional and global species pools.

11.2 Taxonomic Diversity of AMF Communities:
Relationship with Spatial and Environmental Variables
of Vegetation Units at the Chaco Forest

We have analyzed the morphospecies diversity occurrence along spatial and envi-
ronmental variables in the vegetation units (Oyarzabal et al. 2018) of the Chaco
phytogeographic province. We searched in Google Scholar for studies performed in

the specified ecosystem using the terms: “arbuscular mycorrhiza”, “chaco/chaquean
forest” and “soil nutrients”. After filtering the search, we found nine studies
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performed in four of the seven vegetation units of the Chaco forest that matched our
terms. The studies found were assigned to vegetation units as follows: two to
Salinas, one to Arid Chaco, two to Chaco Serrano and four to Mountain grassland.
No study was found for the Wetlands, Sub-humid Chaco and Semi-arid Chaco
(Table 11.1).

We considered the datasets in the studies as independent for the analysis of AMF
diversity between vegetation units. To test the differences in AMF richness, we fit-
ted generalized linear models using “vegetation unit” as the fixed factor and random
intercept “plant host/source” with glmer.nb() function in package Ime4 in R (Bates
et al. 2015). The relationship between similarity of AMF communities and the
euclidean distance between study sites was assessed with a distance decay of simi-
larity analysis (Mantel test).

Arbuscular mycorrhizal fungi richness between vegetation units showed signifi-
cant differences (Fig. 11.2a). The fixed factor “vegetation unit” and the random term
“host/source” were significant for the model fit (df = 1, Chisq = 37.72, P < 0.0001).
The morphospecies richness decrease in the direction Chaco Serrano > Mountain
grassland = Salinas > Arid Chaco. The Chaco Serrano showed the highest richness
(mean = SD =16.37 + 3.07) which was four times higher than the one in the Arid
Chaco (mean + SD =4.49 + 3.26; z = —3.54, P <0.0001), while the Mountain grass-
land and Salinas’ richness showed no significant differences between them
(z=-0.199, P = 0.84).

The results showed a significant distance-decay relationship of the AMF com-
munity similarity with increased geographic distance. The Mantel test (r = 0.33;
P = 0.001) showed a significant spatial correlation between the geographic and
AMF community matrices. Similar results in distance decay of similarity were
observed in AMF communities at local (Dumbrell et al. 2010; Davison et al. 2012)
and regional scale (Lekberg et al. 2007; van der Gast et al. 2011) and with empirical
evidence on a global scale (Davison et al. 2015).

To analyze the diversity of AMF communities at different geographical scales we
performed Principal Components of Neighbour Matrices (PCNM). Therefore, spa-
tial relationships of the biological response were evaluated at multiple scales
(Borcard and Legendre 2002). We used the function pcnm() from package vegan
(Oksanen et al. 2018) to calculate the PCNMs variables. The wider spatial scale is
represented by the first PCNM eigenvector (PCNM1) and decrease while the
PCNMs eigenvalue increases. Only positive and significant (alpha = 0.05) PCNM
variables were selected. To evaluate the relationship of AMF communities with the
edaphic data, we selected soil variables that were present in all the studies (Nitrogen,
Phosphorus and pH). The altitude (m) of sampling points in the dataset was obtained
with the getData() function from package raster (Hijmans et al. 2017). In addition,
we downloaded climatic data from Worldclim database (Fick and Hijmans 2017)
for all the study sites. In particular, we gathered information about mean annual
temperature and precipitation (“Temp”, ‘“Prec”). Arbuscular mycorrhizal fungi
community dissimilarity distance matrix was constructed with the vegdist() func-
tion based on Sorensen index. The response and explanatory variables (PCNMs,



Table 11.1 Studies carried out in the Chaco forest at Central Argentina

Plant
type/ Vegetation
Study latitude | longitude | Site Host/Source source | unit
Becerraetal. | —29.45 | —64.30 Salinas Allenrolfea Shrub Salinas
(2014) Ambargasta | patagonica
—29.45 | -64.30 Salinas Atriplex Shrub Salinas
Ambargasta | argentina
—29.45 | -64.30 Salinas Hetterostachys Shrub Salinas
Ambargasta | ritteriana
—29.45 | -64.30 Salinas Suaeda Shrub Salinas
Ambargasta | divaricata
—29.73 | -64.52 Salinas Allenrolfea Shrub Salinas
Grandes patagonica
—29.73 | -64.52 Salinas Atriplex Shrub Salinas
Grandes argentina
—29.73 | —64.52 Salinas Hetterostachys Shrub Salinas
Grandes ritteriana
—29.73 | —64.52 Salinas Suaeda Shrub Salinas
Grandes divaricata
Lugo et al. -30.53 | —-64.71 Cruz del Eje | Larrea divaricata | Shrub Arid
(2005) -30.53 | -64.71 Cruz del Eje | Neobouteloua Herb Arid
lophostachya
-30.53 | -64.71 Cruz del Eje | Sporobolus Herb Arid
pyramidatus
-30.53 | -64.71 Cruz del Eje | Trichloris crinita | Herb Arid
Longoetal. |—-31.04 | —64.32 Agua de Oro | Soil Soil Serrano
(2014) —31.12 | —64.28 | Salsipuedes | Soil Soil Serrano
-31.77 | -64.47 La Serranita | Soil Soil Serrano
-31.50 | -64.59 Cuesta Soil Soil Serrano
Blanca
-31.30 | -64.50 Bialet Massé | Soil Soil Serrano
—31.04 | -64.32 Agua de Oro | Soil Soil Serrano
-31.12 | -64.28 Salsipuedes | Soil Soil Serrano
-31.77 | —-64.47 La Serranita | Soil Soil Serrano
—31.50 |-64.59 Cuesta Soil Soil Serrano
Blanca
—31.30 |—-64.50 Bialet Massé | Soil Soil Serrano
Cofré et al. —29.74 | -64.53 Salinas Atriplex Shrub Salinas
(2012) Grandes cordobensis
Lugo et al. -31.33 | -64.75 Pampa de Alchemilla Herb Mountain
(2003) Achala pinnata grassland
-31.33 | -64.75 Pampa de Briza subaristata | Herb Mountain
Achala grassland
-31.33 | -64.75 Pampa de Deyeuxia Herb Mountain
Achala hieronymi grassland
-31.33 | -64.75 Pampa de Poa stuckertii Herb Mountain
Achala grassland
-31.33 | -64.75 Pampa de Eragrostis lugens | Herb Mountain
Achala grassland
-31.33 | -64.75 Pampa de Sorghastrum Herb Mountain
Achala pellitum grassland

(continued)
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Table 11.1 (continued)

Plant
type/ Vegetation
Study latitude | longitude | Site Host/Source source | unit
Menoyo etal. | —31.42 | —64.78 Pampa de Polylepis Tree Mountain
(2009) Achala australis grassland
-31.62 | —64.82 Pampa de Polylepis Tree Mountain
Achala australis grassland
Soterasetal. | —31.97 | —64.93 Los Molles | Polylepis Tree Mountain
(2014) australis grassland
—-31.97 | -64.93 Los Molles | Polylepis Tree Mountain
australis grassland
—-31.97 | -64.93 Los Molles | Deyeuxia Tree Mountain
hieronymi grassland
Urcelay —31.50 | —-64.58 Cuesta Soil Soil Serrano
et al. (2009) Blanca
Soteras et al. | —31.38 | —64.80 Los Gigantes | Polylepis Tree Mountain
(2015) australis grassland
-31.97 | -64.93 Los Molles | Polylepis Tree Mountain
australis grassland
—31.73 | -64.78 Pampa de Polylepis Tree Mountain
Achala australis grassland
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Fig. 11.2 AMF morphospecies (a) mean richness in vegetation units of the Chaco forest and (b)
community distance-decay analisys (Mantel test) of similarity with geographic distance (Km)

edaphic and environmental) were standardized with the decostand() function in
order to center (means ~ 0) and scale (SD = 1) the data.

Variation in AMF communities composition (presence-absence) was parti-
tioned among explanatory variables (PCNMs, environmental and edaphic) with a
distance based redundancy analysis (db-RDA, Legendre and Anderson 1999)
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using the capscale() function from package vegan that allows the analysis of
another distance than the euclidean, such as dissimilarity distance. The most sig-
nificant variables (i.e. geographic, environmental and edaphic) were selected with
a permutational (999 permutations) forward selection model procedure performed
with the ordiR2step() function based on the adjusted R? and p-value (Blanchet
et al. 2008).

The results of the forward selection model showed that AMF community compo-
sition was being significantly structured by four geographic variables (in order of
importance, PCNM1: F =20.68, P =0.001, PCNM2: F =34.4, P =0.001, PCNM6:
F=3.33, P=0.015, PCNM3: F = 4.93, P = 0.002), environmental variables (alti-
tude: F = 37.2, P = 0.001; precipitation: 32.49, P = 0.001; temperature: F = 18.25,
P =0.001) and edaphic variables (pH: F = 2.44, P = 0.048; Nitrogen: F = 4.78,
P =0.001, Phosphorus: ns).

The distance based redundancy analysis showed that the complete model with
the selected environmental variables (PCNMs geographic, climatic and edaphic)
explained the 41% of the AMF community variation (R,>=0.79, df =9, F = 17.61,
P =0.001). In particular, the geographic variables explained the 29% (R,> = 0.52,
df =4, F=14.8, P =0.001, Fig. 11.3a), the climatic variables explained the 22%
(R2=04,df =3, F=12.5, P =0.001; Fig. 11.3b) and the edaphic explained the
13% (R*=0.22,df =2, F=8.3, P =0.001; Fig. 11.3c).

Our results suggest that variation in AMF communities respond to spatial
structure at a wider scale according to PCNMs variables, and to environmental
and edaphic variables, consistent with previous evidence (Dumbrell et al. 2010;
Soteras et al. this book; Davison et al. 2015; Powell and Rillig 2018; Kotilinek
et al. 2017).
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Fig. 11.3 Arbuscular mycorrhizal fungi communities ordination in vegetation units of the Chaco
forest considering mean morphospecies richness and community distance-decay analysis (Mantel
test) of similarity with geographic distance (Km). Distance based redundancy analysis ({bRDA) of
AMF communities considering (a) Geographic, (b) Climatic and (¢) Edaphic variables. References:
the length and direction of the vectors represent the strength and direction of the relationship
between the variables and community composition
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11.3 Phylogenetic Diversity and Structure of AMF
Communities in the Chaco Forest

In order to analyze the phylogenetic diversity and structure of AMF communities, we
gathered studies that evaluate AMF molecular diversity in any of the 7 units of veg-
etation in the Chaco forest of central Argentina. We circumscribed our study by
adhering to the Virtual Taxa (VT) proposed by Opik et al. (2010) since it is the most
extended and quality-controlled database of AMF molecular diversity. To identify
those studies that match our search we used Google Scholar with the following
terms: “arbuscular mycorrhiza”, “ribosomal small-subunit (SSU)” and “Chaco/
chaquean forest”. The search yielded a total of two studies performed in only two of
the Chaco regions: “Mountain grasslands” (Davison et al. 2015) and “Chaco Serrano”
(Grilli et al. 2015). Despite the low number of studies, both datasets yielded a total of
137 VT of AMF in 75 root samples of five plant species. To assess the sampling effi-
cacy in both datasets we constructed species accumulation curves (Fig. 11.4) with
the function speccacum() in the R package vegan (Oksanen et al. 2018). Virtual taxa
richness between regions was compared with the glmernb() function from package
Ime4 to control overdispersion. The model was specified by using “region” as a fixed
factor and “plant host species” as a random factor. To visualize the variation in AMF
community composition (i.e. presence-absence) between regions we used non-met-
ric multidimensional scaling (NMDS, package vegan) using Bray-Curtis dissimilar-
ity distance. Further, multivariate ANOVA with permutations (PERMANOVA) was
used to assess variation in AMF community composition between regions. Since
PERMANOVA is also sensitive to multivariate dispersion (i.e. analogous to the
homogeneity of variance) we used the betadisper() function from package vegan
(Anderson 2001) to test for the possibility of differences arising from within-group
dispersion rather than from a compositional change in the community.
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Fig. 11.5 The (a) mean AMF VT richness (Mean + SD) and (b) the variation of AMF community
composition (NMDS, stress =) in the Mountain grassland and Chaco Serrano. References: black
circle: Mountain grassland, red circle: Chaco Serrano

The VT richness was higher (df = 1, y* = 26.9, P < 0.0001) in the Mountain
grassland (mean + SD = 20.36 %= 6.2) than in the Chaco Serrano
(mean + SD = 12.18 £ 5.9; Fig. 11.5a). In addition, the AMF community composi-
tion (presence-absence) differed between the Mountain grassland and the Chaco
Serrano (PERMANOVA pseudo-F = 44.37, P = 0.001; Fig. 11.5b). We found no
differences between Chaco regions when considering multivariate dispersion (i.e.
analogous to the homogeneity of variance) (F = 0.13, P = 0.72), suggesting that
variation in AMF communities composition arises from between-group variability
rather than from within-group variability. These results are consistent with global
evidence of AMF community richness being higher in grasslands than in forest
ecosystems (Davison et al. 2015).

Regarding the phylogenetic structure of AMF communities, we found that AMF
communities in the Mountain grasslands and Chaco Serrano showed a lower mean
pairwise phylogenetic distance than expected by chance compared to local (Cérdoba
Province), regional (South America) and global species pool (Table 11.2). Therefore,
these AM fungal communities were phylogenetically clustered compared to local,
regional and global phylogenies suggesting a dispersal limitation or habitat filtering
structuring the community (Dumbrell et al. 2010). These findings are in contradic-
tion with Grilli et al. (2015) probably because more data sets of AMF species pool
of these regions (i.e. local and regional) are available (Opik et al. 2013; Davison
etal. 2015). As regards the Mountain grasslands, there is evidence of clustered phy-
logenetic diversity in mountain elevated AMF communities (Egan et al. 2017,
Kotilinek et al. 2017).
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Table 11.2 Mean pairwise phylogenetic distance (MPD) of AMF communities in the Mountain
grassland and Chaco Serrano compared with random MPD of (a): global, (b): regional and (c¢):
local species pool

MPD. |MPD. MPD. |MPD.obs. | MPD. MPD.

“Ntaxa | obs rand sd rank obs.z obs.p runs
a- global VT pool
Grassland 93 0.16 ]0.28 0.03 1 -3.69 0.001 999
Serrano 58 0.14 ]0.28 0.04 1 -3.22 0.001 999
b- South America VT pool
Grassland 93 049 ]0.61 0.04 5 —2.88 0.005 999
Serrano 58 040 |0.61 0.06 1 -3.58 0.001 999
c- Cérdoba VT
pool
Grassland 93 0.90 1.016 0.03 2 -3.65 0.002 999
Serrano 58 0.80 1.014 0.05 1 —4.26 0.001 999

aReferences: Ntaxa: taxa number, MPD.obs: observed MPD, MPD.rand: randomized MPD, MPD.
sd: standard deviation of randomized MPD, MPD.obs.rank: rank of MPD, MPD.obs.z: z value,
MPD.obs.p: p values, runs: number of randomizations.

11.4 Final Considerations

All things considered, general data about AM fungal communities remain scarce at
the Chaco forest. Nevertheless, we could glimpse some general patterns of diversity
and structure of AM fungal communities in the vegetation units of this ecosystem.
In this chapter, the complementation of phylogenetic metrics and traditional taxon-
based approaches to analyze diversity allowed a more powerful insight to disen-
tangle the AM fungal community structure in ecosystems (Egan et al. 2017). In
general, a variation of AM fungal communities might be determined by the spatial
configuration and environmental conditions. In particular, the main neutral force
that structures the AM fungal community composition might be the dispersal limita-
tion (Kivlin et al. 2011) together with underlying deterministic niche based pro-
cesses such as habitat filtering due to edaphic properties (i.e. pH and N) and
environmental variables (i.e. Alt, Prec, Temp). Evidence of stochastic underlying
deterministic processes structuring AM fungal communities has been studied in
other ecosystems (Chave 2004). Conversely, it appears that in the Chaco forest
niche-based models (edaphic and environmental variables) affecting the AM fungal
communities are secondary to dispersal limitation (neutral process). However,
whether future studies of AMF communities in this region might change this pattern
is unknown.
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Chapter 12
Southern Highlands: Fungal
Endosymbiotic Associations

Mbonica A. Lugo and Eugenia Menoyo

12.1 Introduction

South American Highlands ecosystems comprise different ecoregions and phyto-
geographic areas including in the Andean and Chaco regions. Along the Andes are
stretched the High Andean region, Costal Peruvian Andean Desert, North Andean
Paramo, Atacama Desert, Subandean Patagonia, Magellanic Andes, and Puna. The
Highlands of the Chaco region are represented by transitional biomes between the
Cerrado, Caatinga and Mata Atlantica, the Brazilian Altiplano with rupestrian grass-
lands or fields, the Prepuna in Bolivia and Northwest of Argentina, and the High
grasslands or Mountain grasslands in Central Argentina (Morrone 2001a; Cabido
et al. 2010; Oyarzabal et al. 2018).

These Highland ecosystems present unique biodiversity, climate, geographic
position, geologic origin, and biogeography. Accordingly, most of them are consid-
ered the main biodiversity hotspots (Myers et al. 2000; Cardoso da Silva and Bates
2002; Madrifidn et al. 2013; Young et al. 2015). Further, some of these Highlands
constitute true “sky islands” due to the physical separation between the mountains
to the surrounded ecosystems by a desertic area. Consequently, this separation fos-
tering endemism, vertical migration of species and relict populations. The complex
dynamics of the species richness that can be found in the sky islands draw attention
to biogeography as well as biodiversity studies (Hughes and Atchison 2015).
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The advance of the agronomic frontier over natural environments and its usual
consequent deforestation has increased together with the cropland expansion, fertil-
izers use, high soil salinization, water table rise, water soil degradation, energy use
and common pollution (Foley et al. 2011), all of these having strongest negative
effects in arid and semiarid zones (Manuel-Navarrete et al. 2007; Viglizzo and
Jobbagy 2010). Therefore, it becomes necessary to contemplate the conservation of
fragile, unique and diverse systems such as the South American Highlands
ecosystems.

The mycorrhizal fungi are symbiotic plant root colonizers abreast of other fungal
endophytes and are important components of soil communities. They link the biotic
and abiotic soil ecosystem components and contribute to geochemical cycles, plant
nutrition and growth, providing essential ecosystem services (Gianinazzi et al. 2010)
such as soil health (Bradford 2014) and global carbon dynamics intervention (Averill
et al. 2014). Different interactions occur between plants and symbiotic fungi as ecto-
mycorrhizas (ECM), ericoid mycorrhizas (ER), orchid mycorrhizas (OM), arbuscu-
lar mycorrhizas (AM) and fungal root endophytes as fine root endophytes (FRE),
coarse root endophytes (CRE), and dark septate endophytes (DSE). These interac-
tions are essential to the host plant survival, mainly due to the acquired different
resource acquisition strategies that may differ among plant species and ecosystems
(Smith and Read 2008, Walker et al. 2018b). In the world, Highlands floras are
diverse and consequently, these ecosystems also include different mycorrhizal types
and fungal root endophytes associated (Smith and Read 2008). Thus, in alpine eco-
systems ECM, AM are abundant above treeline, as also DSE (Oehl and Korner 2014)
whereas ER are common in heathlands and AM are predominant in grasslands
(Smith and Read 2008). In general, AM fungi (AMF) occur in soils that have low
organic material content, high nitrogen content and low phosphorus availability
(Allen 1991; Read 1991). Dark septate endophytes are found in a wide range of
habitats since they are more tolerant to harsh conditions than AMF due to their mela-
nized hyphae, which are highly resistant to drought and heat stress (Redman et al.
2002; Knapp et al. 2012), two prevailing conditions in the South American Highlands.

This Chapter reviews and discusses mycorrhizal and root endophytic fungi
research focused on root colonization in arid and semiarid Highlands of South
America (SA). The areas analyzed comprise Andean and Chaco mountain ecosys-
tems placed above the treeline in at least 700 m of elevation, and the low elevation
area for the southern Andes, with minor annual mean rain than 1000 mm. Further,
the Highlands of SA have been contrasted to worldwide knowledge to provide new
perspectives for future research considering global change.

12.2 Highlands Ecosystems in South America

Different conceptual frameworks were used to define biological areas with ecologi-
cal and sociological values such as biomes, ecoregions, hotspots, phytogeographi-
cal and biogeographical domains, kingdoms, districts, and provinces among others,
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and each conceptual frameworks with their own methods, scales, properties, utili-
ties and applications (Matteucci et al. 2016). As regards defining South American
Highland ecosystems, the classification with a biogeographic approach proposed by
Morrone (2001a, 2006) has been taken into account. This author characterizes and
classifies the biogeographic regions by abiotic features of these areas based on their
geological and climatic history while including in his classification of biotic charac-
ters not only animal diversity (birds, insects, mammals), which is usually included
in most of the biogeographic known systems and applied internationally with a
conservationist view, but also vegetation and fungi diversity. Thus, his classification
system is the most complete framework for the mycorrhizal association analysis in
the Highlands of SA. Further, this approach is complemented by the ecoregion defi-
nitions of Morello et al. (2018) that include a soil characterization of these areas
which is crucial information to mycorrhizal studies together with vegetation data,
social utilities, productivity, and protected areas. Moreover, the vegetation commu-
nities characterization together with phytogeographic and floristic information
(Cabrera and Willink 1980; Oyarzabal et al. 2018; Martinez Carretero 1995;
Martinez Carretero et al. 2016) were also considered.

The hypothesis of the dual origin of the SA continent has been supported by
cladistic, biogeographic and panbiographics studies. This hypothesis relates south-
ern SA to the southern temperate areas of the Austral kingdom while tropical SA is
related to African and North American regions because of their similar animals,
plants, and fungi. Further, this compound origin was also addressed to the Andean
region which has been intimately related to the southern temperate areas and also to
the Neotropical region that has been closely related to the Old World tropics
(Morrone 2004, 2006 and references therein). Therefore, the North Andean Paramo
has been originated from another pangeographic area different from the one that
originated the rest of the southern Andean region, creating greatly different fauna,
flora, soils, and fungal associations and diversity. Moreover, the Prepuna and
Andean regions are considered biogeographically as the South American transition
zones (Morrone 2006) which are extended along the Highlands of the Andes, west-
ern Venezuela, northern Chile, and west Central Argentina including all the arid
Highlands of SA such as the North Andean Paramo, Coastal Peruvian Desert, Puna,
Atacama, and Monte regions (Morrone 2006, 2004; Posadas et al. 1997). Transition
zones are areas with an overlap of organisms from different biotic elements with
historically and ecologically different origins, these zones are useful to infer their
original biota and sister areas with diverse biogeographies. Moreover, transition
zones may present a low or high biodiversity with evolutionary importance as rep-
resentative areas of biotic interactions (Morrone 2006; Ruggiero and Ezcurra 2003),
and therefore they are crucial to the study of mycorrhizal and fungal root endo-
phytic associations.

The Chacoan subregion includes the biogeographic provinces of Caatinga,
Cerrado, Chaco and Pampa (Morrone 2001a). The rupestrian grasslands are located
along a transition zone between Caatinga, Cerrado and Mata Atlantica and it
includes mountains above 700 m from the Brazilian Espinhaco Range. As regards
the Prepuna region, authors such as Oyarzabal et al. (2018) consider it a part of the
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Chacoan domain, whereas others such as Morrone (2006, 2004) and Posadas et al.
(1997) include it in the Andean grouping. "Pampa de Achala" is a highland plateau
with grasslands and “tabaquillo” (Polylepis australis) forests located in the wet
ravines of the Argentinian Sierras Grandes above 2000 m in Central Argentina in the
Arid Chaco (Oyarzabal et al. 2018) with vegetal communities that have patchy
structures of dry-grasslands, tall-grasslands and turfs in relation with the type of
rock substrate of the landscape (Cabido 1985; Cabido et al. 1987, 1991).

Meanwhile, the Andean Highlands of SA are from the northern part of the conti-
nent since the North Andean Paramo, which is a biogeographical province located
in the high mountains of Venezuela, Colombia, Ecuador and Perd, above the mon-
tane treeline of 3000 m (Morrone 2001a, 2006, 2014) and reaching up to the snow-
line at 4500—4800 m. The soils are young with very low phosphorus content, acidic
availability and organic matter accumulation. There are extreme daily temperature
fluctuations in the air and soil. Thus, the Pdramo vegetation (Monasterio 1980) lives
under highly stressful conditions including grazing pressure (Montilla et al. 1992;
Barnola and Montilla 1997), agriculture, farming and mining (Vasquez et al. 2015).
The Paramo is regarded as a sky island or continental biogeographic island on
mountain tops, because of the recent orogeny of the northern Andes during the suc-
cessive folding and glaciation effects during the Miocene and Quaternary. These
geomorphological events created an “archipelago of islands” on mountain tops with
biogeographical barriers that generated a rich diversity of niches that have promoted
the diversification of the organisms inhabiting them (Peyre et al. 2018 and reference
therein). Thus, the Paramo is considered a hotspot with the world’s fastest evolving
and important biodiversity (Myers et al. 2000; Madrifian et al. 2013; Young et al.
2015) and the richest tropical highland flora, which includes ca. 5000 plant species
(Sklendt et al. 2014; Peyre et al. 2018 and reference therein) with characteristic
plant taxa (Morrone 2001a) such as the ferns Dicksonia stuebelii (Dicksoniaceae)
and Mubhlenbergia cleefi (Poaceae), the typical “frailejones” (Asteraceae:
Espeletiinae) which are more than 144 species distributed among the genera
Carramboa, Coespeletia, Espeletia, Espeletiopsis, Libanothamnus, Paramiflos,
Ruilopezia and Tamania (Diazgranados and Barber 2017); Draba arauquensis
(Brassicaceae), Gunnera antioquensis and G. caucana (Gunneraceae), Aragoa
(Scrophulariaceae) and Passiflora truxillensis (Passifloraceae). Aside from this
huge biodiversity and high endemism that reaches to 60% of its flora (Peyre et al.
2018 and reference therein), the Paramo is further known for providing essential
ecosystem services such as water provision, climate regulation and carbon stocking
(Buytaert et al. 2011; Farley et al. 2013; Peyre et al. 2018 and reference therein).
The Andean Paramo is considered a highly vulnerable region of high irreplaceability
and has been included in the global biodiversity conservation priorities (Brooks
et al. 20006).

The Peruvian Coastal Desert is a narrow ribbon along the Pacific Ocean coast
from the north of Perud to the north of Chile (Cabrera and Willink 1980; Morrone
2001a). The vegetation is scant, there are only permanent communities on the river-
sides and near the sea; the arborescent Cactaceae are abundant between the eleva-
tions of 1500-3000 m, among which shrubs and herbs grow with the rains (Cabrera
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and Willink 1980). The dominant plant species are Acacia macrantha, Caesalpinia
tinctoria, Diplostephium tacorense, Franseria fruticosa, Inga feuillei, Kaegeneckia
lanceolata, Lemaireocereus cartwrightianus, L. laetus, Neoraimondia macrostibas,
Paspalum vaginatum, Prosopis chilensis, P. limensis, Salicornia ambigua, Schinus
areira, Tillandsia latifolia, T. purpurea, T. straminea and Trichocereus peruvianus
(Cabrera and Willink 1980; Morrone 2001a, b). This Andean biogeographic prov-
ince is threatened by overgrazing, the alteration of the river flow regimes and the
firewood collection (Dinerstein et al. 1995).

The Atacama Desert is in the northern extreme of Chile (Morrone 2001a, b) and
extends along 1000 km of the Pacif coast, with elevations from 900—1000 m, raising
to mean values of 3000 m—5000 m. It is one of the driest and possibly oldest deserts
in the world with annual precipitations of 0.1-2.3 mm, with mean annual rains of
12 mm representing an extreme habitat for life on Earth which is an analog for life
in dry conditions on Mars (McKay et al. 2003; Clarke 2006). The vegetation in this
area is scarce; however, there are rich communities as an oasis, such as the “lomas”
formations along the hills, which are supported by the mists that are formed during
winter due to the currents of the Pacific Ocean. The Atacama Desert is also the sce-
nario of the desert flowering, an amazing and particular phenomenon which occurred
when the El Niflo events have promoted heavy rains of more than 15 mm (Pliscoff
et al. 2017). The biogeographic province of Atacama is characterized by the angio-
sperms taxon Chuquiraga ulicina (Asteraceae) (Morrone 2001b); however, its flora
is diverse (Morong 1891), with 980 Chilean native plant species which represent the
54.3% of the endemic species from Chile and 119 species naturalized (Letelier et al.
2008) with 9.6% of these endemic species in the Red List (Squeo et al. 2008). In this
environment, there are different vegetation formations and a high number of
endemic flora species (Pliscoff et al. 2017). The Atacama is one bioma threatened
by overgrazing of domestic livestock, the alteration of rivers flow, the firewood
extraction (Dinerstein et al. 1995; Morrone 2001a, b) and, mining of copper-gold
ore deposits (Clarke 2006).

The Andes, High Andean region, was considered as one of the highly vulnerable
regions of strongly irreplaceable which has been included in the global biodiversity
conservation priorities (Brooks et al. 2006). It occupies the high peaks of the
“Cordillera de los Andes”, above 4400—6000 m in its northern parts to 500 m in the
southernmost area in the Argentinian state of Tierra del Fuego (Cabrera 1976;
Morello et al. 2018), it is along the Precordillera in this southern area, at low eleva-
tions which also represent the Andean region as the Magellanic Andean regions and
the Subandean Patagonia (Morrone 2001a). The uplift of the Andean Cordillera
occurred 100 million years ago (mya) in the Cretaceous; 40 mya later, the elevation
of the land occurred due to the accumulation of sand and silt from the swamps
formed by subduction of the Nazca plate below the continental plate of SA at 5.5
mya. Along the time this uplift was followed by successive uplifts and volcanic
events, further, the pressure effects on the Nazca plate uplift by the South American
continental plate molded the Andes that is still is in an active geomorphogenesis
(Morello et al. 2018). The climate is cold and dry, with strong winds, precipitation
in the form of snow or hail at any time of the year. In the summits, they present
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eternal snows. The average monthly temperatures are below zero for more than half
of the year; its heliophany is high and the thermal amplitude is very large. The
annual precipitations are between 100 to 200 mm. There is intense solar radiation.
Glaciers are found in the region and the irrigation water comes from the thaws. The
soils are very poor and little evolved or immature; predominantly rocky, stony or
sandy soils, generally loose, shallow with rocky subsoil and incipient evolution with
the bare rock representing up to 86% of the surface in the High Andes (Morello
et al. 2018; Cabrera and Willink 1980). The plant species which habit High Andean
are more than 300 (Ferreyra et al. 1998; Ferreyra and Grigera 2002; Oyarzabal et al.
2018), and among them endemic and microendemic species which have to be con-
served (Ferreyra and Grigera 2002). The vegetation is a combination of species with
characteristics associated with xerophitism extreme, at low temperatures, and in the
wind, with graminoid form isolated, in low and compact, circular or semilunar
stands. The dicotyledons are characterized by a large underground development,
small leaves, presence of resins, protected stomata and trichomes. Creeping shrubs
and the plants in cushion or in plates attached to soil are common (Cabrera 1976),
with the vegetation unit of low steppe of Senecio algens and Oxalis compacta which
form cushions, with Jaborosa laciniata, Nastanthus ventosus, Calandrinia spp; the
open graminoid steppe, represented by an association of Festuca orthophylla,
Festuca chrysophylla, Poa gymnantha, Stipa speciosa or Pappostipa vaginata,
Pappostipa frigida, Nassella mucronata, Deyeuxia cabrerae, among others; the
shrub steppe and the semi-desert of lichens, and the fertile plain of Poaceae,
Juncaceae and Cipereceae (Cabrera 1976; Martinez Carretero et al. 2016; Morello
et al. 2018; Oyarzabal et al. 2018).

The Punais a highland plateau which extends from Southern Pert to Northwestern
Argentina (Martinez Carretero 1995; Morrone 2001a; Oyarzabal et al. 2018), lim-
ited by the Cordillera Real to the east and the Andes to the west, between 2000
4400 m. Its climate is dry and cool all year round with a large thermal range, intense
solar radiation, and scarce precipitations in the form of snow, hail, or summer rain
with a dry season in winter and an annual precipitation of 100400 mm in summer
(Cabrera and Willink 1980) but also 32 mm (Ruthsatz and Movia 1975; Ruthsatz
1977). Solar radiation is intense and relative air humidity is low (10-15%), existing
large thermal differences along the day (16-20 °C). The resulting climate is of a
desertic type. The annual mean temperature oscillates between 8.5-9.5 °C (Cabrera
and Willink 1980), during summer, the monthly mean temperature is near 6 °C
(Ruthsatz and Movia 1975; Ruthsatz 1977). The vegetation consists in shrubby
steppes and grasses with scattered trees of Polylepis tomentella (“Quifiuales”) in the
moist ravines (Cabrera and Willink 1980; Martinez Carretero et al. 2016; Renison
et al. 2013). The plants present adaptations to the lack of water during large part of
the year, low temperatures and grazing, such as deep roots (Adesmia schickendan-
zii), storage of water (Tephrocactus spp.), small leaves or photosynthetic stems
(Fabiana denudata), spines (Aloysia salsoloides), or growth in cushion at ground
level (Werneria aretioides, Azorella compacta). The shrubs steppe of Fabiana densa
and Baccharis boliviensis is the community most widespread in the Puna province,
with low coverage of herbs and the presence of other shrub species such as Adesmia



12 Southern Highlands: Fungal Endosymbiotic Associations 223

horrida, Aloysia salsoloides, and Tetraglochin cristatum. In addition, there are
endemic species (Martinez Carretero 1995). The graminose steppe is in the higher
areas, there is also azonal communities (e.g., steppe of halophytes, steppe of psam-
mophilous plants, vega, among others) (Oyarzabal et al. 2018). The soils are super-
ficial and immature, very poor in organic matter, sandy and rocky (Cabrera 1976),
and, Entisol and Aridisol type (Martinez Carretero 1995). The Puna is threatened by
agriculture, overgrazing of domestic livestock (Ilamas, goats, and sheep), fires and
firewood collection (Dinerstein et al. 1995; Morrone 2001a). Furthermore, Puna
ecoregion was considered as vulnerable by its conservation degree since 2002
(Olson and Dinerstein 2002); moreover, in the northwest of Argentina, there are
strong degraded areas in Puna considered as hotspots (Navone and Bosio
2008-2009).

On the other hand, the Chacoan Highlands of SA are included into the “Chaco”
or “Chaquena” subregion which occupies the north and center of Argentina, south
of Bolivia, west and center of Paraguay, and center and northwest of Brazil (Morrone
2001a, 2004; Prado 1993ab; Prado and Gibbs 1993). These Chaco Highlands are
included in the huge Chaco biogeographic province, which covers low elevation
plains and mountains with a continental climate, warm, with mainly summer pre-
cipitation between 500 mm—1200 mm from the west to the east, and the temperature
average is 20-23 °C. The predominant vegetation type of Chaco is the deciduous
xerophytic forest but there are also palms, savannahs, halophilic steppes, among
others vegetation communities. The Chaco region is very disturbed by the forestry
exploitation, livestock, and agriculture. The most important tree species is the “que-
bracho colorado”, used to extract tannin and to manufacture poles and sleepers for
railways; because of its very slow growth there is hardly any reforestation and in
many areas, the quebracho has been practically exterminated. The livestock has
destroyed the primitive graminoid herbaceous layer, determining the invasion of
thorny shrubs and bromeliads, and, these areas are used for agricultural purposes
with many areas which have been dismantled to grow cotton, tobacco or sugar cane
(Cabrera and Willink 1980). In this context, Highlands of Chaco are favorable areas
to be included in conservation plans due to their restricted access and the character-
istics of their plants communities.

In Brazil, Chacoan Highlands are located in southeastern and northeastern,
named the “campos rupestres’ are rupestrian grasslands or rupestrian fields, con-
sidered an important biodiversity hotspot of the Cerrado (Cardoso da Silva and
Bates 2002; Overbeck et al. 2015) especially for mycorrhizal fungi and fungal
endophytes (Oki et al. 2016). The climate is a typical subtropical seasonal with a
dry season during winter and a rainy season during summer (Fiaschi and Piradi
2009 and references therein). Among the Espinhago Plateau, at 700-2000 m of
elevation, harbors old growth grasslands with ca. 6000 plants species with high
endemisms among its diverse habitats (Veldman et al. 2015), which leads to its
unique vegetation composed of hundreds of endemic plant species (Giullieti and
Pirani 1988; Fiaschi and Pirani 2009; Echternacht et al. 2011). The main vegetation
type at higher elevations within the Espinhaco Range is the “campos rupestres”,
these grasslands are growing on rocky or sandy soil mostly of quartzite origin, but
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occasionally of arenite origin, placed above 700 m, mostly at elevations of 1000—
1400 m (Coutinho et al. 2015); with acidic and poor in nutrients quartzitic soils but
in the southern portion the soils are mostly ferruginous. These rupestrian grass-
lands include diverse habitats with different substrates, floristic compositions, the
presence of nude rocks or sandy sediments, and soils with dry or humid periods. Its
peculiar vegetation type is associated with a mosaic of bare bedrocky and white
sands and has been formed as a consequence of recent diversification events at
3—4.7 mya (Echternacht et al. 2011 and references therein). In these highlands, the
family with the greatest number of endemic species is Eriocaulaceae (Rapini et al.
2008), with clades involving Viguiera (Asteraceae), Microlicieae (Melastomataceae)
and Minaria (Apocynaceae). The phylogenetic studies of the endemic flora of the
Cerrado have proposed some angiosperm groups as candidates to study the possi-
ble recent radiations of this system, such as Eremanthus, Lychnophora, Richterago
(Asteraceae);  Encholirium  (Bromeliaceae);  Kielmeyera  (Clusiaceae);
Eriocaulaceae, Pseudotrimezia (Iridaceae); Eriope (Lamiaceae); Chamaecrista,
Mimosa (Fabaceae); Diplusodon (Lythraceae); Byrsonima (Malpighiaceae);
Microlicia, Trembleya (Melastomataceae); Sauvagesia (Ochnaceae); Declieuxia
(Rubiaceae); Barbacenia and Vellozia (Velloziaceae) (Fiaschi and Piradi 2009 and
references therein; Echternacht et al. 2011 and references therein).

The Prepuna is another arid Highland of the Chaco biogeographic province,
extended along the Central to Norwest of Argentina, from Jujuy to La Rioja states
for some authors (Cabrera 1976; Cabrera and Willink 1980; Oyarzabal et al. 2018)
or to the northern Mendoza states to others (Morrone 2001ab), and along also areas
of Chuquisaca, Tarija and Potosi states of Bolivia (Lépez 2000; Oyarzabal et al.
2018). Argentinian Prepuna occupies the dry eastern slopes and ravines of the Sub-
Andean mountains and the “Sierras Pampeanas” in the northwest of Argentina,
with elevations of 2000-3400 m in the northern area, and 1000—3000 m the south
extreme. The precipitations are less than 200 mm in the year and occurred mainly
in summer. In general, the presence of the Prepuna in Argentina is determined not
only by the elevation but very particularly by the disposition and orientation of the
ravines (Cabrera 1976). The vegetation presents adaptations to the lack of water as
in Cactaceae, plants in the form of a cushion, presence of small leaves and aphyl-
lous growth forms. The typical vegetation is the shrub steppe with small trees
(Prosopis ferox, Gochnatia glutinosa, Senna crassiramea, Aphyllocladus spartioi-
des, Cercidium andicola, Zuccagnia punctata, among others). There is a character-
istic vegetation unit of large columnar cacti Trichocereus atacamensis or T.
tarijensis above 3000 m; further, a lower layer of creeping and globular Cactaceae
(Airampoa ayrampo, Tunilla tilcarensis, Parodia maassii, P. stuemeri), and grasses
(Digitaria californica, Munroa argentina, Jarava leptostachya, J. media, Eragrostis
andicola) (Aagesen et al. 2009). The Prepuna presents also a steppe with terrestrial
Bromeliaceae, many of them forming cushions, which occupies the rocky and steep
slopes, dominated by Deuterocohnia brevifolia, D. lorentziana, D. digitata,
Tillandsia virescens, Puya castellanosii and P. dyckioides (Cabrera 1976). Although
Argentinian Prepuna has a distinctive physiognomy, it lacks endemic species that
define it (Aagesen et al. 2009, 2012; Oyarzabal et al. 2018), in contrast to Bolivian
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Prepuna which has its own endemic species (Lépez 2000; Lépez and Beck 2002).
The Bolivian Prepuna has similar characteristic than Argentinian ones but located
in the Andes of southern Bolivia between 2300-3300 m. Soils in the Prepuna region
are mountain soils, immature, stony, sandy and very permeable (Cabrera 1976;
Lépez 2000). The floristic composition of Bolivian Prepuna includes three hundred
and twenty-four species, with two hundred and ninety-nine native and numeorus
endemic species. Further, considering its species composition the Prepuna mainly
consists of a southern South American floristic composition originated in the sub-
tropical dry Chaco forests and is also influenced by the Andean Puna region, in
which predominate species exclusive to the whole Prepuna region (Argentinian and
Bolivian) as well as Bolivian endemic (most of them exclusive to the Bolivian
Prepuna). These two Prepuna regions share many genera and even some species
(Lépez 2000; Loépez and Beck 2002; Oyarzabal et al. 2018). The Prepuna as a
whole is a biogeographical transition zone, with important value for biogeographic
inferences and for its biodiversity (Morrone 2006). There is no detailed information
about the threatened plant species to Argentinian Prepuna (Dinerstein et al. 1995);
however, Bolivian Prepuna has almost 50% of native and endemic species, this
feature highlights the importance for its conservation (Lépez and Beck 2002).
Among Chaco biogeographic region, the “Pastizales de Altura” or tall grasslands
are above 1500 m or Grasslands of “Stipeas and Festuceas”, they are graminoid
steppes placed higher than the Chaco forests, and are characterized by a zonal com-
munity and another azonal community composed by hygrometic cespitose grasses
and forbs predominantly of the tribes Stipae and Festucea (Cabrera 1976; Oyarzabal
et al. 2018). Among these Highlands, the flat areas filled by modern sedimentent are
named “Pampas” (Cabido et al. 2010). These grasslands are along the edges of hills
and mountains and constitute the last vegetation floor of the “Sierras Pampeanas”
and Sub-Andean Mountains, between 1700—-1900 m above sea level and arise over
2000 m in Pampa de Achala, Sierras Grandes in Cérdoba state (Cabido et al. 2010;
Martinez Carretero et al. 2016) but also are found in Sierras de San Luis and the east
of Catamarca states (Cabrera 1976). The Pastizales de Altura main floristic compo-
sition of the zonal community is shaped by Poaceae as Nassella filiculmis, N. nidu-
loides, Nassella tenuissima among others (Stipea) or Festuca hieronymi, F. lilloi,
Poa stuckertii, Deyeuxia hieronymi, and others of the Festucea. As an azonal com-
munity, there is a high prairie of hydrophytic areas, in places where moisture is
accumulated and herbs and forbs appear such as Lachemilla pinnata, Eleocharis
pseudoalbibracteata, Carex gayana. Further, the populations of the huge grass
Cortaderia selloana are common where the water flows. The ravines present little
and small forests of Polylepis australis (‘“tabaquillo” or “quefioa”) and Maytenus
boaria (“maitén” or “orco molle”), which are distributed along areas protected of
grazing and fire by the rock outcrops (Cabido et al. 2010). These tabaquillo forests
also present a smaller stratum of shrubs of Berberis hieronymi, Clinopodium gil-
liesii, Clinopodium odorum, Gaultheria poeppigii, Baccharis tucumanensis,
Baccharis flabellata, Escallonia cordobensis, Heterothalamus alienus and Colletia
spinosissima, and ferns such as Blechnum pennamarina, Cystopteris fragilis,
Woodsia montevidensis, Pleopeltis pinnatifida, Polystichum montevidense, Pellaea
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ternifolia, Elaphoglossum gayanum and Elaphoglossum lorentzii (Cabido et al.
2010). In particular, the Pampa de Achala, is a granitic plateau at 2250 m above sea
level, in “Sierras de Cérdoba”, the climate is temperate with cold dry winters (aver-
age temperature 5 °C) and short cool summers (average temperature 11.4 °C), the
average rainfall is 850 mm during spring-summer, frost may occur at almost any
time, occasionally snow may fall in winter and spring (Diaz et al. 1994). The vege-
tation is a climatically determined grassland traditionally subjected to pastoral use
(cattle, sheep, and horse). The plant communities and soil characteristics were
described by Cabido et al. (1987, 2010). The floristic features are detailed in Cabido
(1985). The soils have light acid pH and high degradation velocity, the texture varies
from loam to clay-loam; the soils related to the “Deyeuxia grassland” is classified as
Humic Cambisol/Cumulic Haplumbrept, Haplic Phaeozem/Entic Hapludoll, and
Haplic Phaeozem/Fluventic Hapludoll (Cabido et al. 1987). Furthermore, in the
highland grasslands of the Sierras de Cérdoba, logging, fire and browse of tabaquillo
sprouts have confined these forests to ravines and protected areas as the “Quebrada
del Condorito” National Park (Cabido et al. 2010).

12.3 Mycorrhizal associations in South American Highlands

In South American Highlands, the fungal endosymbiotic associations above the
treeline were recorded in Andean and Chaco biogeographic regions. In Andean
Highlands, AMF diversity in Puna is low in richness and spores abundance, and
decrease with the increase of the elevation between 3320-3850 m; with predomi-
nance of the glomoid and its sporocarpic species on the acaulosporoid and scutel-
losporoid species (Lugo et al. 2008) without effect of the host photosynthetic
pathways (C; or Cy) on AMF diversity. Further, in Magellanic/Patagonian Andean
region, sites from 800 to 2005 m of elevation from shrublands to forest with differ-
ent habitat features as precipitations, soils, and plants communities have shown also
low AMF species richness and abundance, with Acaulospora laevis and its family
(Acaulosporaceae) as dominant taxa at all sites in these AMF communities; which
were grouped according to habitat with certain structural patterns of the AMF com-
munity, that in some cases were common with other highlands environments instead
others were exclusive to this Andean region (Veldzquez et al. 2016). In contrast, in
the Chaco Highlands, AMF diversity was higher (Lugo and Cabello 2002) than in
the Andean region. Thus, in Pampa de Achala at lower elevation of 2250 m, AMF
communities composition and richness showed a relationship with a low host pref-
erence, with different AMF taxa associated to C; or C,4 grasses (Lugo and Cabello
2002). In the rupestrian grasslands of the Espinhago Range, AMF diversity also
have shown variation with soil propierties along an altitudinal gradient from 800 to
1400 m above sea level, where the pattern of AMF diversity with the elevation
increase (Coutinho et al. 2015) was similar to Andean Regions (Lugo et al. 2008);
further, in the rupestrian grasslands at ca. 1200 m the diversity of AMF and its com-
munities structure were found related more to the heterogeneity of habitats and their
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soil physicochemical features than to the soil chemical characteristics and the plant
species richness (Carvalho et al. 2012). Moreover, for a more detailed and deeper
review of the AMF diversity among the different ecosystems of SA see also Chapters
of Becerra et al., Cofré et al., Grilli et al., and Soteras et al. in this Book.

In this Chapter, we have focused on plants root colonization by fungal endo-
phytic associations. Thus, it was revised our unpublished data and published data
(Table 12.1) available online of root colonization in arid and semiarid Highlands
above treeline. The articles were searched online for Google Scholar and Scopus, in
total only 25 publications were found in these topics. Thus, the root colonization by
fungal endosymbiotic associations was reviewed Highlands above treeline along 12
Ecoregions from northern to southern SA (Table 12.1) representing to the Andean
region by the Paramo, High Andean, Puna, Central Andean, Magellanic Andean
region, and the Cerrado and Chaco regions for the Chaco Highlands. There are no
reports or publications either for root colonization by fungal endosymbionts, and
mycorrhizal colonization or for mycorrhizal fungi and spores for the Atacama and
Costal Peruvian Andean Deserts.

The main proportion of colonization data from plants of the South American
Highlands are from the Andean region (74%) and less information is recorded from
the Chaco (26%) (Figs. 12.1, 12.2). The regions with the main proportion of plant
species studied were Venezuelan Paramo (23%), the Argentinian Puna (20%), the
High grasslands of the Argentinian Chaco (16%) and the Andes of Central Chile
(11%) (Figs. 12.1, 12.2).

The root colonization of 205 plant taxa was considered from publications and
unpublished results of the Chapter’s authors. These plant taxa are included in a total
of 42 plant families, mostly Poaceae (35%) and Asteraceae (20%), and the families
scarcely represented in the studied areas were Apiaceae, Aspleniaceae,
Berberidaceae, Blechnaceae, Calyceraceae, Campanulaceae, Caryophyllaceae,
Chenopodiaceae, Crassulaceae, Cunoniaceae, Cyperaceae, Dryopteridaceae,
Ephedraceae, Ericaceae, Eriocaulaceae, Fabaceae, Gentianaceae, Geraniaceae,
Hydrophyllaceae, Hypericaceae, Iridaceae, Juncaceae, Lamiaceae, Lycopodiaceae,
Malvaceae, Melastomataceae, Orchidaceae, Oxalidaceae, Polygonaceae,
Polypodiaceae, Portulacaceae, Ranunculaceae, Rosaceae, Scrophulariaceae,
Solanaceae, Valerianaceae, Verbenaceae, Violaceae, Xyridaceae and Winteraceae.
Along Andean and Chaco Highlands, the families studied in common were Apiaceae,
Asteraceae, Cyperaceae, Gentianaceae, Lycopodiaceae, Orchidaceae, Poaceae,
Polygonaceae, Rosaceae, and Scrophulariaceae, with a predominance of Poaceae,
39% and 24% respectively (Table 12.1, Fig. 12.3a). Among South American
Highlands, the habits of the majority of plants were herbs (42%), graminoid (36%)
and shrub (12%) (Fig. 12.3b) with the vast majority (73%) of native or endemic
plants (13%), only a low number species were exotic (7%) (Fig. 12.3c).

The distribution of mycorrhizal associations and fungal endophytic colonization
in plants roots of Highlands studied are detailed in Fig. 12.4a. Different categories
were observed including AM, DSE, ER and their dual (AM-DSE, DSE-OM) and
triple associations (AM-DSE-ER). Nevertheless, the most frequent association was
AM (43%) and dual association AMF-DSE (40%). Then, the prevalent fungal endo-
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Table 12.1 List of plant species studied in Andean and Chaco Highlands. The data were obtained
from publications and unpublished data of Chapter’s authors. The species name, its families, habits
(fern, herb, graminoid, shrub, succulent, tree), distribution status (native, exotic, endemic), AMF
root colonization (AMF), DSE root colonization (DSE), orchid mycorrhiza, ericoid mycorrhiza
and location (Andean or Chaco regions) were included

Plant species Family Habit | Status | AMF | DSE | <Location/Source

Muehlenbergia Poaceae g | Native |x nd | Andean: Venezuelan

ligularis Pdramo?

Agrostis trichodes Poaceae g | Native |x nd | Andean: Venezuelan
Pédramo?

Festuca australis Poaceae g | Endemic | x nd | Andean: Venezuelan
Pédramo?

Aciachne pulvinata Poaceae g | Native |x nd | Andean: Venezuelan
Péramo?

Trisetum irazuense Poaceae g | Native |x nd | Andean: Venezuelan
Péramo*!3

Eleocharis acicularis | Cyperaceae g | Native |x nd | Andean: Venezuelan
Pédramo?

Carex albolutescens Cyperaceae g |Native |- nd | Andean: Venezuelan
Pédramo?

Lachemillia sp. Rosaceae - - X nd | Andean: Venezuelan
Pédramo?

Lucilia venezuelensis | Asteraceae h | Native |x nd | Andean: Venezuelan
Péramo?

Oritrophium Asteraceae h |Native |x nd | Andean: Venezuelan

paramense Pdramo?

Hypericum brathys Asteraceae h |Native |x nd | Andean: Venezuelan
Péramo?

Taraxacum oficinale Asteraceae h |Exotic |x nd | Andean: Venezuelan
Péramo?

Geranium sp. Geraniaceae - - X nd | Andean: Venezuelan
Pédramo?

Rumex acetosella L. Polygonaceae h | Exotic |x nd | Andean: Venezuelan
Péramo*!3

Sysyrinchium sp. Iridaceae - - X nd | Andean: Venezuelan
Péramo?®

Hypericum laricifolium | Hypericaceae sh | Native |x nd | Andean: Venezuelan
Péramo?®

Espeletia shultzii Asteraceae h | Endemic | x nd | Andean: Venezuelan
Péramo*!3

Espeletia floccosa Asteraceae h | Endemic | x nd | Andean: Venezuelan
Péramo?®

Pseudognaphalium Asteraceae h | Native |x nd | Andean: Venezuelan

moritzianum Pdramo?

Bidens andicola Asteraceae h |Native |x nd | Andean: Venezuelan
Péramo?

Hinterhubera ericoides | Asteraceae sh | Endemic | x nd | Andean: Venezuelan

Paramo’

(continued)
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Table 12.1 (continued)
Plant species Family Habit | Status AMF | DSE | “Location/Source
Blakiella bartsiaefolia | Asteraceae h | Native |x nd | Andean: Venezuelan
Pdramo?
Conyza lasseriana Asteraceae h | Endemic | - nd | Andean: Venezuelan
Pdramo?
Lucilia radians Asteraceae h |Native |x nd | Andean: Venezuelan
Pdramo?
Hypochoeris setosus Asteraceae h | Native |x nd | Andean: Venezuelan
Pdramo?
Stipa philipii Poaceae g | Native |x nd | Andean: Venezuelan
Pdramo?
Poa petrosa Poaceae g | Native |x nd | Andean: Venezuelan
Pdramo?
Luzula racemosa Juncaceae h |Native |x nd | Andean: Venezuelan
Péramo?
Arenaria sp. Caryophyllaceae - - X nd | Andean: Venezuelan
Péramo?
Echeverria Crassulaceae s | Native |x nd | Andean: Venezuelan
venezuelensis Paramo>'3
Lobelia ternera Campanulaceae h | Native |x nd | Andean: Venezuelan
Péramo?
Bacharis prunifolia Asteraceae sh | Native |x nd | Andean: Venezuelan
Paramo'?
Gnaphalium Asteraceae h | Native |x nd | Andean: Venezuelan
paramorum Paramo'?
Gnaphalium Asteraceae h | Native |x nd | Andean: Venezuelan
purpureum Paramo'?
Stevia elatior Asteraceae h | Native |x nd | Andean: Venezuelan
Paramo'?
Senecio formosus Asteraceae h | Native |x nd | Andean: Venezuelan
Paramo'?
Geranium sp. Geraniaceae - - X nd | Andean: Venezuelan
Paramo'?
Poa annua Poaceae g | Exotic |x nd | Andean: Venezuelan
Paramo'?
Agrostis jahnii Poaceae g |Native |x nd | Andean: Venezuelan
Paramo'?
Hypericum laricoides | Hypericaceae sh | Native |x nd | Andean: Venezuelan
Paramo'?
Orthosanthus Iridaceae h | Native |x nd | Andean: Venezuelan
chimborasencis Paramo'?
Lupinus meridanus Fabaceae h | Native |x nd | Andean: Venezuelan
Paramo'?
Acaena Rosaceae h | Native |x nd | Andean: Venezuelan
cylindrostachya Paramo'?

(continued)
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Plant species Family Habit | Status AMF | DSE | ‘Location/Source
Acaena elongata Rosaceae sh | Native |x nd | Andean: Venezuelan
Péramo'?
Lachemilla fulvescens | Rosaceae h | Native |x nd | Andean: Venezuelan
Péramo'?
Lachemilla hirta Rosaceae h |Native |x nd | Andean: Venezuelan
Péramo'?
Lachemilla verticilata | Rosaceae h |Native |x nd | Andean: Venezuelan
Péramo'?
Calamagrostis effusa | Poaceae g | Native |x nd | Andean: Colombian
Paramo'*
Espeletia grandiflora | Asteraceae h | Native |x nd | Andean: Colombian
Péramo'*
Espeletia corymbosa | Asteraceae h | Native |x nd | Andean: Colombian
Paramo'*
Weinmannia tomentosa | Cunoniaceae t |Native |x nd | Andean: Colombian
Paramo'*
Drimys granadensis Winteraceae t | Native |x nd | Andean: Colombian
Paramo'*
Chusquea scandens Poaceae g | Native |x nd | Andean: Colombian
Paramo'*
Asplenium castaneum | Aspleniaceae h | Native |- - Andean: Peruvian
High Andean'®
Perezia coerulescens | Asteraceae h | Native |- X Andean: Peruvian
High Andean'®
Senecio sp. Asteraceae - - X X Andean: Peruvian
High Andean'®
Werneria sp. Asteraceae - - X X Andean: Peruvian
High Andean'®
Mnioides sp. Asteraceae - - X X Andean: Peruvian
High Andean'®
Werneria orbignyana | Asteraceae h | Native |- X Andean: Peruvian
High Andean'®
Xenophyllum rosenii Asteraceae sh | Native |- X Andean: Peruvian
High Andean'®
Ephedra rupestris Ephedraceae sh | Native |- - Andean: Peruvian
High Andean'®
Erodium cicutarium Geraniaceae h | exotic - - Andean: Peruvian
High Andean'®
Calamagrostis Poaceae g | Native |x - Andean: Peruvian
antoniana High Andean'®
Calamagrostis ovata Poaceae g | Native |- - Andean: Peruvian
High Andean'®
Astragalus Fabaceae h | Native |x X Andean: Peruvian
arequipensis High Andean'®

(continued)
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Table 12.1 (continued)
Plant species Family Habit | Status AMF | DSE | “Location/Source
Lupinus aridulus Fabaceae h | Native |x X Andean: Peruvian
High Andean'®
Lycopodium Lycopodiaceae f - X X Andean: Peruvian
(Huperzia) sp. High Andean'®
Nototriche sulphurea | Malvaceae h | Native |x - Andean: Peruvian
High Andean'®
Bartsia pumila Scrophulariaceae | h | Endemic | x X Andean: Peruvian
High Andean'®
Valeriana pycnantha Valerianaceae h | Native |x X Andean: Peruvian
High Andean'®
Adesmia spinosissima | Fabaceae sh | Native |x X Andean: Bolivian
High Andean"
Bacharis incarum Asteraceae sh | Native |x X Andean: Bolivian
High Andean'"”
Chersodoma Asteraceae sh | Native |x X Andean: Bolivian
Jodopappa High Andean"’
Chuquiraga Asteraceae sh | Native |x X Andean: Bolivian
atacamensis High Andean"’
Parastrephia Asteraceae sh | Native |x X Andean: Bolivian
lepidophylla High Andean"’
Parastrephia Asteraceae sh | Native |x X Andean: Bolivian
quadrangularis High Andean"
Fabiana densa Solanaceae sh | Native | x X Andean: Bolivian
High Andean"
Junelia seriphioides Verbenaceae sh | Native |x X Andean: Bolivian
High Andean"’
Lampayo castellani Verbenaceae sh |Native |x X Andean: Bolivian
High Andean"
Nassella publifiora Poaceae g | Native |x X Andean: Bolivian
High Andean"
Jarava leptostachya Poaceae g | Native |x X Andean: Bolivian
High Andean"
Stipa plumosa Poaceae g | Native |x X Andean: Bolivian
High Andean"
Chenopodium quinoa | Chenopodiaceae h | Native |x X Andean: Bolivian
High Andean"’
Bromus catharticus Poaceae g |Native |x X Andean: Argentinian
Puna’
Polypogon interruptus | Poaceae g | Native |x X Andean: Argentinian
Puna’
Vulpia myuros f. Poaceae g | Exotic |x X Andean: Argentinian
megalura Puna’
Calamagrostis sp. Poaceae g |- - nd | Andean: Argentinian

Puna?®

(continued)
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Table 12.1 (continued)
Plant species Family Habit | Status AMF | DSE | “Location/Source
Calamagrostis Poaceae g | Native |x nd | Andean: Argentinian
breviaristata Puna®
Calamagrostis Poaceae g | Native |x nd | Andean: Argentinian
trichodonta Puna®
Danthonia annableae | Poaceae g | Native |x X Andean: Argentinian
Puna®
Danthonia boliviensis | Poaceae g | Native |x X Andean: Argentinian
Puna’
Chascolytrum Poaceae g | Native |- nd | Andean: Argentinian
subaristatum Puna®
Festuca humilior Poaceae g | Native |x X Andean: Argentinian
Puna™
Festuca rigescens Poaceae g | Native |x nd | Andean: Argentinian
Puna®
Hordeum muticum Poaceae g | Native |x X Andean: Argentinian
Puna’
Jarava plumosula Poaceae g | Endemic | x X Andean: Argentinian
Puna’
Koeleria praeandina Poaceae g | Endemic | x X Andean: Argentinian
Puna’
Nassella meyeniana Poaceae g | Native |x nd | Andean: Argentinian
Puna®
Piptochaetium indutum | Poaceae g | Native |x nd | Andean: Argentinian
Puna®
Poa calchaquiensis Poaceae g | Native |x nd | Andean: Argentinian
Puna®
Poa laetevirens Poaceae g | Native |x X Andean: Argentinian
Puna’
Poa lilloi Poaceae g | Native |x nd | Andean: Argentinian
Puna®
Poa pratensis Poaceae g | Exotic |- nd | Andean: Argentinian
Puna®
Poa superata Poaceae g | Endemic | x nd | Andean: Argentinian
Puna®
Trisetum spicatum Poaceae g | Native |x nd | Andean: Argentinian
Puna®
Aristida adscensionis | Poaceae g |Native |x X Andean: Argentinian
Puna’
Bouteloua barbata Poaceae g |Native |x X Andean: Argentinian
Puna’
Bouteloua simplex Poaceae g | Native |x X Andean: Argentinian
Puna’
Eragrostis nigrican Poaceae g | Native |x X Andean: Argentinian

Puna’

(continued)
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Table 12.1 (continued)
Plant species Family Habit | Status AMF | DSE | “Location/Source
E. nigricans var. Poaceae g | Native |x X Andean: Argentinian
punensis Puna™
E. mexicana subsp. Poaceae g | Native |x X Andean: Argentinian
virescens Puna’
Microchloa indica Poaceae g | Native |x X Andean: Argentinian
Puna’
Aristida asplundii Poaceae g | Native |x X Andean: Argentinian
Puna’
Cynodon dactylon Poaceae g | Exotic |x X Andean: Argentinian
Puna’
Cynodon dactylon var. | Poaceae g | Exotic |x nd | Andean: Argentinian
biflorus Puna®
Eragrostis sp Poaceae g |- X nd | Andean: Argentinian
Puna®
Eragrostis lugens Poaceae g | Native |- nd | Andean: Argentinian
Puna®
Muhlenbergia rigida Poaceae g | Native |x - Andean: Argentinian
Puna’
Gentiana prostrata Gentianaceae h | Native |x X Andean: Argentinian
Puna®
Gentianella Gentianaceae h |Native |x - Andean: Argentinian
helianthemoides Puna'®
Digitaria californica | Poaceae g | Native |x nd | Andean: Argentinian
Puna’
Polypogon Poaceae g | Exotic |x nd | Andean: Argentinian
monspeliensis Puna>®
Stipa speciosa Poaceae g | Endemic | x nd | Andean: Argentinian
Puna>®
Trichloris crinita Poaceae g |Native |x nd | Andean: Argentinian
Puna>®
Polypogon interrupus | Poaceae g | Native |x nd | Andean: Argentinian
Puna®
Puccinellia frigida Poaceae g | Native |x X Andean: High
Andean
Hypersaline'”
Azorella madreporica | Apiaceae sh | Native |x X Andean: Chilean
High Andean?
Laretia acaulis Apiaceae h | Native |x X Andean: Chilean
High Andean?
Pozoa coriacea Apiaceae h |Native |x X Andean: Chilean
High Andean?
Chaetanthera Asteraceae h | Native |- - Andean: Chilean
Iycopodioides High Andean™
Erigeron andicola Asteraceae h |Native |x X Andean: Chilean
High Andean®

(continued)



234

Table 12.1 (continued)

M. A. Lugo and E. Menoyo

Plant species Family Habit | Status AMF | DSE | ‘Location/Source
Nassauvia lagascae Asteraceae h | Native |- X Andean: Chilean
High Andean®
Perezia carthamoides | Asteraceae h | Native |- - Andean: Chilean
High Andean®
Senecio bustillosianus | Asteraceae sh | Endemic | x X Andean: Chilean
High Andean®
Senecio francisci Asteraceae sh | Native |x X Andean: Chilean
High Andean®
Taraxacum officinale | Asteraceae h | Exotic |x X Andean: Chilean
High Andean®
Nastanthus Calyceraceae h |Native |x X Andean: Chilean
agglomeratus High Andean®
Cerastium arvense Caryophyllaceae | h | Exotic |x X Andean: Chilean
High Andean®
Adesmia sp. Fabaceae h |- - - Andean: Chilean
High Andean®
Phacelia secunda Hydrophyllaceae | h |Native |x X Andean: Chilean
High Andean’
Oxalis compacta Oxalidaceae h | Native |x X Andean: Chilean
High Andean’
Hordeum comosum Poaceae g | Native |x X Andean: Chilean
High Andean’
Calandrinia caespitosa | Portulacaceae h | Native |- - Andean: Chilean
High Andean®
Montiopsis sericea Portulacaceae h | Endemic | - X Andean: Chilean
High Andean’
Barneoudia major Ranunculaceae h | Native |x X Andean: Chilean
High Andean’
Acaena pinnatifida Rosaceae h | Native |x X Andean: Chilean
High Andean®
Melosperma andicola | Scrophulariaceae | sh | Native |- X Andean: Chilean
High Andean®
Viola atropurpurea Violaceae h | Endemic | x X Andean: Chilean
High Andean®
Viola philippii Violaceae sh | Endemic | - - Andean: Chilean
High Andean’
Deschampsia flexuosa | Poaceae g | Exotic |x X Andean: Magellanic
steppe*
Poa rigidifolia Poaceae g | Endemic | x X Andean: Magellanic
steppe’
Gavilea australis Orchidaceae h | Endemic | - -2 Andean: Magellanic
steppe®
Gavilea lutea Orchidaceae h | Endemic |- -2 Andean: Magellanic

steppe®

(continued)
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Table 12.1 (continued)
Plant species Family Habit | Status AMF | DSE | “Location/Source
Codonorchis lessonii | Orchidaceae h | Endemic | - A Andean: Magellanic
steppe®
Gentianella Gentianaceae h | Endemic | x X Andean: Subandean
magellanica Patagonia®
Paepalanthus Eriocaulaceae h |Native |x nd | Chaco: Rupestrian
bromelioides fields?3
Bulbostylis sp. Cyperaceae g |- X nd | Chaco: Rupestrian
ﬁeldSZO‘B
Eremanthus incanus Asteraceae t | Native |x nd | Chaco: Rupestrian
fields®
Centrosema coriaceum | Fabaceae h | Native |x nd | Chaco: Rupestrian
fields®
Pavonia viscosa Malvaceae h | Native |x nd | Chaco: Rupestrian
fields®
Tibouchina multiflora | Melastomataceae | t |Native |X nd | Chaco: Rupestrian
fields®
Syngonanthus elegans | Eriocaulaceae h | Endemic | x nd | Chaco: Rupestrian
fields>*
Loudetiopsis Poaceae g | Native |x nd | Chaco: Rupestrian
chrysothrix fields?*
Xyris sp. Xyridaceae h | Native |x nd | Chaco: Rupestrian
fields**
Bulbophyllum weddelii | Orchidaceae h | Native |- x* | Chaco: Rupestrian
fields®
Epidendrum Orchidaceae h | Native |- x* | Chaco: Rupestrian
dendrobioides fields®
Maxillaria acicularis | Orchidaceae h | Native |- x* | Chaco: Rupestrian
fields®
Oncidium gracile Orchidaceae h | Native |- x* | Chaco: Rupestrian
fields®
Pleurothallis teres Orchidaceae h | Endemic |- x* | Chaco: Rupestrian
fields®
Prosthechea vespa Orchidaceae h | Native |- x* | Chaco: Rupestrian
fields®
Sophronitis milleri Orchidaceae h | Native |- x* | Chaco: Rupestrian
fields®
Sarcoglottis sp. Orchidaceae h | Native |- x* | Chaco: Rupestrian
fields®
Digitaria swalleniana | Poaceae g | Native |x - Chaco: Argentinian
Prepuna'!
Lachemilla pinnata Rosaceae h | Native |x X Chaco: High
grasslands’'?
Briza subaristata Poaceae g |Native |x nd | Chaco: High
grasslands’

(continued)
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Plant species Family Habit | Status AMF | DSE | “Location/Source
Deyeuxia hieronymi Poaceae g | Native |x X Chaco: High
grasslands’'?
Poa stuckertii Poaceae g | Endemic | x X Chaco: High
grasslands’'?
Eragrostis lugens Poaceae g | Native |x nd | Chaco: High
grasslands®®’
Sorghastrum pellitum | Poaceae g | Native |x nd | Chaco: High
grasslands®’
Agrostis glabra Poaceae g | Endemic | x nd | Chaco: High
grasslands©'®
Muhlenbergia Poaceae g | Native |x nd | Chaco: High
peruviana grasslands©!®
Nassella nidulans Poaceae g | Endemic | x nd | Chaco: High
grasslands©!®
Vulpia myurus Poaceae g | Exotic |x nd | Chaco: High
grasslands'®
Polystichum Dryopteridaceae f | Native |x - Chaco: High
montevidense grasslands'?
Eryngium agavifolium | Apiaceae h | Native |x X Chaco: High
grasslands'?
Oreomyrrhis andicola | Apiaceae h | Native |x X Chaco: High
grasslands'?
Achyrocline Asteraceae sh | Native | x X Chaco: High
satureioides grasslands'?
Gamochaeta Asteraceae h |Native |x X Chaco: High
americana grasslands'?
Hypochaeris radicata | Asteraceae h | Exotic |x X Chaco: High
grasslands'?
Berberis hieronymi Berberidaceae sh | Native |x X Chaco: High
grasslands'?
Blechnum Blechnaceae f |Native |x X Chaco: High
penna-marina grasslands'?
Carex fuscula Cyperaceae g | Native |x X Chaco: High
grasslands'?
Gaultheria poeppigii | Ericaceae sh | Native |x x” | Chaco: High
grasslands'>'®
Gentianella achalensis | Gentianaceae h |Native |x X Chaco: High
grasslands'?
Lepechinia meyenii Lamiaceae h | Native |x X Chaco: High
grasslands'?
Satureja odora Lamiaceae sh | Native |x X Chaco: High
grasslands'?
Huperzia saururus Lycopodiaceae f |Native |x X Chaco: High

grasslands'?

(continued)
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Table 12.1 (continued)

Plant species Family Habit | Status AMF | DSE | “Location/Source
Festuca tucumanica Poaceae g | Native |x X Chaco: High
grasslands'?
Polypodium Polypodiaceae f | Native |x X Chaco: High
bryopodum grasslands'?
Duchesnea indica Rosaceae h | Exotic |x X Chaco: High
grasslands'?
Polylepis australis Rosaceae sh/t |Native |x X Chaco: High
grasslands'?
Bartsia crenoloba Scrophulariaceae | h | Native |x X Chaco: High
grasslands'?
Aa achalensis Orchidaceae h | Endemic | - x? Chaco: High
grasslands?!
Gentianella multicaulis | Gentianaceae h | Endemic | x X Chaco: High
grasslands'®
Gentianella parviflora | Gentianaceae h | Endemic | - X Chaco: High

grasslands'®

Habits: (f) fern, (h) herb, (g) graminoid, (sh) shrub, (s) succulent, (t) tree; AMF root colonization:
(x) presence, (-) absence; DSE root colonization: (x) presence, (-) absence, (nd): non determined;
2orchid mycorrhiza; ericoid mycorrhiza. “Location/Source: (1) Angulo-Veizaga and Garcia-Apaza
(2014), (2) Barnola and Montilla (1997), (3) Casanova-Katny et al. (2011), (4) Garcia et al. (2012),
(5) Lugo et al. (1995), (6) Lugo et al. (1997), (7) Lugo et al. (2003), (8) Lugo et al. (2012), (9)
Lugo et al. (2018), (10) Lugo unpublished, (11) Lugo unpublished, (12) Menoyo et al. (2007), (13)
Montilla et al. (1992), (14) Garcia Romero et al. (2004), (15) Salvarredi et al. (2010), (16) Schmidt
etal. (2008), (17) Silvani et al. (2013), (18) Urcelay (2002), (19) Urcelay et al. (2011), (20) Pagano
and Scotti (2009), (21) Fracchia et al. (2014a), (22) Fracchia et al. (2014b), (23) Pagano and
Cabello (2012), (24) Costa et al. (2016), (25) Nogueira et al. (2005). The Location/Source numbers
are also placed at its respective geolocations in the Fig. 12.2

symbiotic associations was AM, which AMF colonization represented in the 83% of
roots of the species while only 17% was not colonized for these fungi (Fig. 12.4b).
Plants that were not colonized by AMF were found within several families as
Aspleniaceae, Asteraceae, Cyperaceae, Ephedraceae, Fabaceaea, Gentianaceae,
Geraniaceae, Orchidaceae, Poaceae, Portulacaceae, Scrophulariaceae, and
Violaceae; however, those families also showed presence of AMF colonization
depending of the species studied, only Aspleniaceae, Ephedraceae, Orchidaceae and
Portulacaceae never was colonized by AMF (Table 12.1). The DSE colonization
was recorded in 48% of the total plant taxa studied in Highlands, while only 9% did
not present this type of colonization (Fig. 12. 4c). Thus, there is a remaining 43% of
plants without information of the presence of colonization by DSE. In addition, as
also occurred for AMF colonization, the plants without DSE colonization were rep-
resentatives of several families as Aspleniaceae, Asteraceae, Dryopteridaceae,
Ephedraceae, Fabaceaea, Gentianaceae, Geraniaceae, Malvaceae, Orchidaceae,
Poaceae, Portulacaceae, and Violaceae; however, those families also showed pres-
ence of DSE colonization depending of the species studied, only Aspleniaceae,
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Fig. 12.1 Percentage of plant species studied along the different Highlands of South America (a)
Andean Highlands, (b) Chaco Highlands, (¢) Total data

Dryopteridaceae, Ephedraceae, Geraniaceae, and Malvaceae never were colonized
by DSE (Table 12.1).

Furthermore, a triple association of ER, AM, and DSE was also recorded in
Gaultheria poeppiggi DC (Ericaceae) in Chaco Highlands of Pampa de Achala
(Table 12.1).

In regard to mycorrhizal associations and fungal endophytic colonization in
plants roots, in Andean environments 9 Ecoregions (Table 12.1) were reported and
revised considering the plant species analyzed (Figs. 12.1, 12.2) such as the
Venezuelan Paramo (30%), the Argentinian Puna (27%), the Andes of Central Chile
(15%) and Peruvian High Andean (12%), these plants species are widespread in 33
families, with the main proportion of species studied included in Poaceae (39%) and
Asteraceae (25%) (Fig. 12.3a). The majority of the plants observed were herba-
ceous (39%) and graminoid (40%), also including few ferns, shrubs, succulents and
trees (Fig. 12.3b); which were majority native (72%) or endemic (12%) plants, with
few exotic species (8%) (Fig. 12.3c). Arbuscular mycorrhizal colonization was
recorded in the 85% of the plant species and the 43% presented DSE colonization;
however, the 47% of the total plant species were not analyzed for the presence of
colonization by DSE (Figs. 12.4b, c).

Along Highlands of the Chaco region, 3 Ecoregions (Table 12.1) were consid-
ered to be tall grasslands such as Rupestrian fields of Cerrado region, Prepuna and
Pampa de Achala grasslands (Figs. 12.1, 12.2) that were represented by the main
species numbers (64%) among 20 families of plants, mostly Poaceae (24%)
(Fig. 12.3a). As in the Andean highlands, the habits of the majority of the plants
studied were herbaceous (52%) and graminoid (26%) including the lesser percent-
age of ferns, shrubs, and tree (Fig. 12.3b). The great number of species were native
(76%) or endemic plants (16%), with a scarce number of exotic species (6%)
(Fig. 12.3c). The 80% of the species presented AMF colonization and the 64% of
plants were colonized by DSE while the remaining 32% were not analyzed for the
presence of DSE colonization (Figs. 12.4b, c).
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Fig. 12.2 Map of the root symbiosis distribution in Highlands of South America. The Location/
Source numbers are detailed in the foot note of the Table 12.1 (Map author: Hebe J. Iriarte —
IMIBIO Institute)

The glomalean fungal endophytes colonization in roots of Highlands of Andean
(Fig. 12.5) and Chaco regions (Fig. 12.6) were fine root endophytes (FRE)
(Figs. 12.5a, 12.6a) and coarse root endophytes (CRE); the coarse and medium
hyphae were found in both Andean (Fig. 12.5b) and Chaco regions (Fig. 12.6b)
forming colonization from Arum (Fig. 12.5¢, Fig. 12.6¢) to Paris (Fig. 12.5¢) types,
and a CRE with a particular Paris type (Fig. 12.6b) which was presented in roots of
Gentianaceae also in both ecorigions. Furthermore, DSE colonization was also
observed in the roots of Andean (Fig. 12.5d) and Chaco Gentianaceae (Fig. 12.6d)
and Poaceae (Fig. 12.6e).
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Fig. 12.3 Percentage of plant species studied along the different Highlands of South America
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Fig. 12.4 Percentage of plant species associated to different fungal endophytes and mycorrhizal
fungi along the Highlands of South America (a) Percentage of total hosts species by different root
fungal associations, (b) Percentage of hosts species colonized by AMF, (c) Percentage of hosts
species colonized by DSE. References: AM: Arbuscular mycorrhizas, DSE: Dark septate endo-
phytes, OM: Orchid mycorrhizas, ER: Ericoid mycorrhizas

The frequency of plant species colonized by each family was analyzed at each
environment studied, showing differences between the Ecoregions. Thus, some
combinations of well represented families were found in Andean and Chaco
Highlands (Table 12.1, Fig. 12.3a). It is important to take into account in Highlands,
the effects of global warming on plants community, with nutrient induced loss of
plant diversity such as the graminoid or sedge promotion that could have an impact
on the fungal communities of soils, especially in the AMF (Wahl and Spiegelberg
2016).

Ectomycorrhizal associations were absent in Highlands of SA neither Andean
nor Chaco regions. The ECM has been known in alpine environments in roots of
trees, few shrubs and herbaceous plants such as Betula spp. (Betulaceae), Salix spp.
(Salicaceae), Dryas spp. (Rosaceae) and Kobresia spp. (Cyperaceae) (Gardes and
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Fig. 12.5 Root colonization types in Poaceae of the South American Highlands of Puna, Andean
region (a) fine root endophytes (FRE), (b) coarse (CRE) and medium glomalean root endophytes,
(¢) CRE forming Arum and Paris type colonization, (d) DSE in the roots. *References: meaning of
letters on the images: a, arbuscule; ac, arbusculated coil; ch, coarse hypha; ep, entry point; th, fine
hypha; mh, medium hypha; ms, microsclerotia; v, vesicle; s, spore (Photo-credit: M. A. Lugo)

Dahlberg 1996; Smith and Read 2008). Although these families and potential
ectomycorrhizal hosts plants were revised in this Chapter, there are no ECM records
yet among South American Highlands.

It is important to note that Gaultheria poeppigii is the unique citation of ER
along the South American Highlands, also for triple associations in native plants
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Fig. 12.6 Root colonization types of the South American Pampa de Achala Highlands of Chaco
regions (a) fine root endophytes (FRE) in roots of Poaceae, (b) coarse root glomalean endophyte
(CRE) with Paris type colonization in roots of Gentianaceae, (¢) CRE in roots of Poaceae with
Arum type colonization, (d): DSE in roots of Gentianaceae, (e) DSE in roots of Poaceae
*References: a, arbuscule; ch, coarse hypha; th, fine hypha; ms, microsclerotia; v, vesicle; s, spore
(Photo-credit: M. A. Lugo)
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roots. This Ericaceae growth in Pampa de Achala, in the Chaco Highland in Cérdoba
mountains of Argentina, between 1700 and 2884 m elevation (Menoyo et al. 2007;
Urcelay 2002). Plants belonging to Ericales (e.g. Ericaceae) are taxa commonly
distributed in cold-dominated environments, co-occurring with dwarf shrubs in high
arecas named heathlands (Kohn and Stasovski 1990; Read 1991; Smith and Read
2008). The heathlands are also high environments of the world which are well kwon
in regard to its ericoid mycorrhizas diversity and functionality (Gardes and Dahlberg
1996; Read and Pérez Moreno 2003; Smith and Read 2008). Ericoid colonization
occurring inside epidermal cells of typical ericaceous hair-like roots, where hyphae
of the fungal symbionts are forming “coils” in most ericaceous arctic and alpine
plants (Peterson et al. 2004), alpine dwarf plant productivity also have been posi-
tively correlated with ericoid infection level. Further, fungal symbionts forming eri-
coid mycorrhizas are anamorphic forms of Ascomycota and Basidiomycota, and/or
DSE and/or AMF (Jumpponen and Trappe 1998; Smith and Read 2008). Moreover,
the triple colonization of G. poeppiggi by Rhizoctonia-like, Phialocephala-like and
AMF has been considered as an evolutionary feature of this species, with the capa-
bility to form AM as a new evolutionary novelty rather than an ancestral character
regarding to Gaultheria is an evolutionarily derived genus (Urcelay 2002). The
study of this type of fungal associations and the native Ericaceae and other families
among Ericales is an important gap in the knowledge of the symbiotic associations
for Highlands of SA.

Another exceptional record for South American Highlands was the orchid
mycorrhizal associations in roots of twelve terrestrial native species. In Central
Argentina, Aa achalensis Schltr. habits in high grasslands above treeline at Sierra de
Velasco in Chaco region. This orchid is an endemic and endangered species, which
has been associated to five fungal strains of two basidiomycetous fungi of
Rhizoctonia-like related to Thanatephorus cucumeris, and three ascomycetous
fungi belonging to Phialophora graminicola and one to an uncultured Pezizaceae
(Fracchia et al. 2014a). In ruprestian grassland of the Cerrado, eight Brazilian native
species (Bulbophyllum weddelii, Epidendrum dendrobioides, Maxillaria acicularis,
Oncidium gracile, Pleurothallis teres, Prosthechea vespa, Sophronitis milleri,
Sarcoglottis sp.) were assocciated with DSE and Rhizoctonia-like fungi such as
Ceratorhiza, Epulorhiza, and Rhizoctonia (Nogueira et al. 2005). Further, in the
southernmost Andean region in Tierra del Fuego, three native austral orchid species
Gavilea australis (Skottsb.) MN Correa, G. Ilutea (Pers.) M.N. Correa and
Codonorchis lessonii (Brongn.) Lindl. were associated to four fungal basidiomyce-
tous endophytes belonging to two strains of Ceratobasidiaceae, Tulasnella calos-
pora, and Ceratobasidium albasitensis. Strikingly, G. australis is an endangered
and endemic austral orchid species which has been shown a low mycorrhizal speci-
ficity with its endophytic fungi (Fracchia et al. 2014b). Thus, this new knowledge of
fungal symbionts of G. australis could be applied in conservation efforts of this
endangered orchid; moreover, these researching approaches might be positive appli-
cations also to more threatened host species.

The AMF and DSE were the predominant symbionts associated in the roots of
Highland plants. The AMF were the fungal endosymbionts that colonized the larg-
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est number of hosts, followed by the DSE. Although in the world mountain environ-
ments occupy ca. a 25% of the Earth surface (Koérner 1999, 2007) and the presence
of AMF colonization in the highlands has been reported at elevations as high as
4545 m in extreme conditions of the Swiss Alps (Oehl and Korner 2014), the
research studies in these high ecosystems are still scarce (Wahl and Spiegelberg
2016), especially in SA as it has been shown in this Chapter. Strikingly, the AMF
colonization had already been previously reported at 5250 m elevation for the High
Andes of Perd (Schmidt et al. 2008). Thus, the presence of AMF in the South
American host plants surpassing in height to those in the Northern Hemisphere
alpine environments except for the reports from Himalaya Mountains in India, with
AMF found in elevations up to 5800 m, although the host plants grow up to 6150
m elevations, showing that AMF presence and colonization is more compelled by
extreme conditions than by host presence; instead, DSE were present throughout
from 3400 to 6150 m (Kotilinek et al. 2017). Further among Andean region, AMF
colonization was recorded at 4314 m at Puna Highlands (Lugo et al. 2012), where
has been shown an inverse relationship between altitude and root colonization as it
was also found in the Perd Andean Highlands (Schmidt et al. 2008) and at 4123-
4260 m in the hypersaline sites in High Andean wetlands (Silvani et al. 2013).
However, in Puna, the effect of altitude on AMF colonization seems to be more
related to the photosynthetic pathway (C;, C,) of grasses hosts than to life cycles
(annual, perennial). These Andean sites are the most extreme places showing evi-
dence of well-established AMF communities in SA (Schmidt et al. 2008; Lugo et al.
2008, 2012; Silvani et al. 2013), comparable also with AMF communities in alpine
and mountain grasslands around the world. In Andean region, AMF colonization
has been found also along an extent altitudinal range from the Northern Andean
Paramo, High Bolivian Andes, High Central Andes, mean elevation sites of Puna to
400-700 m at the lowest elevation in Andean Southermost extreme, in Tierra del
Fuego (Barnola and Montilla 1997; Montilla et al. 1992; Garcia Romero et al. 2004;
Urcelay et al. 2011; Angulo-Veizaga and Garcia-Apaza 2014; Salvarredi et al. 2010;
Lugo et al. 1995, 1997; Garcia et al. 2012).

The roots colonization by the AMF and the DSE was well represented for the
Andean and Chaco Highlands. The AMF and DSE had a slightly higher percentage
of hosts colonized in Andes or Chaco, repectively. This differential behavior of
AMF vs. DSE between Andean and Chaco could be due to diverse factors such as
environmental (soil nutrients, climate, elevation, among others) and biological (host
species, phylogenetic relationships, biotic stressors, species competition, among
others) conditions. The first distinctly differential factor between Andes and Chaco
are the soils types and its nutrients availability. The mycorrhizal fungi and fungal
root endophytes associations can function as resource acquisition strategies in host
plants, and may differ among species and ecosystems as a function of their fungal
symbionts (ECM, ER, OR, AMF, DSE or its combinations), as each fungal group
may access different sources of growth-limiting nutrients (Smith and Read 2008).

It is well known, AMF associations occur often in environments with poor soils
with low organic material content, high nitrogen content and low phosphorous
availability (Allen 1991; Read 1991). Ericoids and ECM are indispensable for their
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host plants which are obligate mycotrophs; in contrast, AMF can form associations
with plant species that can live with or without mycorrhizal fungi as facultative
mycotrophs, colonizing plant roots without offering any apparent benefit (Trappe
1987). Moreover, AMF colonization can function as mycorrhizal (AM) or not when
the mycorrhizal structures formed into the roots are only hyphae and vesicles but the
arbuscules (the host-fungus interchanging nutrients structures) are absent, this non
mycorrhizal colonization was defined as “glomalean fungus colonization” (GFC)
by Brundrett and Tedersoo (2018). Further, AMF can present two other root colo-
nizing types commonly in graminoid and herb hosts, they are “fine” (FRE) and
“coarse” (CRE) root endophytes. The FRE type of colonization has been attributed
to Glomus tenuis which also was considered as an increased colonizer in alpine
highlands (Read and Haselwandter 1981; Walker et al. 2018a and reference therein).
Recently, FRE have been included in the sub-phylum Mucoromycotina (Orchard
et al. 2017), rather than Glomeromycota where were placed before together with
CRE; actually, the FRE named in the past as Glomus tenue (Greenall) I. R. Hall was
renamed as Planticonsortium tenue (Greenall) C. Walker et D. Redecker and
included in Mucoromycotina, instead the CRE fungi remain in Glomeromycota
(Walker et al. 2018a and reference therein). The CRE and FRE colonization types
were present even in Andean and in Chaco Highlands (Schmidt et al. 2008 and this
Chapter). In general, it has been accepted that FRE colonization is increased with
the elevation (Wahl and Spiegelberg 2016 and references therein). The coarse
hyphae (CRE) and fine endophyte (FRE) colonization in roots of Poaceae in the
Andean Puna and Chaco Highlands were reported in this Chapter (Figs. 12.5, 12.6).
Furthermore, CRE and FRE colonization have been detected in diverse hosts
belonging to the families Asteraceae, Fabaceae, Poaceae, Scrophulariaceae and
Valeraniaceae in Andean Highlands of Perd (Schmidt et al. 2008). Although CRE
and FRE colonization types were found along Andean and Chaco Highlands
(Schmidt et al. 2008 and this Chapter), is lacking yet the information of this type of
colonization patterns, because there are only presence/absence records of them in
SA.

It has been showed that DSE may replace the function of AMF at high elevations
or latitudes, such as in the high Arctic tundra and in European and North American
alpine communities (Read and Haselwandter 1981; Trappe 1987; Kohn and
Stasovski 1990; Gardes and Dahlberg 1996). In high latitude and elevation environ-
ments of the Northern Hemisphere (Read and Haselwandter 1981; Kohn and
Stasovski 1990), the AMF colonization seems to be scarcity versus DSE coloniza-
tion although it causes remain poorly understood (Gardes and Dahlberg 1996).
However, these studies have been reported some explanations for the reduction in
AMF colonization such as high fertility in high cold areas instead of poor soils con-
ditions that benefit AMF proliferation; presence of nival zones where vegetation is
scant and the host roots availability is low hinder AMF spread by root-to-root con-
tact given by their biotrophic nutrition, and its soils with few AMF spores, resulting
in a scant presence of fungal propagules in highlands. In turn, DSE colonization
typically is improved in fertile areas with low availability of roots, probably due to
DSE have the capacity to decompose organic matter in the absence of host plant
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roots and have a relatively high tolerance to extreme conditions. Moreover, plants
such as the Cyperaceae, which host DSE but are not associated with AMF, often are
abundant in highlands.

Although DSE and AMF can co-occur in roots, there is no consensus on whether
these interactions are competitive, facilitative or amensalistic (Ruotsalainen and
Eskelinen 2011). However, in Bolivian Andean Highlands, Urcelay et al. (2011)
suggested that in an environment characterized by aridity, cold temperatures, and
nutrient-poor soils, the relative colonization by AMF vs. DSE, rather than the total
colonization by AMF or DSE per se, better predict the functional implications of the
fungal-root symbiosis. Further, in Puna AMF and DSE patterns of root colonization
shifted as a function of elevation in most grass species, but in general, these trends
differ from previous studies in the Northern Hemisphere. However, the variation
among sites in AMF and DSE colonization could not be explained by different ele-
vations of sites, instead, other environmental factors as microenvironments features
might exert a strong influence on AMF and DSE colonization. Moreover, both AMF
and DSE may have established synergistic and beneficial associations with hosts in
Puna harsh ecosystems (Lugo et al. 2018).

In the Northern Hemisphere, particularly in Arctic regions, organic soils tussock
in tundra and in alpine environments, Cyperaceae and Juncaceae are abundant, usu-
ally as dominant species in the plant communities, and they are frequently non-
mycorrhizal. The prevalence of cyperaceous graminoid plants in these ecosystems
may entail the scarcity of colonization by AMF. However, in the same environment
types Cyperaceae and Juncaceae usually for association in its roots with DSE and
FRE, and they are colonizing roots of these graminoid more often than AMF in high
elevation when harsh climatic conditions are the prevailing (Walker et al. 2018b and
references therein). However, one more time in Highlands of SA, Cyperaceae and
Juncaceae showed a different pattern of colonization compared to the Northern
Hemisphere; thus, in Andean Venezuelan Paramo the Cyperaceae and Juncaceae at
380 m were colonized by AMF, and DSE colonization was still not studied (Barnola
and Montilla 1997). Instead, in Chaco Highlands any species of Juncaceae were not
studied in the highlands above treeline; meanwhile, the Cyperaceae species were
associated to both AMF and DSE in Chaco Highlands at 2190 m (Menoyo et al.
2007) and only AMF colonization was studied and recorded at the rupestrian fields
of the Serra do Cipé at 600-900 m (Pagano and Scotti 2009; Pagano and Cabello
2012).

Several plants families were inconsistently colonized by AMF as Asteraceae,
Cyperaceae, Fabaceaea, Gentianaceae, Geraniaceae, Poaceae, Scrophulariaceae, and
Violaceae; that is, these families showed AMF colonization depending on the species
studied (Table 12.1). The same lack of a trend of colonization at host family level
occurred for DSE along the families Asteraceae, Fabaceaea, Gentianaceae,
Orchidaceae, Poaceae, Portulacaceae, and Violaceae. Further, Aspleniaceae,
Dryopteridaceae, Ephedraceae, Geraniaceae, Malvaceae families were not colonized
by DSE (Table 12.1). Then, a general pattern associated with phylogenetic relation-
ships could not be found for AMF and DSE colonization since the same family pre-
sented colonized and non-colonized species. However, many plants families recorded
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associated to AMF and DSE in South American Highlands had already been reported
mostly as only AM, AM and ECM or non mycorrhizal (NM) in different mountains
environments around the world (e.g. Apiaceae, Berberidaceae, Blechnaceae,
Caryophyllaceae, Lamiaceae, Lycopodiaceae, Oxalidaceae, Polypodiaceae,
Portulaceaea, Scrophulareaceae, Solanaceae, Valerianaceae among others) (Wang
and Qiu 2006; Brundrett 2009; Brundrett and Tedersoo 2018). Behind, also the
South American family Calyceraceae is reported in this Chapter associated to both
AMEF and DSE. Moreover, several families reported associated dually to fungal sym-
bionts in Andean were different than in Chaco Highlands.

In other hand, in several families such as Chenopodiaceae and Cyperaceae the
mycorrhizal status the type of associations established with fungal symbionts on
their roots have been a controversial issue due to involved many NM plants but also
have been reported associated to AMF (Wang and Qiu 2006 and references therein;
Brundrett 2009 among others). Moreover, the majority of angiosperms are associ-
ated with symbiotic fungi forming AM (Brundrett 2009). In the Poaceae, 99.6% of
the species studied are AM symbionts (Wang and Qiu 2006), constituting an AM
group in Poales (Brundrett 2009). However, it is important to note that most of the
studied plant species are mainly from the Northern Hemisphere and Eurasia, and
only a few of them are from SA. In South American Highlands, these families were
NM, AM, DSE or AM-DSE in Cyperaceae and AM-DSE in Chenopodiaceae. It has
been proposed (Brundrett and Tedersoo 2018 and references therein) that hosts with
multifunctional roots (e.g. ERN and OM, ECM and AM, etc.) are able to suffer
morphological and taxonomical diversification in short period of evolutionary time,
particularly in poor soils of arid environments. Thus, the plants of South American
Highlands which have mostly multifunctional roots forming dual (e.g. AM and
DSE) and triple (e.g. OM, AM and DSE) associations could be subject of quick
evolution.

Although, more studies could be done in South American Highlands to arrive at
conclusive results in this issue. Futhermore, we did not find any report of mycorhi-
zal or fungal endophyte associations with bryophytes in South American Highlands.

In South American Highlands, the plant roots mainly were associated forming
AM (43%) and dual associations with AMF-DSE (40%) followed by dual DSE-OM
associations (4.4%), DSE colonization (3.3%), OM (1.5%), triple colonization by
AM-DSE-ER (0.5%), and 7.3% of non mycorrhizal (NM) plants. Worldwide, it has
been proposed that the majority of vascular plants are mycorrhizal, forming 72%
AM, 2.0% ECM, 1.5% ECM and 10% OM,; in contrast, 8% were reported as NM,
whereas 7% have inconsistent NM-AM associations, so-called GFC (Brundrett and
Tedersoo 2018). Further, the NM plants and the plants associated with GFC are
mainly nutritional or habitat specialists such as carnivores, parasites, hydrophytes,
and epiphytes (Brundrett 2009; Brundrett and Tedersoo 2018). Moreover, NM
plants are most inhabiting arid, disturbed and harsh habitats, also arid and alpine
environments (Brundrett and Tedersoo 2018 and references therein). Further, erro-
neous determinations of the mycorrhizal status may be due to a misinterpretation of
the GFC colonization as a really functional mycorrhizic association (Brundrett and
Tedersoo 2018 and references therein). Therefore, the patterns of root colonization
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by symbiotic fungi in South American Highlands seems to be similar of
worldwide.

12.4 Conclusion

In this Chapter, the needs for more information to known, understand, conserve and
management of South American Highlands have been highlighted. Several thematic
vacant areas and gaps of mycorrhizal information detected are ECM in shrubs and
herbs, ericoid mycorrhizas, orchidoid mycorhizal, mycorhizal and endophitic fun-
gal associations with bryophytes, molecular approach to study mycorrhizal associa-
tion and fungal symbionts are urgently required for AMF and DSE especially inside
roots, and also in soils. Further, the examination and use of arbuscular mycorrhizas
morphological classification of the colonization types such as coarse (CRE) and fine
root endophytes (FRE), glomalean but not mycorrhizal colonizazion (GFC) and
Arum-Paris type continuum in different ecosystems have been scantly mentioned in
the bibliography and are required as necessary for future studies to functional
approaches of this root associations.

Throughout this Chapter, we have been able to appreciate the diversity of symbi-
otic associations with fungal endophytes and mycorrhizal fungi in the roots of pre-
dominantly native plants, and endemic of South American Highlands. Thus, it has
been shown that the colonization patterns in these Highlands are different of those
of the Northern Hemisphere, and these differences involved either host families,
type of fungal associations established in host roots, and colonization types.
Furthermore, the number of endemic and native plants studied is still scarce; data
included in this Chapter comprise around to 2% of vegetation in Highlands of the
Andean region and 0.8% in Chaco region. It is also important to note that the sym-
biotic association studies of Pdramo and Rupestrian field vegetation are particularly
scarce, principally considering the great diversity of plant species and the high num-
ber of endemic species that they present, with publications of these South American
regions covering only 1% and 0.3% of them, respectively. In future research, it
could be necessary to include and emphasize the study of the endemic species,
which are of fundamental importance for the management and conservation of these
high ecosystems, to evaluate also the presence of multifunctional associations in the
roots that could be useful to measure the functional aspects of root symbiosis. The
common presence of multifunctional root associations in Highlands that are under
the effect of rapid evolutionary processes, behind to the marked disturbances and
perturbations caused by the advance of the agricultural frontiers across the continent,
and global warming effects on fungal symbiosis in roots claim for rapid results in
these issues to maintain these biodiversity hotspots Highlands.
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13.1 Introduction

South America harbors one of the main hotspots of diversity, the high mountain
ecosystems, despite only accounting for a quarter of the Earth’s land surface (Myers
et al. 2000; Barry 2008; La Sorte and Jetz 2010; Hoorn et al. 2013). Several plants,
birds, and macrofungal species show endemism in the high mountain of many
regions of South America (Fjeldsa and Kessler 1996; Myers et al. 2000; Robledo
et al. 2006). These ecosystems comprise natural watersheds, providing several eco-
system services such as hydrological regime regulation, soil protection, and conser-
vation of biodiversity (Grét-Regamey et al. 2012). Mountain habitats show
distinctive abiotic conditions that differentiate them from lowlands (Barry 2008).
For instance, temperature decrease in average 6 °C per each km in elevation also
influenced by latitude (Barry 2008). Generally, the studies in mountain ecosystems
have been focused on aboveground diversity (plants, animals and macrofungi)
(Robledo and Renison 2010; Castillo et al. 2017; Nouhra et al. 2018; Quintero and
Jetz 2018), but little is known about soil communities (Lugo and Cabello 2002;
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Becerra et al. 2009; Menoyo et al. 2009; Geml et al. 2014; Soteras et al. 2016).
Among them, arbuscular mycorrhizal fungi (AMF) are ubiquitous root symbionts in
the Glomeromycota that form an obligate root symbiosis with great part of land
plants (Schiiller et al. 2001; Spatafora et al. 2006). Despite the large diversity of
host plants (ca. 200,000 species), there has just been identified in average 250 AMF
morphological taxa (hereafter “morphospecies”), and no correlation between plant
species and AMF richness has been globally found (Bever et al. 2001; Tedersoo
et al. 2014).

The vast majority of the AMF taxa occur in nearly every climatic zones and con-
tinents (Davison et al. 2015). Last studies have postulated that a recent dispersion is
the main factor shaping the cosmopolitan distribution of the most of the AMF taxa
(Davison et al. 2015). However, these fungi are differentially affected by soil char-
acteristics (Smith and Read 2008). In addition, different host species are colonized
by particular AMF present in their rhizosphere (Senés-Guerrero and SchiifSler 2016;
Soteras et al. 2016), although there is a lack of a global positive correlation with
plant richness. As plants and terrestrial animals, AMF taxa richness has been evi-
denced to correlate negatively with latitude (Hillebrand 2004; Davison et al. 2015),
but different from ectomycorrhizal fungi (Tedersoo et al. 2014) and other soil
microorganisms (Bardgett and Van Der Putten 2014). In addition, variables such as
precipitation and temperature through the alteration of soil moisture, locally affect
AMEF richness (Davison et al. 2015). South America comprises diverse high moun-
tain ecosystems, from low latitude tropical to high latitude temperate, where differ-
ent local conditions also influence AMF communities (Matus et al. 2014).

Taxa of AMF could be grouped by their functional characteristics that are phylo-
genetically constrained (Hart and Reader 2002; Maherali and Klironomos 2007).
Thereby, members of Gigasporaceae produce extensive extra-radical mycelia, spor-
ulate lately in the growing season, and provide high nutritional benefits to hosts. On
the other hand, Glomeraceae mainly colonize intraradically, produce spores early,
and provide less nutritional benefits to hosts. Finally, Acaulosporaceae represents an
intermediate colonization strategy, producing low biomass inside and outside the
roots, and being highly resistant to soil acidity and low temperatures (Hart et al.
2001; Hart and Reader 2002). Accordingly, and based on the competitor-stress
tolerant-ruderal framework of Grime (1979), Gigasporaceae are considered as
“competitor”’, Glomeraceae as “ruderal” and Acaulosporaceae as “stress tolerant”
(Chagnon et al. 2013).

In this chapter we reviewed and re-analyzed the data of the studies performed at
high mountain ecosystems of South America to evaluate the variation of AMF mor-
phospecies richness and composition of AMF communities in relation to micro- and
macro-scale factors. Particularly, we hypothesized that high mountain forests har-
bor different richness and composition of AMF communities due to changes in
microscale (host species, pH, N, P) and macroscale factors (latitude, temperature,
and precipitation) rather than similar AMF communities as expected from its cos-
mopolitan distribution.
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13.2 Arbuscular Mycorrhizal Fungi in the High Mountain
Ecosystems of South America

Traditionally, the studies of AMF diversity were based on the morphological char-
acteristics and ontogeny of the asexual spores (Smith and Read 2008). The advance
of DNA-based methods improved the taxonomic identification of non-sporulating
and AMF species. This kind of studies are very scarce in South America even more
in mountain ecosystems (Soteras et al. 2016; Senés-Guerrero and Schiifller 2016).
Therefore, we only considered the morphological diversity of AMF in high moun-
tain ecosystems of South America. We compiled published studies searching in
Google Scholar articles containing the following combination of terms: “arbuscular
mycorrhizal” AND “high mountain” OR “Andean”. We reviewed all the studies
performed at mountain sites at around 1200 meters above sea level focusing on
“highlands” sensu Barry (2008) that identified AMF spores morphologically.
Following this procedure, we obtained in total 12 studies: 6 from Brazil, 5 from
Argentina and 1 from Chile (Fig. 13.1, Table 13.1). Considering all of them, 168
AMEF morphospecies were identified.

13.3 Arbuscular Mycorrhizal Fungi Richness
Versus Macroscale and Microscale Factors

To disentangle the relationship of AMF richness with microscale and macroscale
factors we fitted generalized linear models (GLM) with the glm() function as imple-
mented in the R environment with Poisson error distribution and identity logarith-
mic link function (R Core Team 2018). When overdispersion was detected the
standard errors were corrected using a quasi-GLM model (Zuur et al. 2009).
Microscale factors included: host species or vegetation type and soil characteristics
as pH, N and P content, obtained from the studies when available. Macroscale fac-
tors included: latitude, mean annual temperature (in degree Celsius multiplied by
10) and mean annual precipitation from MERRAclim (Vega et al. 2017a), available
in the DRYAD database (Vega et al. 2017b).

Vegetation type or host species showed significant differences in AMF rhizo-
spheric richness (Fig. 13.2). Mountain ecosystems in Brazil (savanna forest, quartz
gravel field dominated by Vellozia sp., and rocky outcrops of Cerrado and Atlantic
Forest) showed the highest AMF richness. This result is probably due to the domi-
nance of AMF in hot and seasonal environments (van der Heijden et al. 2008). For
the contrary, the lowest AMF richness was observed in successional temperate for-
ests of N. pumilio (Fig. 13.2). Generally, in temperate forests, where nutrient avail-
ability is low and the organic form is present in litter and humus, predominate the
colonization by ectomycorrhizal decomposer fungi (Matus et al. 2014). In conse-
quence, ectomycorrhizal fungi are responsible for almost the 80% of the N acquired
by plants of temperate and boreal ecosystems (van der Heijden et al. 2008). As in N.
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Fig. 13.1 Map showing the location of the high mountain ecosystems included in this study

pumilio forests, we found that reforested Araucaria forests of Brazil also showed a
very low AMF diversity. In this study, rhizosphere soil samples were taken from
reforested areas with A. angustifolia (8—12 years old) and Pinus elliotti plants
(Moreira-Souza et al. 2003). Several studies have described changes in AMF com-
munities associated with exotic plant invasion (Mummey and Rillig 2006). The very
low AMF richness in this ecosystem compared with 19 other mountain hosts and
ecosystems support the evidence that exotic plant species might negatively influ-
ence on soil AMF communities.

Arbuscular mycorrhizal fungi richness related to microscale (pH, N and P con-
tent) and macroscale (latitude, mean annual temperature and mean annual precipita-
tion) factors are shown in Fig. 13.3. AMF richness was negatively related to pH
(t=2.049, P = 0.046, Fig. 13.3a), positively to N (t = 3.003, P = 0.006, Fig. 13.3b),
but not significant relationship was observed with P (t = 0.236, P =0.81, Fig. 13.3c).
In addition, a negative relationship was observed of AMF richness with latitude in
absolute numbers (t = —4.015, P < 0.001, Fig. 13.3d), and a positive relationship
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Fig. 13.2 AMEF richness related to vegetation type or dominant host plant (ordered by increasing
latitude)
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Fig. 13.3 AMF richness related to microscale (pH, N and P content) and macroscale (latitude,
mean annual temperature and mean annual precipitation) factors. Asterisks indicate significant
relationship according to the GLM (*** P < 0.001, ** P < 0.01, * P <0.05). Points color represents
sampling sites

with both mean annual temperature (t = 4.191, P < 0.001, Fig. 13.3e) and precipita-
tion (t = 2.137, P = 0.039, Fig. 13.3f). AMF communities of high mountain showed
high richness at lower latitudinal tropical ecosystems, where seasonal changes of
solar radiation, day length and temperature are small (Barry 2008). These ecosys-
tems showed the lowest pH and intermediate N values. The same latitudinal pattern
was observed for global AMF richness studies (Davison et al. 2015), plants and
animals (Hillebrand 2004), but not for ectomycorrhizal fungi which are associated
with specific forest types (Tedersoo et al. 2014).

13.4 Arbuscular Mycorrhizal Fungi Communities’
Composition: Geographical Structure and Relationship
with Macroscale Factors

In order to evaluate the variation on AMF community composition in relation to
different geographical scales and macroscale factors, we first constructed principal
coordinates of neighbor matrices (PCNM). The PCNM variables allow to detect if
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the biological response (i.e. AMF community composition) is associated with dif-
ferent spatial structures along the study area. We obtained six geographical vari-
ables able to detect the spatial structure of the data at all scales encompassed by the
sampling design (Borcard and Legendre 2002; Borcard et al. 2004). The order of the
PCNM variables follows a progression from larger to smaller spatial scales (Borcard
et al. 2004). For each response data model, the most significant PCNM variables
were chosen by permutational forward model selection and ensuring that the
adjusted R? of the reduced models did not exceeded the adjusted R? of the global
models. The AMF community composition (presence-absence) was partitioned
among the selected geographical variables and macroscale factors (latitude, mean
annual temperature and mean annual precipitation) using distance-based redun-
dancy analysis (db-RDA), with capscale() function from R package vegan (Legendre
and Andersson 1999; Oksanen et al. 2018). The dissimilarity distance between pairs
of AMF morphospecies was estimated using the Sorensen index. The variation
explained by geographical variables and macroscale factors was determined by the
automatic selection of variables using forward model choice on adjusted R? with
999 permutations using the ordiR2step() function. In this procedure, the variables
that best fit the data are sequentially selected and added to the final model. The
analyses were performed using the vegan package in R. The significance among
centroids of sites was assessed with the envfit() function of the vegan package after
999 permutations. To determine whether the significant effects were attributed to
either differences of multivariate site (between group variability) or to dispersion
(within group variability) we used the betadisper() function of vegan. Microscale
factors were not included in this analysis due to missing data in some sites. The
Yungas, Cerrado and Soberbo stream from Brazil (Orlandi Costa et al. 2016; Souza
de Pontes et al. 2017) were discarded from the db-RDA analysis due to significant
effect of within heterogeneity, which avoids the possibility to differentiate the
effects of multivariate dispersion from the compositional change among sites.
Four geographical variables were significantly structuring AMF communities
(ordered in increasing importance for final model fit: PCNM1: F=17.737, P =0.002;
PCNM3: F = 11.047, P = 0.002; PCNM4: F = 4.779, P = 0.002; and PCNM2:
F=2.697, P =0.018). The three macroscale variables significantly structured AMF
community composition of each site (latitude: F = 19.899, P = 0.002; mean annual
precipitation: F = 92.853, P = 0.002; and mean annual temperature: F = 5.532,
P = 0.002) being kept in the final model. Site differences in relation to their AMF
community was associated 25% with both geographical and macroscale factors
(R*=0.72, pseudo-F = 12.32, P = 0.001, Fig. 13.4a), 21% with only geographical
factors (R* = 0.59, pseudo-F = 12.35, P = 0.001, Fig. 13.4b), and 19% with only
macroscale factors (R? = 0.55, pseudo-F = 13.63, P = 0.001, Fig. 13.4c).
According to the analysis derived from the db-RDA, the AMF community dif-
fered significantly among sites (1 = 0.94, P < 0.001, Fig. 13.4a). At a wider scale
(represented by PCNM1; associated with db-RDA1: r? = 0.95, P = 0.001), latitude,
precipitation and temperature were highly related to differences between Brazil and
Chile in their AMF community composition. This is in concordance with global
studies of AMF biogeography that showed influences of temperature and precipita-
tion on AMF root colonizing composition (Opik et al. 2013; Davison et al. 2015).
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At coarse scales (mainly represented by PCNM3; associated with db-RDA2:
> = 0.66, P = 0.001) Central Argentina and Patagonia Argentina differentiated in
their AMF community composition mainly due to the differences in host species
(PERMANOVA: F = 12.54, r* = 0.77, P = 0.001), soil pH (PERMANOVA:
F=10.53,r2=0.47,P=0.001) and N content (PERMANOVA: F =7.678, r>=0.39,
P =0.001). Several studies provide evidence that the distribution of AMF can be
affected by host species, pH and total N (Koske 1987; Johnson et al. 1992; Egerton-
Warburton et al. 2004).

To evaluate the strength of association of sampling sites, and vegetation type or
dominant host with AMF morphospecies, an indicator species analysis was applied
using the indval() function of the R package labdsv (Dufrene and Legendre 1997,
Roberts 2013). Two species were significantly associated with Brazil, nine with
Yungas, eleven with Central Argentina, three with Chile, and six with Patagonia. Of
the 20 vegetation types and dominant hosts, six AMF morphospecies were signifi-
cantly associated with savanna forest, one with A. siccus, one with T. spicatus, four
with rocky outcrop, one with rupestrian grassland, one with A. acuminata, four with
P. australis, three with N. pumilio, and one with successional forest. A meta-analysis
of global distribution patterns of root-colonizing AMF also demonstrated different
type of ecosystems hosting different assemblages of AMF morphospecies (Opik
et al. 20006).

13.5 Relationship Between AMF Functional Richness
and Abiotic Characteristics

Arbuscular mycorrhizal fungi were grouped into three functional groups according
to their traits (sensu Chagnon et al. 2013): “ruderal-Glomeraceae”
(Claroideoglomeraceae + Glomeraceae + Pacisporaceae + Diversisporaceae),
“stress-tolerant-Acaulosporaceae” (Acaulosporaceae + Ambisporaceac +
Entrophosporaceae + Archaeosporaceae), and ‘“‘competitor-Gigasporaceae”. To
determine the relationship among AMF functional groups with microscale and mac-
roscale factors we fitted generalized linear models (GLM) with the glm() function
as implemented in the R environment with Poisson error distribution and identity or
logarithmic, in the case of Gigasporaceae, link function. When overdispersion was
detected, the standard errors were corrected using a quasi-GLM model.
Glomeraceae and Gigasporaceae families were negatively associated with pH
(t=3.685,P <0.001; t =2.785, P = 0.009; respectively). Meanwhile, and contrary
to previous evidence (Veresoglou et al. 2012), Acaulosporaceae did not show a sig-
nificant relationship with pH (t=0.747, P = 0.460). Glomeraceae and Gigasporaceae
showed higher morphospecies richness in soils with pH between 3.5 and 5.0, and
Acaulosporaceae from 5.0 to 6.0. Contrary to Glomeraceae, sporulation of
Acaulosporaceae is promoted in acidic soils, but its members also occur on higher
pH soils (Clark 1997). Only Gigasporaceae showed a significant and positive asso-
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ciation with N (t = 5.106, P < 0.001), and a negative association with P (t = 2.038,
P = 0.048). Meanwhile, Glomeraceae and Acaulosporaceae did not show a signifi-
cant relationship with any of these variables (Fig. 13.5). In P- limited ecosystems
with high N availability, host plants may select AMF taxa with extensive hyphal
networks that forage P effectively, such as Gigasporaceae (Egerton-Warburton et al.
2007). This is because excess in N availability is expected to improve plant photo-
synthesis thus making the availability of C for transfer to AMF symbionts less
costly for the plant (Johnson 2010). Nonetheless, evidence that increase N avail-
ability reduce the occurrence of AMF taxa with greater P benefit (i.e. Gigasporaceae)
has been also documented (Treseder et al. 2018).

Among macroscale factors, Glomeraceae and Gigasporaceae showed a negative
significant relationship with latitude (t = 4.450, P < 0.001; t = 5.180, P < 0.001;
respectively), and a positive association with mean annual temperature (t = 5.302,
P <0.001;t=3.902, P <0.001; respectively) and precipitation (t = 2.779, P = 0.008;
t=3.815, P <0.001; respectively). However, Acaulosporaceae did not show signifi-
cant association with any of these variables (Fig. 13.5). Gigasporaceae members are
adapted to live in stable ecosystems (de Souza et al. 2005), and highly dependent on
precipitation (Veresoglou et al. 2012) as observed here.

13.6 Conclusions

High mountain ecosystems of South America differed in their AMF communities
due to macroscale and microscale factors, revealing indicator AMF morphospecies
associated with either sampling site or vegetation type or host identity. This is in line
with global molecular studies of AMF, which evidenced patchily distributed AMF
communities (Opik et al. 2010, 2013), although contrary to an AMF taxa cosmo-
politan distribution (Davison et al. 2015). As stated by Davison et al. (2015), several
high mountain ecosystems of South America remain unexplored thus making our
results probably related to low sampling effort. However, it is important to take into
account that these authors presented global patterns of molecularly identified AMF
species considering only four records among grassland and successional forests at
South America thus probably losing the patchily structure of AMF communities of
high mountain ecosystems. The AMF richness relationships with micro and mac-
roscale factors were mainly due to Glomeraceae and Gigasporaceae responses to
these variables. At higher scales, tropical and temperate ecosystems differentiated
in their AMF community composition due to macroscale factors as latitude, precipi-
tation and temperature. At lower scales, soil characteristics and host species became
the most relevant factors in differentiating AMF community composition of sites.
High mountain ecosystems of South America comprise a particular environment in
which AMF communities could not be framed in a cosmopolitan pattern but rather
they adjust to their own pattern associated with specific conditions of the
highlands.
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Chapter 14

Mycorrhizas in the South American
Mediterranean-Type Ecosystem: Chilean
Matorral

Patricia Silva-Flores, Ana Aguilar, Maria José Diban,
and Maria Isabel Mujica

14.1 Introduction

The five Mediterranean-type ecosystems (MTEs, singular: MTE) in the world are
climatically characterized with warm-dry summers and cool-wet winters (Rundel
and Cowling 2013). These ecosystems are located in California, central Chile, the
Mediterranean Basin, the Cape Region of South Africa, and southwestern and south
Australia (Dallman 1998; Rundel and Cowling 2013). A remarkable feature of the
MTE:s is the fact that they occupy, in total, less than 3% of the Earth’s surface and
contain almost 50,000 species of vascular plants, which correspond to 20% of the
world’s known species (Cowling et al. 1996; Rundel and Cowling 2013). Also,
many of the plant species are endemic (Cowling et al. 1996) and, at the same time,
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they are threatened by several human-related factors (Underwood et al. 2009). All
these characteristics have placed the MTEs as biodiversity hotspots (Myers et al.
2000), which means that they are priorities for conservation. Due to this situation,
much research has been done in MTEs, mostly in plants (Dallman 1998), but also
some attention has been paid to animals (Rundel and Cowling 2013). However, the
soil microbiological biodiversity has been overlooked, despite the fact that they are
increasingly being recognized as key players in the restoration of degraded ecosys-
tems (Harris 2009).

One of the most important microorganisms in the soil are the mycorrhizal fungi
(MF) which form symbiotic relations with the roots of approximately 90% of known
plant species (Brundrett and Tedersoo 2018). These mycorrhizal symbiotic relations
occurs in almost all ecosystems (Read 1991; Read and Perez-Moreno 2003; Read
et al. 2004) and as four main types: arbuscular mycorrhiza (AM), ectomycorrhiza
(EcM), orchid mycorrhiza (OrM) and ericoid mycorrhiza (ErM) (Brundrett and
Tedersoo 2018). The MF uptake nutrients from soil and supplies to the plant partner
in return for carbohydrates (Smith and Read 2008) and lipids (Jiang et al. 2017;
Keymer et al. 2017; Luginbuehl et al. 2017). Consequently, the mycorrhizal sym-
biosis, significantly influences plant fitness, as well as several ecosystem processes
such as carbon, nitrogen and phosphorous cycles, regulation of plant diversity, soil
aggregation and seedling survival (van der Heijden et al. 2015). Thus, because of
the importance of MF to plants, they cannot be ignored in the efforts to preserve
ecosystems as MTEs. However, regarding MF in the MTEs, scarce research has
been performed. In fact, in an ISI Web of Knowledge search (status May 2018), it is
possible to find only 512 publications in a 10 year span regarding this topic.
Moreover, in the last XIV MEDECOS and XIII AEET Consortium Meeting held in
Spain in February 2017 that gathered 538 participants (Arista et al. 2017), there
were only fifteen investigations dealing with mycorrhiza in MTEs — most of them
from the Mediterranean Basin (Alvarez—Garrido et al. 2017; Benito Matias et al.
2017; Parker et al. 2017; Pérez-Izquierdo et al. 2017; Rincén Herranz et al. 2017,
Romero Munar et al. 2017; Verdd 2017; Calvifio-Cancela et al. 2017; Dias et al.
2017; Gil-Martinez et al. 2017; Herndndez-Rodriguez et al. 2017; Lépez Garcia
et al. 2017; Marafién et al. 2017; Mediavilla et al. 2017; Navarro-Fernandez et al.
2017). Recently, researchers have started to focus on MF in the central Chile
MTE. Due to this, in this chapter we aim to highlight and compile the arising and
existing knowledge on mycorrhizas of central Chile MTE. This chapter will focus
on basic and applied research on different mycorrhizal types, as well as on the
detection of knowledge gaps and proposals for future research directions.

14.2 Mycorrhizas in Central Chile Mediterranean-Type
Ecosystem

The unique South American Mediterranean-type ecosystem is located from 30° to
36° South Latitude in the western portion of the continent (Armesto et al. 2007). It
is surrounded by the Atacama Desert in the north, by the Pacific Ocean in the west,
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by the Andes in the east and by the evergreen-deciduous temperate forests in the
south. This topography, which in turn produces antagonistic radiation/moistness
systems and a highly variable soil system, generates environmental gradients that
have produced highly rich plant communities (Armesto et al. 2007). Also, several
types of plant communities occur here, which altogether are known as Chilean
matorral (Armesto et al. 2007).

From a recent study it was possible to extract the proportions of the mycorrhizal
types from up to 1576 native plant species (from a total of 1591) of the Chilean
matorral (Silva-Flores et al. unpublished work). On that study, the proportions of
mycorrhizal types were calculated at three resolution levels (Fig. 14.1). The first one
calculated the proportions using an empirical approach (Bueno et al. 2018), i.e.
using published in peer-reviewed literature in where the mycorrhizal type of a plant
species was assessed through empirical methods (Fig. 14.1a). With this approach it
was possible to assess the mycorrhizal type of only 17.3% of the plant species in the
Chilean matorral (Fig. 14.1a). The other two levels of resolution used to assess the
mycorrhizal type of the plant species, calculated the proportions using a taxonomic
approach (Bueno et al. 2018), i.e. extrapolating a certain plant species mycorrhizal
type to a taxonomically and phylogenetically related plant species. Extrapolating
information from plant species to plant genus (Fig. 14.1b) and subsequently to plant
family (Fig. 14.1c), allowed to assess the mycorrhizal type of 78% and 99% (at
genus and family level of resolution respectively) of the plant species of the Chilean
matorral. From the results of that study was possible to extract that the AM type is
in higher proportion relatively to the other mycorrhizal types, independent of the
level of resolution (Fig. 14.1). The other mycorrhizal types proportions vary depend-
ing on the level of resolution. In order to learn the exact proportions of all mycor-
rhizal types in the Chilean matorral more empirical data are urgently needed, since
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Fig. 14.1 Proportions of mycorrhizal types in the Chilean matorral. Proportions were calculated
from: (a) empirical data of plant species, (b) extrapolation from plant species to genus, and (c)
extrapolation from plant genus to family. AM: arbuscular mycorrhiza, EcM: ectomycorrhiza, ErM:
ericoid mycorrhiza, OrM: orchid mycorrhiza and NM: non-mycorrhiza
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it has been recently showed the inaccuracy of the taxonomic approach to describe
plant mycorrhizal types (Bueno et al. 2018). To learn the mycorrhizal type distribu-
tion patterns in plant species can indicate the relationship strength between plant
communities and mycorrhizas (Moora 2014), potentially regulating both the mycor-
rhizal and plant community (Neuenkamp et al. 2018). Consequently, this informa-
tion might be useful in developing tools for restoration of degraded ecosystems as
the Chilean MTE.

It is important to highlight from the above-mentioned research (Silva-Flores
et al. unpublished work) that even with the extrapolation of mycorrhizal type data
from plant species to plant families, there are still 17 plant species in the Chilean
matorral where the mycorrhizal type is absolutely unknown. Two of these species
are in the Chilean national regulation of classification of species according to their
conservation status. The species Berberidopsis corallina Hook. f.
(Berberidopsidaceae) and Gomortega keule (Molina) Baill. (Gomortegaceae) are
both classified as endangered; thus, it would be essential to clarify their mycorrhizal
type, mycorrhizal abundance and other aspects on mycorrhizal biology in order to
assess the relative importance of the MF in the recovery of these plant species.

14.3 Arbuscular Mycorrhiza in the Chilean Matorral

Arbuscular mycorrhizal fungi (AMF) are found as root symbionts in 72% of land
plant species (Brundrett and Tedersoo 2018). This symbiosis, known as AM, occurs
between the roots of certain plants and the hyphae of fungi from the Phylum
Glomeromycota (Tedersoo et al. 2008). With the currently available research, it is
known that the AM symbiosis is the more frequent across the plant species of the
Chilean matorral (Fig. 14.1) and consequently probably a key component for this
ecosystem. Despite this, there is scarce information on the topic, probably due the
lack of awareness. In fact, to our knowledge, there are only five published studies
regarding basic research on AM symbiosis related to the Chilean matorral
(Casanova-Katny et al. 2011; Torres-Mellado et al. 2012; Marin et al. 2017,
Benedetti et al. 2018; Silva-Flores et al. 2019) and two on applied research
(Curaqueo et al. 2010, 2011).

14.3.1 Basic Research on AM Symbiosis in the Chilean
Matorral

One study explored the unknown mycorrhizal type of 10 plant species of the
Amaryllidaceae family: Gilliesia curicana, G. graminea, G. montana, Miersia
chilensis, M. leporina, M. myodes, M. tenuiseta, Solaria atropurpurea, S. miersioi-
des and Speea humilis (Torres-Mellado et al. 2012). The study found that all the
plant species had an association with the AM type with a mean colonization
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percentage of 45%. The study has an impact for conservation strategies of those
plant species since all of them are either vulnerable or endangered. The authors
concluded that because the plants have a high mean mycorrhization level, they
should be highly AM dependent and thus the associated AMF should be considered
in conservation strategies as plant propagation. The study also suggests that the next
step should be the identification of AMF species associated to the plant species in
order to successfully use it in conservation programs.

In the same line, another investigation also explored the mycorrhizal type of 23
Andean plant species, 18 of which belonged to the AM type (Casanova-Katny et al.
2011). This was done in order to show that cushion-associated plants had a higher
AM colonization in comparison with the same plant species growing in bare soil.

One study explored the factors affecting AMF communities in ten Chilean
Nothofagus forests (Marin et al. 2017), included three sampling plots that according
to Armesto et al. (2007) can be considered as part of the Chilean matorral. One plot
was from Reserva Natural Los Ruiles and was dominated by N. alesandrii (P1). The
other two plots were from Parque Nacional La Campana, one plot dominated by N.
macrocarpa (P2) and the second by Luma apiculata and Peumus boldus (P3). In
that study, AMF communities were studied through the analysis of spores extracted
from soil samples. Only Glomus sp. was found in P1 and P2, whilst in P3 was also
present together with G. diaphanum. Consequently, P3 resulted to have a higher
diversity than P1 and P2, whilst the community composition of P1 and P2 were
similar, but also different from P3. The content in the soil of plant available phos-
phorus and magnesium were the main edaphic variables affecting the AM fungal
community composition in those three plots. The higher spore abundance was in P2,
followed by P3 and P1.

A recent published study, quantified and morphologically identified the AMF
spores associated to nine sites of P. boldus forests (Benedetti et al. 2018). They
reported a total of 23 AM fungal species considering all sites. Funneliformis badium
was present in all sites and with a high abundance relative to the other AM fungal
species. In contrast, Septoglomus constrictum was also present in all sites but with
a low abundance. F. mosseae, Acaulospora spinosa and Rhizophagus irregularis
were also frequent species considering all sites.Finally, in the VI Region of
Libertador Bernardo O’Higgins, the role of biotic and abiotic factors in regulating
soil AMF spore density in two sclerophyllous shrublands were explored. The results
showed a strong regulation of climatic seasons on spore density in both shrublands,
in contrast to plant host species that did not have an effect on soil spore density in
any of the shrublands. Soil factors as clay content, electrical conductivity, soil
organic matter and available phosphorus and nitrogen also affected AMF spore den-
sity (Silva-Flores et al. 2019).

There are also several ongoing studies with unpublished data or submitted results
regarding AM symbiosis on the Chilean matorral. In this respect, a study performed
in the Reserva Rio Los Cipreses ecosystem (34°27'54”S 70°27'18"W) allowed sci-
entists to have a first screening of the diversity of AMF in the upper part of the
Cachapoal river (Aguilar et al. unpublished data). Three plant formations were
studied in this ecosystem: the Austrocedrus chilensis, the Matorral and the Espinal.
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The main AMF genera found in all three plant formations were Glomus, Acaulospora
and Archeospora (Fig. 14.2). Moreover, the Matorral plant formation showed a
higher species richness relative to the Espinal and Austrocedrus chilensis (Fig. 14.2).
The tree plant formations had different species composition (Fig. 14.2). Also, a high
level of AMF colonization was observed in the roots of all three plant formations;
Austrocedrus chilensis (90%), the Matorral (75%) and the Espinal (65%). Finally, a
positive correlation was observed between the diversity of AMF and edaphic fac-
tors, such as nitrogen and phosphorus concentration, available and exchangeable
potassium and soil organic matter percentage.

Another study performed in the VI Region of Libertador Bernardo O’Higgins in
central Chile, aimed to assess the mycorrhizal type of the dominant plant species of
the sclerophyllous shrubland plant formation (Silva-Flores et al. submitted). It was
possible to stablish that P. boldus, Kageneckia oblonga, Escallonia pulverulenta,
Quillaja saponaria and Cryptocarya alba were all AM plant species. In Lithrea
caustica it was possible to observe AMF hyphae only in the surface of roots thus
further analyses are recommended to accurately assess whether is an AM plant.

Finally, another study explored the variation of the molecular AMF community
of the sclerophyllous shrubland in relation with host plant species, compartment
(root or soil), physico-chemical soil factors and seasons (Silva-Flores et al. unpub-
lished data). So far, a richness of 153 virtual taxa (VT) has been found. Also, the
main AMF genera found were Glomus, Claroideoglomus and Paraglomus. AMF
richness was regulated by host plant species, while AMF community composition
was regulated by seasons, host plant species, soil compartment (root or soil) and
some physico-chemical soil factors.

All the studies above described indicate that AMF are highly present in the
Chilean matorral and consequently playing an important role on this MTE. However,
all this research is in a descriptive stage and further studies quantifying the AMF
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Fig. 14.2 Percentage of AMF spore genera in 100 g of soil in each plant formation studied
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contribution to ecosystem processes should be performed, in order to develop effi-
cient conservation strategies for this MTE.

14.3.2 Applied Research on AMF in the Chilean Matorral

Two studies related to AMF and applications of it have been performed in the
Chilean Mediterranean agroecosystems. The first one evaluated the effect of no till-
age and conventional tillage on soil organic matter, arbuscular mycorrhizal hyphae
and soil aggregates (Curaqueo et al. 2010). Tillage affected the quantity and quality
of soil organic matter, as well as AMF activity, glomalin content, and soil aggrega-
tion. No tillage produced higher values of hyphal length and glomalin production in
contrast to conventional tillage. Thus, no tillage favors soil aggregation and conse-
quently contribute to the stability of organic matter of the Mediterranean agroeco-
systems. The second study explored the effect of conventional tillage and no tillage
for 6 and 10 years on AMF propagules (spore density and total and active fungal
hyphae) and glomalin content (Curaqueo et al. 2011). AMF propagules and gloma-
lin content resulted to be higher in a 6 year no tillage system compared with a con-
ventional tillage system and 10 years no tillage system, suggesting that the positive
effects of no tillage system for 6 year vanished after certain time.

Finally, Aguilar et al. (unpublished data) studied the effect of two different agri-
cultural managements (organic vs conventional) on the diversity of AMF present in
the soil of Mediterranean Chilean vineyards. The morphological analysis from
spores of grapevine rhizospheric soil resulted in a total of twelve morphospecies of
AMF (Fig. 14.3). Organic management had a higher species richness (11) compared
to conventional management (10). Also, the species composition was different
between managements. The organic management was composed by 2 exclusive
species (Acaulospora sp. and Pacispora scintillans) and 9 shared with conventional
management, while conventional had 1 exclusive (Claroideoglomus etunicatum)
(Fig. 14.3). Finally, a molecular analysis showed that the three most common colo-
nizers of grapevine roots, independent of the management, were Funneliformis ver-
ruculosum, Septoglomus constrictum and an unknown Septoglomus sp. This study
provides valuable information since identification of AMF species have the poten-
tial for being used in sustainable management practices to improve grapevine pro-
duction in the Mediterranean region.

The investigation on AMF in Mediterranean agroecosystems shows that AM
symbiosis is also important and contributes to a better performance of the produc-
tive systems (Curaqueo et al. 2010, 2011). However, more detailed studies are
needed in order to assess their role as a provider of ecological services in, for
instance, sustainable agriculture (Johansson et al. 2004).

Finally, the recognition of the crucial role of AMF in the central Chilean MTE is
needed in order to protect the diversity of AMF populations as well as the vegetation
diversity. Additionally, it is also important to considerer the relationships between
AMF and other microorganisms (e.g. PGPR and rhizobia).
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Fig. 14.3 AMF spore morphotypes from soil of ten Chilean grapevine valleys. (a) GII
Scutellospora sp., (b) GL1 Funeliformis verruculosum, (¢) GL2 Uncultured Septoglomus, (d)
GL3, Claroideoglomus etunicatum**, (e) GL4 Uncultured Septoglomus, (f) GI2 Gigaspora sp.,
(g) AC1 Acaulospora sp.*, (h) GLS5 Septoglomus constrictum, (i) GI3 Cetrospora gilmorei, (j) PA1
Pacispora scintillans*, (k) PAR1 Paraglomus sp. and (1) GL6 Sclerocystis sp. *species exclusively
from soils with organic management, ** species exclusively from soils with conventional
management

14.4 Ectomycorrhiza in the Chilean Matorral

In Chile, Nothofagus is the only native plant genus documented as EcM (Garrido
1988). It has 10 species, where six of them can be found in the Chilean matorral
through altitudinal gradient replacement. N. macrocarpa inhabits in small, relictual
and disjunct populations in the top of Coastal Mountain range, forming the northern
limit of genus distribution (Alcaras 2010). In contrast, N. obliqua, N. glauca, N.
alessandri, N. alpina, and N. dombeyi inhabit the altitudinal intermediate zones.

Several studies on Nothofagus forests in central Chile revealed the presence of
43 species of ectomycorrhizal fungi (Fig. 14.4), divided in 3 Orders, 9 Families, and
13 Genera (Singer 1969; Moser and Horak 1975; Horak 1980; Garrido 1985, 1988).
Cortinarius is the dominant fungal genus, comprising 56% of the total species rich-
ness (Table 14.1). In addition, these forests are characterized by a high degree of
fungal endemism, being 44% of the fungal species endemic to Chile, and 42% are
endemic of the South American Nothofagus forest, comprising central-south of
Chile and southwest of Argentina (Niveiro and Albert6 2012, 2013, 2014; Romano
and Lechner 2013; Romano et al. 2017). Thus, a total of 86% of EcM fungal species
found in the Chilean matorral are endemic of Nothofagus forests in southern South
America (Table 14.1).
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Fig. 14.4 Some native EcM species: (a) Austropaxillus statuum, (b) Cortinarius austroturmalis,
(¢) C. magellanicus, and (d) Descolea antarctica

Currently, macromycetes are being studied in forests dominated by N. macro-
carpa in two locations: Cerro El Roble (33°00’S, 71°00'W) and Reserva Natural
Altos de Cantillana (33°52'S, 71°00'W). We have found 17 ectomycorrhizal fungi
corresponding to 10 species of the genus Cortinarius, two species of Inocybe, two
species of Laccaria, one Hebeloma species, one Amanita species and one Paxillus
species (Diban et al. unpublished work). Although they are in the process of taxo-
nomic determination, none of them coincide with those described in the literature
for N. macrocarpa (Singer 1969; Moser and Horak 1975; Garrido 1985). Thereby,
this study increases documented EcM fungal richness for N. macrocarpa to 28 spe-
cies in total.

Most of the species records previously mentioned are based on the presence of
ectomycorrhizal species through fruiting bodies (Singer 1969; Moser and Horak
1975; Garrido 1985), with few studies confirming the presence of the species in the
roots (Garrido 1988). Thus, in mixed forests with the presence of two or more
Nothofagus species, it makes it difficult to interpret which ectomycorrhizal species
is associated with which host species. In addition, some fungal genera are both,
ectomycorrhizal and saprotrophs (e.g. Ramaria spp.) (Tedersoo et al. 2008). Thus,
in studies based only on fruiting bodies, there is no certainty whether Ramaria spp.
are forming EcM associations or not. Consequently, one of the challenges in the
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Table 14.1 List of ectomycorrhizal fungal species in four localities of the Chilean matorral, and
its distribution. En = endemic, Ch = Chile, Ar = Argentina. S1: Cerro El Roble (33°00'S, 71°00'W),
S2: Altos de Vilches (35°36'S, 71°12'"W), S3: Reserva Forestal El Maule (35°50'S, 72°31'W) and

S4: Pilén (35°57'S, 72°25'W)

Species Distribution | S1 | S2 | S3 | S4
Amanita diemii Singer Ch, Ar 0o/ 1, 10
Amanita merxmuelleri Bresinsky & Garrido En Ch 0/ 0 10
Amanita umbrinella Gilb. Et Clel. Gondwanic | 0| 1| 0|0
Austropaxillus boletinoides (sing.) Bresinsky & Jarosch En Ch, Ar 0/ 0 10
Austropaxillus statuum (Speg.) Bresinsky & Jarosch En Ch, Ar 0o/ 1, 10
Boletus araucarianus Garrido En Ch 0,0 10
Boletus putidus Horak En Ch 0 1] 0/0
Butyriboletus loyo Philippi En Ch 0o/ 1,00
Cortinarius albocanus (Horak & Moser) Peintner & Moser Gondwanic | 0| 1| 1|0
Cortinarius albocinctus Moser En Ch, Ar 170 0/0
Cortinarius amoenus (Moser & Horak) Garnier En Ch, Ar 00| 10
Cortinarius argillohygrophanicus Moser & Horak En Ch, Ar 110 00
Cortinarius aridus Moser En Ch 110/ 0/0
Cortinarius austroturmalis Moser & Horak En Ch, Ar O 1] 11
Cortinarius austroturmalis var. austroturmalis En Ch 110 00
Cortinarius brevisporus Moser En Ch 110/ 0/0
Cortinarius cauquenensis Garrido En Ch 0/ 0 10
Cortinarius coigue Garrido En Ch 0/ 0 10
Cortinarius columbinus Moser & Horak En Ch, Ar 110 01
Cortinarius darwinii Spegazzini En Ch, Ar 0o 1,00
Cortinarius elaiotus Moser & Horak En Ch 0/ 0 01
Cortinarius gracilipes Moser En Ch 0/ 0 01
Cortinarius hualo Garrido En Ch 0,0 10
Cortinarius magellanicus Spegazzini Native 0/ 0 10
Cortinarius maulensis Moser En Ch, Ar 0| 0/ 01
Cortinarius pachynemeus Moser En Ch 110/ 0/0
Cortinarius paguentus Garrido & Horak En Ch 0,0 10
Cortinarius roblemaulicola Garrido & Horak En Ch, Ar 00| 10
Cortinarius teraturgus Moser Gondwanic | 1| 0| 0|0
Cortinarius teresae (Garrido) Garnier En Ch 0,0/ 10
Cortinarius tumidipes Moser En Ch, Ar 0o/ 1,00
Cortinarius viridurifolius Moser En Ch 0/ 0 01
Descolea antarctica Singer En Ch, Ar 11110
Inocybe neuquenensis Singer En Ch, Ar 0/ 0 10
Laccaria ohiensis (Mont.) Singer Broad 00| 1|0
Paxillus aff involutus (Batsch ex Fr.) Fr. Broad 170 0/0

(continued)
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Table 14.1 (continued)

Species Distribution | S1 |S2 | S3 | S4
Russula austrodelica Singer En Ch 0O 1] 1/0
Russula nothofaginea Singer En Ch, Ar 0,0 1|0
Stephanopus vilchensis Garrido & Horak En Ch 0o/ 1,00
Tricholoma cortinatellum Singer En Ch, Ar O 1/ 10
Tricholoma fagnani Singer En Ch, Ar 0,0 1|0
Tricholoma fusipes Singer En Ch, Ar 0 0/ 10
Zelleromyces alveolatus (sing. & Sm.) Trappe, Lebel & En Ch 110 00
Castellano

TOTAL 11 /12 20 |6

study of EcM in the Chilean matorral is to combine the taxonomy of fruiting bodies
together with direct observation of the roots, and to sequence the described species
to extend the genetic database. Another challenge is to increase sampling locations,
especially in forests of N. alessandri and N. macrocarpa, that are scarcely sampled
and they are both classified as endangered species (Benoit 1989).

14.5 Orchid Mycorrhiza in the Chilean Matorral

The Orchidaceae family forms an exclusive type of mycorrhiza, called the orchid
mycorrhiza (OrM). In this association, orchids interact with a polyphyletic group of
life-free saprophytic fungi called Rhizoctonia that includes fungi from three basid-
iomycetes families: Tulasnellaceae, Ceratobasidiaceae and Sebacinaceae (Dearnaley
et al. 2012). In addition to the exchange of nutrients and carbon between fungi and
adult plants (Cameron et al. 2006), OrM are crucial for orchid germination and
seedling development. Orchid seeds are extremely small and lack of energy reserves
(Arditti and Ghani 2000), so they require associating with MF that provide the nutri-
ents and carbon needed to germinate (Rasmussen 2002). This process, known as
symbiotic germination, is one of the defining characteristics of Orchidaceae
(Givnish et al. 2016) and it means that all orchids are mycoheterotrophic (MHT) at
least in one stage of their life. Most orchids are autotrophic at adulthood, but there
are some species that remain fully MHT throughout life (Leake 1994). Furthermore,
some green orchids species present a third nutrition mode called partial MHT or
mixotrophy, in which they obtain carbon from MF and from photosynthesis (Selosse
and Roy 2009; Hynson et al. 2013).

Although Orchidaceae has a tropical center of diversity, it shows a considerable
secondary diversity outside tropical regions (Dressler 1981). This is the case of
Mediterranean ecosystems, where the scarce orchid flora of Southern California is
an exception compared to Mediterranean Australia, Chile, south Africa and south-
ern Europe (Bernhardt 1995).
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There are 42 orchid species that show continuous or partial distribution through
the Chilean matorral (Novoa et al. 2015), all of them terrestrial and photosynthetic.
Little is known about OrM associations in Chile (Herrera et al. 2019), and even less
in the Chilean matorral, however the evidence available shows these orchids form
associations mainly with fungi form the families Tulasnellaceae and
Ceratobasidiaceae (Herrera et al. 2017). These findings support observations from
other Mediterranean zones that show that Tulasnellaceae and Ceratobasidiaceae
fungi are the main associates in a high number of orchid species (Girlanda et al.
2011; Jacquemyn et al. 2015). Interestingly, there is no record of Sebacinaceae
forming OrM in Chilean matorral. This result agrees with other studies in Southern
South America (Fracchia et al. 2014a, b) but differs from observations in
Mediterranean Basin (Girlanda et al. 2011). Further studies assessing the distribu-
tion of OrM fungi in soils would help to elucidate the causes of the lack of
Sebacinaceae. Nevertheless, more research on other orchid species including more
populations is needed to confirm this pattern.

Another exciting observation is the variation in the degree of specificity among
orchid species of Chilean matorral. Specificity ranges from generalist associations
like in Chloraea longipetala (Herrera et al. 2017) and Bipinnula fimbriata (Steinfort
et al. 2010) to more specialists, as observed in Chloraea gavilu (Herrera et al. 2017).
This agrees with variation on mycorrhizal specificity observed among orchids spe-
cies from Mediterranean Australia (Bonnardeaux et al. 2007; Swarts and Dixon
2009). Additionally, variation in specificity among populations of the same species
was observed in Bipinnula fimbriata and B. plumosa, which was related to changes
in soil nutrient availability (Mujica et al. 2016). In the last decade, it has been an
increasing effort to identify OrM in Chilean matorral (Herrera et al. 2019). However,
further studies are required to expand this knowledge and to allow comparisons
between Mediterranean climates. For example, to our knowledge, there is no evalu-
ation of nutritional modes of Chilean matorral orchids, while mixotrophy has been
detected in Mediterranean Basin orchids (Liebel et al. 2010; Girlanda et al. 2011).
This is particularly interesting considering that this nutritional mode might be more
frequent in green orchids than previously thought (Gebauer et al. 2016). There is a
lot to be done in the study of Chilean matorral OrM, especially bearing in mind that
most of Chilean orchids are endemic and insufficiently known or in some degree of
threat (Novoa et al. 2015; Herrera et al. 2019); and mainly considering that
knowledge on OrM is crucial for successful strategies in orchid conservation (Batty
et al. 2002; Swarts and Dixon 2009).

14.6 Final Considerations

Mycorrhizal research in the Chilean matorral is evidently scarce. However, an
emerging interest is arising from several researchers — mainly in AM, EcM and
OrM. South America, in general, with their contrasting mycorrhizal patterns in
comparison with the northern hemisphere, climatic conditions and other features
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have the potential for new, interesting discoveries (Bueno et al. 2017), and, of
course, the South American MTE is not distant to this option.

AMF research in the Chilean MTE requires the increase of sampling efforts in all
plant communities that constitute the Chilean matorral — with both complementary
morphological and molecular approaches — not only from the soil compartment, but
also from the direct observations of roots. Studies should be done in order to pro-
mote the conservation of AMF with their respective plant hosts. Also, more research
is needed to encourage sustainable agriculture since most of the plants of productive
interest have AM. The Chilean MTE is under high agriculture pressure thus, conser-
vation and production should find an equilibrium; and, through AM symbiosis
research, this aim could be reached.

Ectomycorrhizal research, is based mainly on fruiting bodies. Thus, here also
direct morphological observation of roots is needed, as well as the use of molecular
approaches in order to increase the knowledge — at least in terms of diversity.

Orchid mycorrhizal research has been focused on the fungal diversity associated
with this symbiosis. However, more studies are needed in this respect since the
orchids of the Chilean matorral are endemic and many are threatened; thus, OrM
research will aid orchid conservation.

It is important to highlight the lack of studies in ErM not only for the Chilean
Matorral, but also at a national level. Thus, an urgent call is made regarding this
mycorrhizal type.

Mycorrhizal research in the Chilean MTE and, in general, in South America is
emerging and filling basic knowledge gaps through ecological diversity studies.
However, in the future, the integration of physiological studies in order to quantify
the contribution of mycorrhizas to ecosystem processes will be necessary as well as
the use of molecular approaches to understand the mechanism of the ecological pat-
terns that we are finding. Lastly, it is worth mentioning that the Chilean matorral is
a biodiversity hotspot; thus, all the mycorrhizal knowledge will be useful for con-
servation purposes, as well as the restoration of already degraded plant communities
of this ecosystem that are constantly submitted to anthropic negative pressure.
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in Salt-Affected Soils of South America
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15.1 Introduction

Land degradation is currently recognized as one of the most important environmen-
tal problems worldwide. It has been estimated that more than 7% of the arable land
is salinized and it is expected to increase up due to global change and human activi-
ties (Ruiz-Lozano et al. 2012; FAO 2015). Soil salinity, one of the major environ-
mental factors, reduces the growth, development, and productivity of plants (Tang
et al. 2015; Kalaji et al. 2016).

Arbuscular mycorrhizal fungi (AMF) are ubiquitous among a wide array of soil
microorganisms inhabiting the rhizosphere and are known to exist in saline environ-
ments (Giri et al. 2003; Wang et al. 2004; Garcia and Mendoza 2007, 2008).
Arbuscular mycorrhizal fungi establish a direct physical link between plant roots
and soils facilitating to acquire mineral nutrients from soils under nutrient stress
conditions modifying the environment of rhizosphere, alleviating the adverse effects
of salinity stress (Smith and Read 1997; Jahromi et al. 2008; Evelin et al. 2009).

Plants growing in saline soils are subjected to different physiological stresses
that induce nutrient imbalance, cell organelles damage, and photosynthesis and res-
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piration disruption (Juniper and Abbott 1993; Evelin et al. 2013). On AMF symbiosis
the adverse effects of salinity caused inhibition of spore germination (Hirrel 1981;
Juniper and Abbott 2006), hyphal growth and development (McMillen et al. 1998),
as well as reduced production of arbuscules (Pfeiffer and Bloss 1988). Although
increased salinity reduces AMF colonization of plant roots, the dependency of
plants on arbuscular mycorrhizas (AM) is increased, indicating the significance of
AMEF to alleviate salinity stress on plant growth (Tian et al. 2004; Evelin et al. 2009;
Miransari 2010; Porcel et al. 2012). When plant is subjected to salinity stress,
absorbs less P (Munns 1993), but can alleviate this stress using different mecha-
nisms (Al-Karaki 2000, 2006; Al-Karaki et al. 2001; Tian et al. 2004). For example,
the symbiosis with “resistant AMF species” enhances leaf respiration and transpira-
tion, increasing the exchange of carbon dioxide and water through stomatal activity
in plants.

The natural vegetation growing sparsely on saline soils are called halophytes.
According to Flowers and Colmer (2008), halophytes are plants that can survive and
reproduce in environments where the salt concentration exceeds 200 mM of NaCl
(~20 dS m—1) and constitute approximately 1% of the world’s flora. Halophytes
complete their life cycle under highly saline conditions (Stuart et al. 2012) and they
possess special morphological and anatomical features as well as physiological pro-
cesses to cope with saline environments (Hasanuzzaman et al. 2014).

Under cultivation many halophytes grow and carry high productivity without the
presence of any significant salinity named “optional” or “facultative” halophytes
e.g. Atriplex spp., Maireana spp., Tamarix spp., Salsola spp., Limonium spp.,
Puccinellia spp., etc. (Le Houérou 1993). The “obligate” or “true” halophytes need
saline conditions for normal growth e.g.: Halocnemum, Arthrocnemum, Salsola
spp., Salicornia spp., Suaeda spp., Sarcocornia spp. Others need no salt concentra-
tion for growing, but do better with it. They are called “preferential” halophytes, e.g.
Atriplex, some Maireana, some Tamarix. Other non-halophytic species, i.e. which
are found in nature under both saline and non-saline conditions, may be fairly toler-
ant to salinity. This is the case of a number of conventional cultivated species and
their wild relatives which are able to grow normally, under cultivation, with an
electrical conductivity (EC) soil solution of 10—15 dS m-1 or slightly above. For
example: Beta vulgaris (beet), Gossypium spp. (cotton), Cynodon spp. (bermuda
grass), Festuca arundinacea (tall fescue), Agropyron elongatum (tall wheat grass),
Medicago sativa (alfalfa), Medicago spp., Melilotus spp. (sweet clovers), Lotus spp.
(trefoils), Trifolium resupinatum (persian clover), T. fragiferum (strawberry clover),
etc. It is known that AMF and their association with halophytes may improve plant
tolerance to drought and salt (Smith and Read 2008).

Increased salinization of arable land is expected to have devastated global effects
(Ruan et al. 2010; Shabala 2013). The use of halophytic plants in fodder production
constitutes a useful practice in order to restore the vegetation of salt-affected areas
(Yeo and Flowers 1980; O’Leary 1988). This chapter show the mycorrhizal status
of halophytes species and salt-tolerance species used as a forage source for live-
stock in South America. Specially we made a focus in AMF associated with mem-
bers of Chenopodiaceae in Salinas Grandes (Jujuy and Cérdoba province) and with



15 Arbuscular Mycorrhizal Symbiosis in Salt-Tolerance Species and Halophytes... 297

Lotus tenuis (one of the most economically important naturalized legumes) in
Argentinean Pampas (Buenos Aires province) of Argentina.

15.2 Soil Salinity, Halophytes, Salt Tolerance Feedstuffs
and Arbuscular Mycorrhizas

Soil salinity is the salt content in the soil solution. The process of increasing the salt
content is known as salinization, being one of the most important agricultural and
eco-environmental problems increasing in many parts of the world (Evelin et al.
2009; Porcel et al. 2012). It can be caused due to natural salinization or topsoil sali-
nization by human activities (land use changes and overgrazing) (Taboada et al.
2011; Bandera 2013; Di Bella et al. 2015). Examples caused by natural processes
are the banks of water bodies, where fluctuating water levels and saline water evapo-
ration over time leads to the formation of saline soil patches. By human activities,
the irrigational practices for agricultural lands supplemented through saline ground-
water sources.

A soil containing excess of salts impairing its productivity is called a salt-affected
soil (SAS). The SAS are found mainly in the arid and semi-arid regions and can be
divided into saline, saline-sodic and sodic, depending in salt amounts, type of salts,
amount of sodium present and soil alkalinity. Each type of SAS will have different
characteristics, which will also determine the way they can be managed. The soil
map of the world (FAO-UNESCO 1974) estimated that the total area for saline
soils was 397 million ha and for sodic soils was 434 million ha. The 7.6% soils in
South America are salt affected (Table 15.1) (FAO-UNESCO 1971; Dudal and
Purnell 1986).

In extremely saline and semi-desert environments halophytes and salt tolerant
plants can growth being an essential resource in the future. Their strategies to suc-
cessively grow and develop in marginal lands will be of great value for the nutrition
of animals which live in those environments (El Shaer 2010).

Table 15.1 Salt-affected areas in South America (Source: Szabolcs 1979)

Area 1000 ha

Continent Country Saline/Solonchaks Sodic/Solonetz Total

South America Argentina 32,473 53,139 85,612
Bolivia 5233 716 5949
Brazil 4141 362 4503
Chile 5000 3642 8642
Colombia 907 - 907
Ecuador 387 - 387
Paraguay 20,008 1894 21,902
Pert 21 - 21
Venezuela 1240 - 1240
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The mycorrhizal status of many halophytes is controversial, as they belong to
families like Caryophyllaceae, Chenopodiaceae and Plumbaginaceae which are fre-
quently reported as being non-mycorrhizal (Harley and Harley 1987; Wang and Qiu
2006). Nevertheless, it has been shown that halophytes like Asteraceae and
Plantaginaceae families can be intensively colonized by AMF (Harley and Harley
1987; Carvalho et al. 2001; Hildebrandt et al. 2001; Landwehr et al. 2002), protect-
ing plants against the detrimental effects of water deficiency (Smith and Read 1997;
Augé 2001; Ruiz-Lozano 2003), and alleviating salt stress symptoms (Ruiz-Lozano
and Azcén 2000; Cantrell and Linderman 2001; Sharifi et al. 2007; Jahromi et al.
2008). Data on forage halophytic vegetation and its distribution in South America
has been considered by Brevedan et al. (1994). In Table 15.2 we show a list of the
halophytes and salt-tolerance feedstouffs mention in Brevedan et al. (2016). We
included their mycorrhizal status based on local literature. Knowledge of their strat-
egies to successively grow and develop in marginal lands will be of great value for
the nutrition of animals which live in those environments (El Shaer 2010).

15.3 Mycorrhizal Symbiosis of Some Halophytes
in Argentina

Salinization caused by irrigation affects 18.4 million ha in Latin America and
Caribbean, particularly in Argentina, Brazil, Chile, Mexico and Perd (AQUASTAT
1997; FAO 2015). Around 85 million ha are affected by excess of salts and sodium
in Argentina, and approximately 600,000 ha of irrigated soils are affected by salin-
ity, which is the third largest area in a single country after Russia and Australia
(Szabolcs 1979; Bandera 2013). In Argentina, SAS are found mainly in the arid and
semi-arid regions but there are also areas naturally affected by salts in humid and
sub humid climates, where salts come from groundwater. These areas are located in
humid and sub-humid climates in the grasslands from the Argentinean Pampas and
“Bajos Submeridionales” in Central Argentina (Lavado and Taboada 1988; Morras
and Candioti 1982).

Adverse environmental conditions can negatively affect the infectivity and sur-
vival of AMF propagules (Juniper and Abbott 1993). However, AMF could survive
in soil and the roots of some forage species tolerant to saline-sodic soils (Escudero
and Mendoza 2005; Garcia and Mendoza 2007, 2008). In this section of the chapter
we focus in the relationship between AMF and salt tolerant feedstuffs (Lotus spp.)
and halophytes forage shrubs of Chenopodiaceae family growing in Argentinean
Pampas and “Salinas Grandes” salt flats (“Salinas” or “Salares”) respectively.
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Table 15.2 List of the salt tolerant and halophytes plant species cited in Brevedan et al. (2016) as
valuable for grazing or browsing in South America with their geographic distribution and arbuscular
mycorrhizal status (P: present, NP: not present, Nd: not determined). Ar: Argentina, Am Trop:

América Tropical, Par: Paraguay

Salt tolerance/Halophytes plant Geographic Mycorrhizal status/
species distribution References®
Family Poaceae

Agropyron scabrifolium Ar Nd
Agropyron elongatum Ar P()
Aristida mendocina Ar P(2)
Bothricloa saccharoides Ar Nd
Bothricloa lagonoides Ar Nd
Chloris gayana Ar P@3)
Chloris canterae Ar Nd
Chloris ciliata Ar Nd
Chloris halophila Ar Nd
Cenchrus ciliaris Ar, Brazil P@4,5)
Diplacne uninerva Ar Nd
Distichlis scoparia Ar P (6)
Distichlis spicata Ar, Pert, Bolivia P (7a,8,9)
Distichlis australis Ar, Perua Nd
Distichlis humilis Pert, Bolivia Nd
Elymus scabrifolius Ar Nd
Leptochloa cloridiformis Ar Nd
Muhlenbergia fastigata Perd Nd
Panicum coloratum Ar P
Panicum urvilleanum Ar Nd
Paspalum spp. Ar P (8, 10)
Pappophorum caespitosum Ar NP (2)
Pappophorum philippianum Ar Nd
Spartina alterniflora Ar NP (11)
Spartina densiflora Ar P11
Stenotaphrum secundatum Am trop, Ar P (8)
Family Fabaceae

Lotus tenuis Ar P (8, 12)
Melilotus albus Ar P (13)
Melilotus officinalis Ar Nd
Sporobolus indicus Ar Nd
Sporobolus phleoides Ar NP (2)
Trichloris crinita Ar P (14)
Trichloris pluriflora Ar Nd
Prosopis spp. Ar, Par, Chile, Brazil P(3,15)

Family Chenopodiaceae

Atriplex spp.

Ar, Chile, Brazil

P, NP (2, 7b, 16,17,18)

(continued)
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Table 15.2 (continued)
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Salt tolerance/Halophytes plant Geographic Mycorrhizal status/
species distribution References®
Salicornia spp. Ar, Peru, Bolivia Nd

Suaeda spp. Ar, Peru, Bolivia Nd

Kochia spp. Ar, Bolivia, Perd NP (19)
Family Rosaceae

Polylepis besseri Chile P (20)
Polylepis tarapacana Chile Nd

Family Cactaceae

Opuntia ficus-indica Chile, Brazil P(5)
Opuntia cochenillifera Brazil Nd

Family Caryophyllales

Sarcocornia neei Perd Nd
Sarcocornia perennis Ar Nd

aReferences: (1) Cavagnaro et al. (2014); (2) Lugo et al. (2015); (3) Mijaluk et al. (2011); (4) Di
Barbaro et al. (2018); (5) da Silva Sousa et al. (2013); (6) Pagano et al. (2011); (7) Fontenla et al.
(2001a, 2001b); (8) Garcia and Mendoza (2008); (9) Schwab et al. (2016); (10) Grigera and
Oesterheld (2004); (11) Daleo et al. (2008); (12) Escudero and Mendoza (2005); (13) Hack et al.
(2009); (14) Lugo et al. (2005); (15) Fracchia et al. (2009); (16) Cofré et al. (2012); (17) Soteras
et al. (2012); (18) Becerra et al. (2014); (19) Schalamuk et al. (2015); (20) Hensen (1994)

15.3.1 Argentinean Pampas

In central-east of Argentina there is an extensive wetland in the sub humid portion
of the Pampean plain, the Flooding Pampa (90,000 km?) (Sala 1988), which soils
affected by salts and sodium are qualified as Natraquoll and Natraqualf (US Soil
Taxonomy, INTA 1977). Under such restrictive soil conditions, Lotus tenuis is the
only legume that grows and fully colonized the flooding pampas of Argentina
(Nieva et al. 2018).

Lotus tenuis is a perennial herbaceous legume appreciated by farmers due to the
ability to grow in nutrient-deficient soils, and for its nutritional forage value
(Mazzanti et al. 1988). Plants of L. tenuis seem to be tolerant of flooded conditions
which commonly occur in autumn, winter and part of the spring in the Pampas
(Vignolio et al. 1996, 1999). Lotus tenuis is highly dependent on AMF root coloni-
zation by grow at low phosphorus availability (Mendoza and Pagani 1997). In dif-
ferent field sites this legume presents a high colonized percentage of root length
(Mendoza et al. 2000; Escudero and Mendoza 2005; Garcia and Mendoza 2008).

Escudero and Mendoza (2005) studied over 2 years the seasonal variation in the
composition of AMF communities in the rhizospheric soil from L. tenuis at four
temperate grassland sites in the flooding Pampas. The sites represent a wide range
of soil conditions (two were sodic soils, one was saline-sodic soil and the last one
non-saline), hydrologic gradients, and floristic composition. At all four samples
sites Rhizophagus fasciculatum and R. intraradices dominated the AMF spore com-
munities. Spore density was highest in summer (dry season) and lowest in winter
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(wet season). The relative density of R. fasciculatum and R. intraradices versus two
other AMF species, Glomus sp. and Acaulospora sp. had distinctive seasonal peaks.
These seasonal peaks occurred at all four sites, suggesting differences among AMF
species with respect to the seasonality of sporulation. This relationship occurred in
spite of the broad differences among the four sites, and may suggest niche differen-
tiation among AMF species with respect to the seasonality of sporulation. In this
work, the results show the influence of many plant community and soil variables on
AMF community rather than the influence of one specific dominant plant species or
soil property. Consequently, there is not a clear separation between plant and soil
factors on AMF sporulation in these temperate grasslands with different levels of
salinity or sodicity in soil (Escudero and Mendoza 2005).

Recently, Garcia et al. (2017) showed that AMF families and AMF colonization
are a good indicator to differentiate sites by their soil characteristics (pH and Na
exchangeable), and/or management (e.g. herbicide application) in the Argentinean
Pampas. The AMF community was described in the rhizosphere of L. fenuis in halo-
morphic soils under different management conditions. The environments selected
differ in land use: natural grasslands or L. fenuis promotion with glyphosate appli-
cation. The soil sites present different levels of salinity and sodicity, and an increased
relative frequency of L. fenuis in sites with glyphosate-mediated promotion. A total
of twenty-two species of AMF were identified in the rhizospheric soil from L. tenuis
at the different sites. The AMF species were grouped into seven families; four of
them present the highest spore density: Glomeraceae, Claroideoglomeraceae,
Acaulosporaceae and Diversisporaceae. Glomeraceae was the only family present
in all sites, and particularly Funneliformis mosseae, was the only species described
at all environments, independently of soil properties and management. Spore den-
sity data (from 2 to 26.80 spores/100 g dry soil) at the family level, soil properties
and L. tenuis relative frequency showed that Claroideoglomeraceae spores were
associated with an increase in pH and Na exchangeable, and a decrease in L. tenuis
frequency (saline-sodic soils in natural grassland). The spores from Acaulosporaceae
and Glomeraceae were associated with high L. fenuis frequency and a decrease in
pH and Na exchangeable (non saline-non sodic soils in L. fenuis promotion). The
Diversisporaceae family is associated with non saline-sodic soil (in L. tenuis pro-
motion). Respect to AMF colonization, this fungal parameter showed a positive
correlation (increased) with pH and exchangeable Na (salinity and sodicity) in
grasslands, and a negative correlation (decreases) in sites with L. fenuis promotion.
Based on these results, the AMF community in sites with L. tenuis promotion could
be less effective in the establishment and the subsequent maintenance on root colo-
nization. This can be explained due to the viability of the AMF spores in soil affected
by the herbicide application as reported by Druille et al. (2015). The concomitant
loss of plant diversity produced by the herbicide application can also affect the AMF
community. Although each fungal community is adapted to the soil conditions, the
different edaphic properties do not necessarily modify the proportion of root colo-
nized by arbuscules in L. fenuis plants. These are agreed with previous observations
on the dynamics of AMF colonization in L. fenuis roots in a spatial-temporal study
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along a hydrologic, saline and sodic gradient in grasslands of the Argentinean
Pampas (Garcia and Mendoza 2008).

Following the studies in temperate natural grasslands from the Argentinean
Pampas, the seasonally dynamics of AMF root colonization, propagules and plant
tissue nutrients were studied in three forage plants growing in a saline-sodic gradi-
ent (Garcia and Mendoza 2008). The plant species were L. tenuis, and the grasses
Paspalum vaginatum and Stenotaphrum secundatum. Soils and plant samples were
collected in four sites seasonally across a topographic and saline gradient: sites 1
and 2 were on a typic Natraqualf soil (lowland sites) and sites 3 and 4 were on a
typical Natraquoll soil (upland sites) INTA-CIRN 1990) (Fig.15.1a, b). The plant
communities were dominated by: L. tenuis, P. vaginatum, Distichlis spicata,
Eleocharis viridans and Cynodon dactylon (site 1); and by L. tenuis (Fig.15.1c¢),
Bromus unioloides, S. secundatum and L. multiflorum (site 4). The studied plant
species presents a similar morphology of AMF root colonization in the adverse soil
conditions. The AMF colonization was higher in L. fenuis than in the grass roots at
all sites and seasons. The overall mean values of AMF colonization over sites and
season for L. tenuis was 89% and for grasses was 68%. This fungal parameter was
positively associated with soil water content, salinity and sodicity in L. tenuis, but
negatively in grasses. The high levels of root colonization suggest that either the
plants respond with slow root growth, the fungi colonize roots more completely or
the interaction enables considerable root colonization (Garcia and Mendoza 2008).

Fig. 15.1 The natural grassland from Buenos Aires province, (a) Site 1 (typic Natraqualf, the wet-
test site), (b) Site 4 (typic Natraquoll, the driest site), (¢) Lotus tenuis growing in natural saline
soils, (d) Arbuscular colonization in L. tenuis roots
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A canonical correspondence analyses (CCA) diagram was performed by the
CANOCO algorithm (Ter Braak 1987-1992) to identify the best linear combina-
tions of soil chemical properties and concentrations of N and P in shoot and root
tissues that influence AMF measurement. A positive association between EC and
exchangeable Na in spring in lowland sites (sites 1 and 2) and total AM colonization
and arbuscular colonization in L. fenuis roots (Fig. 15.1d), but a negative association
between these indexes in the grass’s roots (Fig. 15.2a, b). The values of total root
colonization and arbuscular colonization in lowland sites (sites 1 and 2) were lower
compared with the other upland sites (sites 3 and 4), suggesting that EC and
exchangeable Na may affect the symbiosis more in the grasses than in the legume
even when the symbiosis is functional for any combination between plant and site
(Fig. 15.2a, b).

Despite the differences between the legume and the grasses, spore density in soil
and AMF colonization morphology in plants vary seasonally. These seasonal effects
on AM fungal variables were independent of a particular combination between
plant species and soil sites, suggesting that seasonality is an important factor in
regulate both spore density in soil and changes in AMF root colonization morphol-
ogy in different studied plants along the saline and sodic gradient in a temperate
grassland of the Argentinean Pampas (Garcia and Mendoza 2008). AM fungi can
survive and colonize plant roots, adapting to extreme saline-sodic soil conditions
imposed by the environment (Garcia and Mendoza 2007).

15.3.2 Northwestern and Central of Argentina

In northwestern of Argentina is placed the Salinas Grandes in Jujuy province at
4000 meters above sea levels with 8200 km? which soils are classified as typic
Torripsamment (Paoli et al. 2009). The site is characterized by a medium shrub
steppe dispersed and mostly growth in isolated groups, with a relatively developed
herbaceous and pastures layer. Central Argentina presents some conspicuous salt
flats: the Salinas Grandes and the Salinas de Ambargasta, which together occupies
an area of approximately 6000 km? Soils of Salinas de Ambargasta and Salinas
Grandes are classified as Aridisol-Orthid typic Salorthids (INTA 2003). Within
these saline habitats, the distribution patterns of plant communities are defined by
the salt gradient, with plant cover inversely proportional to the presence of salt. At
sites where plant life is still possible, the most characteristic plant community is the
halophytic shrub or “jumeal”, composed of species of the Chenopodiaceae family
(Cabido and Zak 1999).

The family Chenopodiaceae is represented in arid and halophytic plant commu-
nities worldwide. This family probably includes the largest number of halophytic
members in comparison with other plant families. Even species of Chenopodiaceae
are generally considered non-mycorrhizal (Gerdemann 1968; Hirrel et al. 1978;
Mohankumar and Mahadevan 1987; Peterson et al. 1985), several species of Atriplex
(A. nummularia, A. canescens, A. confertifolia, A. gardneri, A. polycarpa, A.



304

o scak

Axis Il

“““““““““ - 0.0

-0.8 -0.4 -0.0 0.4

Axis |
(b) dscale

-0.5  -0.25 0.0 0.25

o scale

Bscale

Axis I

0.4
1

71 06| g

[ ]

(4]

A
+4 04

S4

~4 02

X *
* 402

a

404 A

0.8 o

™

A

0.75 .
0.25

o

®

Q

P4
0.0
025

A. G. Becerra et al.

sD
MCLt
ACLt
VCLt
MCGs
ACGs
VCGs

Fig. 15.2 Ordination diagram from the Canonical Correspondence Analyses (CCA) of seasonal
and spatial observations based on: (a) AM fungal variables and (b) soil properties. References: L.
tenuis (Lt), grasses (Gs), MC (total colonized root), AC (arbuscular colonization), VC (vesicle
colonization), SD (spore density), Na (exchangeable sodium), WC (water content), EC (electrical
conductivity), S (summer), A (autumn), W (winter) and Sp (spring). Number following each sea-
son indicates site (Garcia and Mendoza 2008)

versicaria, A. spinosa, A. lampa and A. argentina), Salicornia sp. and Suaeda mari-
tima can be colonized (Allen 1983; Kim and Weber 1985; Rozema et al. 1986;
Sengupta and Chaudhuri 1990, Allen and Allen 1990; Plenchette and Duponnois
2005; Cofré et al. 2007; Soteras et al. 2009).
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Fig. 15.3 Salares in the Northwestern and Central Argentina: (a) Salinas Grandes in Jujuy prov-
ince (SGJ), (b) Salinas Grandes in Cérdoba province (SGC), (¢) Atriplex cordobensis growing in
natural saline soils, (d) Arbuscular mycorrhizal colonization in A. cordobensis roots

In Argentina, Atriplex cordobensis (Fig.15.3c) is an endemic shrub that produce
an adequate biomass for livestock all year (Aiazzi et al. 1999; Abril et al. 2000). As
the mycorrhizal status of A. cordobensis is unknown, the presence of AMF, root
colonization and AMF spore taxa were evaluated at two different salt flats (“Salinas”
or “Salares”): Salinas Grandes in the Northwestern Argentina (SGJ) and Salinas
Grandes in Central Argentina (SGC) (Fig. 15.3a, b) (Cofré et al. 2012). The percent-
age of AMF colonization ranged from 0 to 99% (Fig. 15.3d) and the AMF spore
number ranged from 8.7 to 969.5 spores/100 g soil. Both fungal parameters differed
between these Salares. Nine morphologically distinctive AMF species were recov-
ered (Table 15.3, Fig. 15.4) and Funneliformis geosporum was the most frequent
and abundant species in all sites. As stated by Bothe (2012) this AMF plays a spe-
cific role in conferring salt tolerance to plants.

Atriplex lampa (“zampa”) is a shrub that constitutes a good fodder resource all
year, being palatable for sheep and goats even in critical periods of drought or scar-
city of food (Passera and Borsetto 1989). Their mycorrhizal status has been reported
in the steppe (sensu stricto) and marshes, in north-west Patagonia of Argentina
(Fontenla et al. 2001b). In two Salares of Central Argentina such as Salinas de
Ambargasta (SA) and Salinas Grandes (SG) in Cérdoba Province, Soteras et al.
(2012, 2013) evaluated the vertical distribution of AMF spore and the mycorrhizal
colonization in two seasons. Twenty AMF taxa were recovered in the rhizosphere,
being 13 identified to species level (Table 15.3, Fig. 15.4). Atriplex lampa roots
exhibited AMF colonization, although not arbuscules were observed. Arbuscular
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Fig. 15.4 Some of AMF morphospecies identified in saline soils of Northwestern and Central
Argentina, (a) Acaulospora scrobiculata, (b) Ambispora leptoticha, (¢) Claroideoglomus claroi-
deum, (d) C. etunicatum, (€) Funneliformis geosporum, (f) F. mosseae. Scale bar a-f: 20 pm

mycorrhizal colonization varied from very low to very high (4.76-82.35%) although
no significant differences were observed between seasons or soil depths. The num-
ber of AMF spores ranged between 5 and 1418/100 g dry soil with no significant
differences between soil depth. The relative spore abundance in relation to the total
spore number showed differences with soil depth and seasons. For Rhizophagus
clarus during wet season in SA ranged from 0-30%, for Septoglomus constrictum
during dry season in SG ranged from 40-60% with increasing soil depth (0-50 cm),
while Glomus brohultti showed a decreasing relative spore abundance (20-0% for
SA; 40-20% for SG) with increasing soil depth during wet season. Based on these
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results, and as was stated by Carvalho et al. (2001) Glomus spp. are the AMF more
adapted to stressful conditions.

Regarding other Chenopodiaceae species (Allenrolfea patagonica, Atriplex
argentina, Heterostachys ritteriana and Suaeda divaricata) Becerra et al. (2014,
2016) reported for the first time the mycorrhizal status and their vertical distribution
of AMF spores in SA and SG in Cérdoba Province. Low arbuscular mycorrhizal
colonization was found in the studied species: 5-31% in A. patagonica, 2-37% in
S. divaricata, 0-45% in H. ritteriana and 4-50% in A. argentina for both sites at all
soil depths (from 0-50 cm). From a total of 19 morphologically distinctive AMF
species, 15 identified to species (Table 15.3, Fig. 15.4). Arbuscular mycorrhizal
fungi spores number ranged between 3 and 1162/ 100 g dry soil, and decreased as
depth increased at both sites. Depending of the host plant, some AMF species sporu-
lated mainly in the deep soil layers (Glomus magnicaule in Allenrolfea patagonica,
Septoglomus aff. constrictum in Atriplex argentina), others mainly in the top layers
(G. brohultti in Atriplex argentina and Septoglomus aff. constrictum in Allenrolfea
patagonica). These studies contribute to the knowledge of the AMF diversity along
the soil profile in members of the Chenopodiaceae family growing in extremely
saline soils of Argentina. The six studied species showed the typical structures of
Glomeromycota and the AMF community seemed to be dominated by the
Glomeraceae family as was observed in stressful habitats (Wang et al. 2004). AMF
protect plants against salinity and developed adaptive strategies to tolerate this
stressful environment (Ruiz-Lozano and Azcén 2000).

15.4 Conclusions

Salt-affected soils occur in all continents and under almost all climatic conditions
and salinity is one of the most serious abiotic stress. In order to reclaim these
degraded zones, it is necessary to identify and characterize indigenous salt tolerant
crop plants, including their mycorrhizal status. This review summarizes the studies
carried out in South America providing information about the mycorrhizal status
with salt-tolerance feedstuffs and halophytes species capable of growing in saline
and/or sodic soils, used as a forage resource for livestock. Know the mycorrhizal
status of these plants is a promising field and needs to be addressed in future
studies.

On the other hand, the analyzed studies on Lotus tenuis a perennial herbaceous
legume appreciated by farmers for its nutritional forage value, reveals that seasonal-
ity is an important factor in regulate both AMF spore density in soil and AMF root
colonization morphology along the saline and sodic gradient. Members of
Chenopodiaceae’s family present AMF colonization in their roots and spores on
their rhizosphere. This symbiotic relationship helps in alleviating abiotic stresses in
the plant. Both in Argentinean Pampas and in Northwestern and Central of Argentina,
Glomeraceae’s was the dominant family observed in stressful habitats. The
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knowledge on halophytic and salt-tolerance plants in South America constitute a
useful practice in order to restore the vegetation of salt-affected areas.
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Chapter 16
Mycorrhizal Studies in Temperate
Rainforests of Southern Chile

Roberto Godoy and César Marin

16.1 Introduction

Old-growth temperate rainforests located in the mountain areas of the Southern
Cone of America are often presented as global model ecosystems, as they have not
been subject to chronic air pollution and have remained foristically stable through-
out the Holocene (Armesto et al. 2009, 2010). In Chile, Andes and Coastal moun-
tain ranges differ in terms of precipitation (Godoy and Oyarziin 1998; Godoy et al.
1999, 2001, 2003, 2009; Oyarzin et al. 1998, 2002, 2004, 2007, 2009, 2011;
Staelens et al. 2003, 2005, 2009), and in the input of long-distance transported aero-
sols (Boy et al. 2014). These forests can be considered as unique, isolated biogeo-
graphic islands, as they have flora with representatives derived from Gondwanian
elements, and extreme environmental, edaphic, and orographic conditions that are
enhanced by seismic and volcanic activity. The Chilean Coastal mountain range
served as a refugium for plants during the Last Glacial Maximum (Armesto et al.
2009), causing this area to have a high plant family endemism and a high number of
isolated monotypic genera. The Coastal mountain range bedrock is highly weath-
ered, and atmospheric nutrients coming from ocean processes have a significant
influence on the biogeochemical dynamics of these forests (Boy et al. 2014). In
contrast, nutrient inputs to the steep slopes of the Andes mountain range are mostly
generated by young volcanic ash deposits and weathered basaltic volcanic scoria
(Godoy et al. 2009).

The forests of the Chilean Coastal mountain range have developed in unique
evolutionary and biogeochemical scenarios, where soil nutritional limitations and
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the dilution of marine salt aerosols have been prevalent (Armesto et al. 2009). The
close connection between marine and terrestrial nutrient cycling in these forests has
greatly shaped their ecosystem functioning (Hedin and Hetherington 1996; Weathers
et al. 2000; Kennedy et al. 2002). Nutrient limitations make these coastal ecosys-
tems extraordinarily sensitive to changes on biogeochemical cycles as a result of
anthropogenic disturbances. In both mountain ranges there is a bedrock age gradient
and therefore, a gradient of total weathering (Hedin and Hetherington 1996). The
atmospheric and edaphic inputs of the Andes and Coastal mountain ranges are con-
trasting, thus allowing comparisons to be made at the micro-catchment scale
(Oyarzun et al. 1998, 2004).

A regimen of natural disturbances maintains the population dynamics of south-
ern Chile temperate rainforests (Godoy et al. 2009; Lara et al. 2014), which are
altered by anthropogenic disturbances, resulting in genetically fragmented forest
communities (Bekessy et al. 2002, 2004). Since 2005 Chile has experienced an
extreme drought with a drastic drop in precipitation, causing an increased intensity
and frequency of fires (Bowman et al. 2018). During the summer of 2017, fires
affected 5000 km? of the Chilean central-southern region, affecting densely inhab-
ited and important productive regions, as well as causing restricted access to several
national parks in remote areas (Bowman et al. 2018).

16.2 Overview of Mycorrhizal Studies on Chilean Temperate
Rainforests

The mycorrhizal symbiosis is one of the most common forms of mutualistic rela-
tionships, with crucial ecological and evolutionary roles on the terrestrial coloniza-
tion of vascular plants (Brundrett and Tedersoo 2018). Moreover, about 92% of
terrestrial plant species associate with mycorrhizal fungi (Brundrett and
Tedersoo 2018). Mycorrhizal fungi improve plant survival and nutrient acquisition
-mainly phosphorus and nitrogen- by creating large mycelial networks that access
to both mobile and immobile forms of soil nutrients (Simard et al. 2012).
Furthermore, mycorrhizal fungi influence several ecosystem processes such as plant
productivity and biodiversity, soil aggregation, and carbon cycling (van der Heijden
et al. 2008).

The first mycorrhizal studies on Chilean temperate rainforests classified the
Nothofagus spp. forests as ectotrophic, and the native conifer forests as anectotro-
phic (Singer and Morello 1960; Singer et al. 1965; Singer 1969, 1970). Several
morphoanatomical classification studies followed (Godoy and Mayr 1989; Carrillo
et al. 1992; Godoy et al. 1994; Valenzuela et al. 1999, 2001), registering as many as
651 ectomycorrhizal (EM) fungi taxa exclusive to Nothofagus spp. (Garrido 1988),
and concluding that the most abundant EM fungal orders on Nothofagus forests are:
Boletales, Cortinariales, Gautieriales, and Russulales (Palfner and Godoy 1996a, b;
Flores et al. 1997; Godoy and Palfner 1997; Palfner 2001; Nouhra et al. 2013).
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Southern Chilean temperate rainforests are unique in that arbuscular mycorrhizal
(AM) fungi associate with native conifers, as most of the flora, with the important
exception of Nothofagaceae species, which are exclusively associated with EM
fungi (Godoy et al. 1994; Fontenla et al. 1998; Palfner 2001, 2002; Castillo et al.
2006; Marin et al. 2016, 2017a, b, 2018a). Marin et al. (2016) registered 18 AM
fungal species in three N. pumilio plots, which brought the number of AM fungal
species described in Chile from 57 to 59 (Marin et al. 2017a). The vascular and
fungal flora of southern Chile’ temperate rainforests share the same climatic, geo-
logical, and evolutionary history, and the fungal flora is also characterized by a high
endemism and a high number of monotypic families and genera (Palfner 2001;
Marin et al. 2018b). According to descriptions and collections of EM fungi, the
Nothofagus spp. forests of this region have a high diversity of Agaricales when
compared with European Fagus forests (Garrido 1988; Valenzuela et al. 1999;
Palfner 2001, 2002; Marin et al. 2017b). Molecular studies of soil fungi, particularly
mycorrhizal fungi, are very recent in Argentinian and Chilean temperate rainforests
(Noubhra et al. 2012, 2013; Tedersoo et al. 2014; Davison et al. 2015; Trierveiler-
Pereira et al. 2015; Marin et al. 2017b; Truong et al. 2017, 2019).

These studies have found fungi new to science as well as pointed out vast under-
studied regions. Recent metagenomic studies in Chile examined soil fungi across
the Andean and Coastal ranges, comparing Nothofagus spp. and native conifer for-
ests, finding an inverse relationship between EM and saprotrophic fungal abundance
(Marin 2018a). Another metagenomic study found more EM and saprotrophic fungi
on less disturbed forests while more plant parasitic fungi were found in more dis-
turbed forests (Marin 2017b). The survival of these forests is highly dependent on
its mycorrhizal symbionts (Godoy et al. 1994; Marin et al. 2018a).

On the temperate rainforests of southern Chile, AM fungi make a significant
contribution to the carbon and nitrogen cycling of soil organic matter (Etcheverria
et al. 2009). This reinforces the imperative need to study the biodiversity, commu-
nity composition, ecosystem roles, and eco-evolutionary parameters of the mycor-
rhizal symbiosis on temperate rainforests of the Southern Cone of America.

16.3 Mycorrhizal Types on Southern Chile Temperate
Rainforests

We analyzed the mycorrhizal type of plant species across 17 temperate rainforest
plots (30 m x 30 m) on southern Chile, conducting the plant identification at the
Herbarium of Universidad de Concepcién, Chile, and after the species list provided
by Rodriguez et al. (2018). The mycorrhizal type was determined by analysis of the
mycorrhizal colonization of roots (i.e. fixation, root staining, and microscope quan-
tification) (Koske and Gemma 1989). Five composite soil samples from the Ah hori-
zon were collected and thoroughly mixed (litter and organic material removed;
0-20 cm depth, aprox. 1 kg each sample). Following Sadzawka et al. (2006),
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analyses included soil properties known to affect plant and fungal mycorrhizal com-
munities: pH (KCl), conductivity, total C, total N, C/N ratio, available P (Olsen P at
pH 8.5), exchangeable K, Ca, and Mg (extraction with CH;COONH, 1 mol/L at
pH 7.0), and exchangeable Al (extracted with KCI 1/mol L).

From a total of 245 vascular plant species distributed on 17 temperate rainfor-
est plots on southern Chile, we found that 208 species (85%) have mycorrhizal
associations (Table 16.1; Fig. 16.1). A total of 187 plant species associated with AM
fungi, 10 plant species with ericoid (ER) mycorrhizal fungi, seven plant species
with EM fungi, and four plant species associated with orchid (OR) mycorrhizal
fungi. A total of 37 plant species did not form any mycorrhizal association and are
considered in the literature as typical non-mycorrhizal (NM) plants, such as epi-
phytic ferns and broadleafherbs, parasitic plants (Loranthaceae and Misodendraceae),
and species from the families Proteaceae, Caryophyllaceae, Cyperaceae, Juncaceae,
and Brassicaceae (Fig. 16.1).

From the 31 species of Pteridophytic flora found, 23 (77%) present AM symbio-
sis, a similar result to other latitudes (Godoy et al. 1994). The eight NM fern species
were mainly epiphytic plants belonging to the family Hymenophyllaceae, showing
a similar result to a study on north Patagonian forests by Fernandez et al. (2005).
All the native conifer species of the region associate to AM fungi, and belong to the
families Araucariaceae (one species), Cupressaceae (three species), and
Podocarpaceae (three species), representing an exceptional association in compari-
son to the Northern hemisphere conifers (i.e. Pinaceae, Taxodiaceae), that predomi-
nately associate with EM fungi (Godoy and Mayr 1989). An aspect of particular
interest is the formation of root nodules in Podocarpaceae and Araucariaceae with
full AM colonization (Godoy and Mayr 1989). The populations of these endemic
conifers are narrow-distributed and endangered. Particularly, conifers with long
life-spans as Fitzroya cupressoides (3600 years; Lara and Villalba 1993) and
Araucaria araucana (1000 years; Aguilera-Betti et al. 2017), may be highly suscep-
tible to climate change.

The autochthonous EM plants of the genus Nothofagus on the 17 temperate rain-
forest plots investigated, included seven evergreen and deciduous species
(Table 16.1). Some EM fungi taxa have a wide distribution while other more spe-
cialized types occur only on isolated localities (Palfner 2001; Marin et al. 2018b).
The EM fungi taxa included epigeous, secotioid, and hypogeous forms.

ER mycorrhizal associations were found on a total of 10 understory plant species
of Chilean temperate rainforests: nine species on the family Ericaceae and one spe-
cies (Empetrum rubrum) on the family Empetraceae. ER plants are common on
infertile and acidic soils, characterized by a high content of recalcitrant polypheno-
lic compounds, leading to a very slow decomposition of soil organic matter.
Instrumental to the survival of ER plants in these ecosystems, are their mycorrhizal
associations, that release soil nutrients through the degradation of a wide range of
complex and recalcitrant organic substrates (Smith and Read 2008). Clemmensen
et al. (2015) proposed that the ER fungal biomass may contribute to the large stor-
age of soil organic matter in older and high-altitude temperate forests, especially in
the treeline under extreme environmental conditions.
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Fig. 16.1 Proportion of mycorrhizal types by different plant groups. Mycorrhizal types: arbuscu-
lar mycorrhizal (AM), ectomycorrhizal (EM), ericoid (ER), orchid (OR), and non-mycorrhizal
(NM)

OM mycorrhizal associations were found only in four plant species of the family
Orchidaceae. Pereira et al. (2018) studied the terrestrial orchid Codonorchis lesso-
nii, endemic to southern Chile and Argentina, showing on the plant the presence of
fungal binucleate cells and DNA material belonging to the families Ceratobasidiaceae
and Tulasnellaceae. Fungal isolates belonging to Ceratobasidiaceae grew at a higher
rate than those from Tulasnellaceae (Pereira et al. 2018). Phylogenetic analyses
showed that different fungal partners associate with this orchid, suggesting rela-
tively low specificity (Pereira et al. 2018).

A total of 10 vascular plant species presented fungal-bacterial tripartite associa-
tions: six species from Fabaceae (AM fungi + Rhizobium), two species from
Rhamnaceae (AM fungi + Frankia), and two plant species from Gunneraceae (AM
fungi + Cyanobacteria) (Card 1993). These plants with tripartite associations, as
well as several of the 37 NM plant species, are prevalent as pioneer plants on
degraded soil or are known to colonize new substrates (for example after a volcanic
event), having the role of ecosystem engineers on degraded ecosystems (Zufiga-
Feest et al. 2010).

The soils of the 17 plots sampled were generally acidic (Table 16.2), with low
nitrogen and phosphorous content, and in some plots, extremely high concentra-
tions of aluminum. Under these extremely harsh conditions for plant growth, the
mycorrhizal associations play a key role on enhancing plant nutrition (Etcheverria
et al. 2009; Marin et al. 2018a), and on giving the plant resistance to phytotoxic
aluminum concentrations (Aguilera et al. 2017).
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Table 16.2 Soil physicochemical parameters of 17 plots of temperate rainforests in southern
Chile. The plot numbers correspond to the same plots as in Table 16.1

Plot |pH Cond. TC TN Av. P K Ca Mg Al

No. | (KCI) |(uS/em™) |(%) [(%) |C/N |(ppm) | (ppm) |(ppm) | (ppm) | (ppm)
1 5.60 48 0.87 | 0.06 |14.50 1.9 25 212 25 74
2 4.70 69 9.00 [0.43 2093 4.7 79.00 | 658 92.00 | 261
3 430 |213 13.74 | 1.31 1049 2.6 218 698 | 167 1469
4 470 |395 9.33 1094 | 993 6.7 130 3546 | 901 130
5 513 1209 11.51 |0.98 | 11.74 3.5 233 14637 |716 358
6 6.01 304 10.09 |0.76 |13.28|52.5 1309 |7613 |705 14
7 3.24 115 1098 043 2553 74 143 249 71 1790
8 3.98 124 9.1 |0.58 |15.69| 2.7 131 661 | 113 1002
9 3.61 69 10.99 |0.68 |16.16| 1.0 202 950 | 139 768
10 329 223 14.77 1092 |16.05| 8.3 210 285 | 146 1745
11 347 223 791 [0.50 |15.82|20.3 81 254 51 639
12 3.35 126 63 019 |33.16]| 1.0 90 137 73 752
13 3.15 224 8.71 10.39 |22.33|16.7 171 200 93 1355
14 4.55 257 13.47 1092 | 15.01| 6.0 107 |2171 488 721
15 4.27 122 9.53 10.81 |12.01 9.0 69 361 84 1043
16 4.61 156 11.97 1043 [28.01| 7.0 164 43 48 2230
17 4.06 113 10.85 [ 0.33 |33.01| 9.0 120 204 61 1375

16.4 Mycorrhizal Bioweathering

In terrestrial ecosystems, crucial nutrients for plant nutrition as phosphorous and
base cations, largely come from the in sifu weathering of the bedrock or from weath-
ering elsewhere and subsequent atmospheric deposition (Boy and Wilcke 2008; Boy
et al. 2008). Bioweathering is the physicochemical process by which rocks are
degraded by the direct and/or indirect actions of biota (Burford et al. 2003). The role
of soil biota in weathering-related processes was largely ignored (Berner 1992).
Mycorrhiza represents the most direct connection between photosynthesis and
weatherable mineral surfaces, resulting in the lowest energy costs (Hoffland et al.
2004; Gadd 2007). Mycorrhiza, unlike plant roots, can explore small and nutrient-
specifc mineral areas, and unlike bacteria, have a direct source of energy. Mycorrhiza
degrades minerals by physical mechanisms such as tigmotropism, and by chemical
processes such as acidolysis, complexolysis, redox reactions, and metal precipita-
tion (Banfield et al. 1999; Burford et al. 2003; Hoffland et al. 2004; Rosling et al.
2004; Gadd 2007; van Scholl et al. 2008; Finlay et al. 2009; Taylor et al. 2009;
Smits and Wallander 2017).

Ecosystem age, which reflects the ecological succession estate, was related to the
degree of bioweathering in a mesocosm experiment on temperate rainforests
in southern Chile (Marin 2018a), showing also higher bioweathering degree on
EM-dominated forests. Furthermore, hyphae channels were seen on phyllosilicate
minerals (Fig. 16.2; Marin 2018a). The degree of fungal bioweathering increased
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Fig. 16.2 Channels formed by mycorrhizal fungi on Muscovite after one year of exposition in a
Fitzroya cupressoides forest, Alerce Costero National Park, southern Chile. Photo taken with a
Confocal Laser Microscope at 5000x

over time, showing that this is a relevant biogeochemical process on terrestrial eco-
systems (Marin 2018a).

16.5 Mycorrhizal Fungi as Ecological Restoration Tools

Up to now forest restoration using native trees has shown limited success (Thomas
et al. 2014). Among the potential factors influencing this low success is the lack of
integrating underground processes essential for tree survival. Mycorrhizal symbio-
sis is a key interaction directly affecting plant nutrition and resistance to abiotic and
biotic stressors (Godoy et al. 2014), and thus should constitute a fundamental tool
for ecological restoration (Lara et al. 2014). Specifically, the whole “symbiome”
(Tripp et al. 2017) -plants and its symbionts- should be considered in restoration
efforts. However, mycorrhizal fungi are rarely subjects of conservation programs, as
mycorrhizal biogeography is an incipient area (Tedersoo 2017). In fact, the effects
of anthropogenic disturbances on the distribution of plants and its mycorrhizal fungi
largely remains to be studied, especially in regions with harsh environmental condi-
tions as the temperate rainforests of southern Chile (Bueno et al. 2017).

AM fungi have been shown to be essential for the survival of the native conifer
Araucaria araucana after fires, providing access to the remaining available soil-
nutrients (Paulino et al. 2009; Lara et al. 2014; Cortés 2016) or even by maintaining
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glomalin production without mycelia growth (Rivas et al. 2012, 2016). Similarly,
endemic EM fungi as the Basidiomycete Descolea antarctica seem to be crucial for
the recovery of post-fire Nothofagus alpina seedlings (Palfner et al. 2008). Despite
the conservation threats, restoration plans of Chilean native plant species are still
incipient (Lara et al. 2014). However, suggestions as considering systems with
native plants growing with their local rhizosphere and AM fungi under greenhouse
conditions have emerged (Godoy et al. 2014; Lara et al. 2014; Marin et al. 2018a).
It is important to emphasize that endangered plant species should preferably be
grown in nurseries with local mycorrhizal fungal symbionts, as local mycorrhizal
fungi guarantee greater growth and resistance to environmental stress (Godoy et al.
1994; Marin et al. 2018a). Greenhouse experiments involving mycorrhizal fungal
inoculation of both Nothofagus spp. (Garrido 1988; Godoy et al. 1995; Marin et al.
2018a), and native conifer (Godoy et al. 1994) species, have shown significant
effects on the plant growth rate, biomass, and seedling survival.

16.5.1 Nursery Experiment

In southern Chile, with the objective of producing native flora seedlings, an assay of
simple and combined mycorrhizal inoculations with Pisolithus tinctorius and
Laccaria laccata on Nothofagus alpina and N. obliqua was developed.
Simultaneously, the potential of litter applications as a natural source of mycorrhi-
zal incoculum for plant production programs was tested.

Seedlings were obtained under sterile germination conditions in culture cham-
bers, and later transported to the nursery. At the end of the assay (16 weeks), several
plant morphometric variables were measured, discerning statistical differences with
the Tukey test (p value <0.05).

For N. alpina, the treatments involving P. tinctorius + L. laccata (with and with-
out fertilization) and also litter, resulted on significantly higher values of the mor-
phometric variables (except for the length of the radical systems) (Table 16.3). In
contrast, all treatments on N. obliqua resulted on significantly higher values of the
morphometric variables (Table 16.3). The quality index was significantly higher in
respect to the control for the combined inoculations and litter treatments on N.
alpina, while it was significantly higher for all treatments on N. obliqua (Table 16.3).

16.5.2 Reforestation Experiment

A reforestation experiment with the Nothofagus alpina and N. obliqua seedlings of
the previous nursery assay was developed. Plantations were installed on two differ-
ent sites (Folilco and Rifiihue), of the premontane Andean region in southern Chile.
After 23 weeks of the plantations, the plants were harvested and transported to the
laboratory for the measurement of morphometric parameters and the estimation of
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Table 16.3 Inoculation assay (simple and combined) with Pisolithus tinctorius and Laccaria
laccata on two Nothofagus species. Treatments: (1) P. tinctorius without fertilizer; (2) P. tinctorius
with fertilizer; (3) P. tinctorius and L. laccata without fertilizer; (4) P. tinctorius and L. laccata
with fertilizer; (5) litter; (6) control

Stem Stem Root
diameter length length Fresh stem | Fresh root | Dry stem | Dry root
Treatment | (mm) (cm) (cm) weight (g) | weight (g) | weight (g) | weight (g)
Nothofagus alpina
1 3.6 14.15 13.13 2.66 1.50 0.73 0.31
2 3.98 19.78* 15.65 3.35 1.76* 0.91 0.33
3 4432 25.55¢ 16.2 4.83 1.842 1.25° 0.432
4 5.83¢ 36.90* 16.68 9.37* 3.28¢ 2.49 0.68
5 5.05 29.85* 17.50* 6.18 2.06* 1.68* 0.48
6 3.40 13.57 15.8 2.10 1.14 0.58 0.26
Nothofagus obliqua
1 4.00* 33.52¢ 16.40° 5.45° 1.45 1.40° 0.33
2 4.53¢ 41.10° 14.55* 7.90 242 1.942 0.41°
3 5.00 51.45¢ 15.95% 10.772 2.93¢ 273 0.53¢
4 5.58* 57.45° 18.45* 13.02¢ 3.07* 3.46 0.65°
5 3.95¢ 34.43 15.37* 6.04 1.90° 1.41° 0.27°
6 2.35 17.08 11.63 1.30 0.53 0.32 0.10

Values correspond to the average of 20 plant individuals. *denotes statically significant differences
between the control and the treatments (Tukey test, p value <0.05)

the quality index (Ritchie 1984). The combined inoculation of Pisolithus tinctorius
and L. laccata in both Nothofagus species showed overall excellent results
(Table 16.4). According to the quality index, the best treatment for N. obliqua was
co-inoculation with fertilization, and for N. alpina it was co-inoculation without
fertilization (Table 16.4). These results show clear advantages of mycorrhizal co-
inoculations for the re-establishment of crucial native flora of the temperate rainfor-
ests of southern Chile.

16.6 Conclusions and Future Directions

Mycorrhizal fungal communities of the temperate rainforests of Southern Chile are
affected by the mountain system in which they are located (Andes and Coastal
mountain ranges), the mycorrhizal dominance of the forest (either ectomycorrhizal
-EM- or arbuscular mycorrhizal-AM), soil chemistry, and altitude (Marin et al.
2017a; Marin 2018a). Mycorrhizal fungi are important ecosystem components as
they play central roles in nutrient cycling, maintenance of biodiversity, and ecosys-
tem productivity (van der Wal et al. 2013; Bardgett and van der Putten 2014; Peay
et al. 2016). Mycorrhizal fungal communities can be highly diverse (Tedersoo et al.
2014), and their diversity is affected by edaphic and climatic conditions, as well as
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Table 16.4 Reforestation from seedlings of an Inoculation assay (simple and combined) with
Pisolithus tinctorius and Laccaria laccata on two Nothofagus species. Treatments: (1) P. tinctorius
without fertilizer; (2) P. tinctorius with fertilizer; (3) P. tinctorius and L. laccata without fertilizer;
(4) P. tinctorius and L. laccata with fertilizer; (5) litter; (6) control

Fresh Fresh

Stem Stem Root stem root Dry stem | Dry root

diameter | length | length |weight |weight |weight |weight |Quality
Treatment | (mm) (cm) (cm) (2) (2) (2) (2) Index
Nothofagus alpina — Folilco
1 5.00 23.1° 13.20 7.40 7.60 7.40 5.50 0.27
2 7.7% 35.5¢ 15.5% 18.0* 13.6* 13.6* 10.12 0.50
3 9.5% 50.3* 15 23.1° 20.85* 16.7* 14.3* 0.57
4 7.6 36.9 15.12 15.3¢ 15.50 11.0° 10.30 0.43
5 9.5% 55.4 17.92 23.0* 19.32 16.9* 15.8* 0.55
6 4.10 17.00 | 12.30 8.00 7.90 6.30 6.20 0.29
Nothofagus alpina — Rifiihue
1 4.90 30.00 | 12.7° 8.6 8.00 6.60 6.1 0.20
2 18.1° 40.4 17.8 16.6° 14.3 12.3* 10.3* 0.44
3 8.0° 35.3¢ 19.92 14.9* 11.82 10.5* 9.9 0.45
4 9.9* 54.8* 19.6* 28.9 24.4 17.42 15.22 0.30
5 7.2% 38.1° 16.2* 13.32 13.4* 9.8 9.0° 0.35
6 4.10 24.60 9.40 5.80 7.70 7.60 4.96 0.20
Nothofagus obliqua — Folilco
1 7.50 59.20 | 16.9° 19.70 9.60 15.40 8.0 0.29
2 9.3* 62.20 |21.50 |27.70 15.70 21.3 14.70 0.52
3 8.80 77.3 22.00 2450 19.00 19.00 14.00 0.37
4 11.1* 84.9° 2220 1 37.3 26.7* 27.5° 23.3 0.65
5 8.9 78.1* 22.2° 32.6* 18.60 27.80 16.60 0.49
6 7.80 5540 |19.70 |24.10 17.50 16.70 13.00 0.41
Nothofagus obliqua — Rifiihue
1 7.9* 64.1° 21.3 25.7* 14.30 17.7* 9.9 0.33
2 8.5¢ 60.40 | 17.90 |29.0* 17.12 18.2* 11.12 0.40
3 8.7 80.4* 19.00 |31.9* 19.82 20.5° 12.82 0.35
4 11.5 94.3¢ 17.50 | 51.0* 25.7* 31.0° 16.0* 0.56
5 9.4* 77.4* 21.0° 39.4° 20.9 24.9 13.52 0.45
6 6.30 53.80 |16.80 |16.80 10.50 10.90 7.10 0.20

Values correspond to the average of 20 plant individuals. *denotes statically significant differences
between the control and the treatments (Tukey test, p value <0.05). Quality Index after Ritchie
(1984)

biotic factors such as plant diversity (Tedersoo et al. 2014; Davison et al. 2015).
However, how these abiotic and biotic factors interact and affect mycorrhizal fungal
communities -and the mycorrhizal symbiosis overall- remains to be throughly stud-
ied (Truong et al. 2017), especially on the temperate rainforests of South America
(Bueno et al. 2017).
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The diversity and function of soil biota under scenarios of climate change pro-
vides fundamental information on the ecosystem processes that take place over long
periods. Such questions cannot be addressed by traditional approaches which are
commonly limited to 2-3 years due to funding and logistical restrictions (Amano
and Sutherland 2013). Thus, scientific collaboration represents an opportunity to
tackle the role of soil biota, particularly mycorrhizal fungi, in future studies of bio-
geochemical cycles in pristine temperate rainforests of South America (Truong
et al. 2017, 2019; Oeser et al. 2018).
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17.1 Introduction

The agricultural expansion has leaded to increase the irrigated cropland area and the
use of fertilizers, resulting in water degradation, increased energy use, and common
pollution (Foley et al. 2011). Of particular concern is the increased interest to reduce
the environmental impacts of high quantities of water dedicated to irrigation by
agricultural activities (Foley et al. 2011).
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We are now truly recognizing the importance of sustainable measures in agricul-
ture such as conservation of the vegetation cover and management approach to
understand surface and deep soil responses to global change (Chaparro et al. 2012).
For example, promising plant species can be tested to engineer the cultivable soil
microbiome (Ellouze et al. 2013). The new alternatives for the agro-ecosystem man-
agement, such as inter-cropping, tillage and organic amendments, affect soils physi-
cal and chemical properties, modifying the abundance, diversity and activity of the
mycorrhizal communities (Cardoso and Kuyper 2006; Pagano et al. 2011). Thus,
the agroecology management based on key processes from natural ecosystems can
help to solve some agricultural difficulties. For example, cultural practices (rotation,
intercropping and fungal inoculation) that mimic the natural processes can reinforce
the mycorrhizal potential in degraded ecosystems (Wahbi et al. 2016).

Increasing studies on the Arbuscular mycorrhizal fungi (AMF) has showed their
importance for soil ecology (Bradford 2014) and studies on their biodiversity have
spread in some agro-ecosystems such as corn and soybean monocultures (Carrenho
et al. 2001; Gomes et al. 2015; Pontes et al. 2017) and coffee plantations (Cogo
et al. 2017). Therefore, it is needed to deeply study the mycorrhizal functions under
global change. In this chapter, we examine the major developments and advances on
mycorrhizal fungi based on recent research from South American countries. New
reports on the occurrence of mycorrhizas in Amazonian dark earth, as well as the
inoculum production of arbuscular mycorrhizal fungi native of soils under native
forest covers (dos Santos et al. 2017), have resulted in a more detailed understand-
ing of the soil biology from South America.

Reports from Amazonian dark earth or “Terra preta do indio” soil has stimulated
the use of biochar worldwide as a soil conditioner (Glaser 2007) that can add value
to non-harvested agricultural products (Major et al. 2005) and promote plant growth.
Few reports from Brazil showed that the addition of inorganic fertilizer, compost
and chicken manure resulted in increases in plant cover and plant species richness
(Major et al. 2005). In this sense, the biochar/mycorrhizae interactions also can be
prioritized for sequestration of carbon in soils to contribute to climate change miti-
gation (Warnock et al. 2007).

17.2 The Mycorrhizal Symbioses in Agro-Ecosystems

Microorganisms are intensively investigated for novel compounds from saprophytic
terrestrial fungi to marine habitats and living plants with their endophytes (Schueffler
and Anke 2014). A growing worldwide attention on fungi is noticed, as of 100,000
known fungal species more than one million are predictable to exist (Schueffler and
Anke 2014). Among soil fungi, AMF are of special interest for agriculture and
increasing investigation from South America is continuously reported (Stiirmer and
Siqueira 2006; Pagano and Covacevich 2011; Castillo et al. 2016).

More information on indigenous AMF occurrence in agro-ecosystems as well as
enough understanding of inoculum persistence, and cover crops that favor the
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indigenous arbuscular mycorrhizal fungi (AMF) by means of active roots (Douds
et al. 2005) is needed. In general, compared to grasslands, conventionally managed
fields can present low AMF diversity and low sporulation capacity (Thougnon Islas
et al. 2016). Moreover, fruit plants (pineapple, Sapota trees) under organic manage-
ment systems can also reduce the AMF species richness and abundance in relation
to natural vegetation areas (Dantas et al. 2015).

Increasing interest in plant species for forest use as commercial plantations in
Brazil has led to studies of response to inoculation of seedlings with AMF at differ-
ent doses of P, such as for the Australian red cedar (Toona ciliata M. Roem var.
australis) which presented high mycorrhizal root colonization, and thus, high qual-
ity seedlings (da Silva et al. 2017). Moreover, other researchers investigated the
diversity of mycorrhizal fungi in planted forest in Northeast Brazil (Weber et al.
unpublished) providing indication of Brazilian trees for reforestation in the tropical
region.

AMF density and distribution vary both spatially and temporally with soil types
and with host plant species diversity. Important economic plant species worldwide
are being examined for AMF symbioses. Some agroecosystems have high economic
interest such as coffee, vineyards and olive plantations, which are in the focus of
interest from new technologies for their cultivation including their associated micro-
biota. Olive trees are mycotrophic species (Roldan-Fajardo and Barea 1986) associ-
ated with a high number of AMF species in the rhizosphere of plants growing in
Morocco (Chliyeh et al. 2016) and Spain (Porras Soriano et al. 2002). The AMF
diversity was studied for sustainable management of vineyards, showing low values
in France (Bouffaud et al. 2016) and high values in vineyards from Germany under
permanent vegetation cover or not (Oehl and Koch 2018). In Brazil, few studies
such as from Rosa et al. (2016) investigated the application of AMF to reduce cop-
per toxicity in young rootstock grapevines, pointing out some fungal species as
promoters of great benefit. In the wine-growing regions of Southern Brazil a high
humidity increases the susceptibility to foliar pathogens and thus, successive appli-
cations of copper fungicides are commonly used.

Much interest is nowadays dedicated in the preparation of inocula suitable for
use in nurseries as this symbiosis improve plant performance and resistance to
pathogens and water stress after transplantation. In Argentina, robust plants for field
cultivation were obtained under greenhouse and nursery conditions by the coinocu-
lation of two AMF strains at the beginning of plant propagation (Bompadre et al.
2014). It is known that the addition of organic amendments to the substrate can
improve sporulation avoiding the replacing of nutrient solutions, vermicompost
being commonly utilized. In Brazil, inoculated corn presented high number of
infective propagules and biomass when inoculated with AMF and amended with
vermicompost (Coelho et al. 2014). Peanut also responds positively when inocu-
lated with different AMF species; however, the dependence on phosphorus (P) mod-
ified the plant responses (Hippler and Moreira 2013).

With regard to biochar, most reports are from Europe and the USA, and few
reports from south American researchers, most from International Conferences,
mention its interaction with AMF. One of them showed that biochar from Eucalyptus
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at high temperatures (700 °C) improved plant growth and AMF root colonization of
sorghum, besides a higher spore germination (Dela Piccolla et al. 2016). Reports
from Chile showed the early effect of the application on wheat in an Andisol and
Ultisol improving root colonization by native AMF and glomalin content besides
soil properties, thus encouraging implementation of sustainable systems. Biochar
also improved sustainable barley grain production in field trials in the Araucania
Region of southern Chile (Curaqueo et al. 2014a, b).

In Brazil, investigating field samples in economic tree plantations and cassava in
crop rotation, Pereira et al. (2014) found higher AMF species richness (30 taxa) in
rhizospheric soil samples. However, Oehl et al. (2005) stressed that deep soil layers
should be included in studies to better know the AMF diversity, especially in agro-
ecosystems, where soil stirring is frequent. At present, research on crops, especially
corn (Gomes et al. 2015), have increased and new reports compiled new informa-
tion on AMF (Table 17.1). Weber (2014) also compiled the importance of biofertil-
izers and AMF in agriculture (Fig. 17.1).

In Chile, reports compiled during the last 10 years form the Southern-Central
zone showed a total of 21 genera (represented by 57 species of AMF) that have been
recognized, equivalent to 21% of all AMF species described worldwide (Castillo
et al. 2016). Twenty-four AMF species were associated with different cultivars of
Triticum aestivum and, differently, Acaulospora and Scutellospora predominate. In
that study, AM fungal community structure differed along wheat cultivars: ‘Porfiado’
and ‘Invento’, with 19 species in relation to ‘Otto’ cultivar (15 species) (Aguilera
et al. 2014). Castillo et al. (2006) studied the effects of tillage on AMF propagules.
They found little differences in spore numbers, however a high root colonization in
no-tillage treatments. Moreover, Scutellospora was common under no-tillage.

In Argentina, earlier studies have found less management of AMF to increase
plant productivity (Covacevich and Echeverria 2009). It is known that soils of the
Pampas region present high native AMF that colonize crop plants under different
management systems (Covacevich et al. 2006, 2007; Schalamuk et al. 2006;
Covacevich and Echeverria 2008); however, they are not yet manipulated. To avoid
decreases in the grassland productivity, which leads to decline livestock production,
new studies including AMF ecology and on the impact of agricultural practices on
AMF symbiosis pointed to a selective decrease of viable spore number with glypho-
sate applications in native grasslands (in the Flooding Pampa), resulting in altered
AMF community structure. However, the use of sublethal doses of the herbicide
was more useful contributing to project more sustainable land management agro-
ecosystems (Druille et al. 2015). In this regard, undisturbed (pristine) soils could be
considered a reserve pool of diversity of native AMF, showing that spore and large
number of propagules (hyphae) can be the main source of inoculum. Thus, low or
no relationship between spore number with the root colonization and/or glomalin
content can be found (Thougnon Islas et al. 2016).

Investigating the richness of AMF in soybean fields in Argentina (Fig. 17.2),
Faggioli et al. (2019) found 95 AMF virtual taxa (VT) belonging to 8 families:
Acaulosporaceae, Archaeosporaceae, Claroideoglomeraceae, Diversisporaceae,
Gigasporaceae, Glomeraceae (57), Pacisporaceae, and Paraglomeraceae. Among
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Fig. 17.1 Some AMF spores from cultivated areas in Brazil. Clockwise, from upper left: AMF
spores of Acaulospora spp., Glomus and Gigasporales representant isolated from Northeast region
(Photo-credit: M. Pagano)

them, Diversisporaceae was the most sensitive to long term Agricultural practices
(Fig. 17.3). VT richness per sample did not differ between historical land uses and
it could be attributed to the widespread use of no-tillage practices associated with
soybean cultivation. This conservative soil management has been well documented
as positive in the maintenance of AMF richness (Colombo et al. 2014). Soil textural
components (i.e. clay and sand content) appeared as significant determiners of AMF
richness (Fig. 17.4). Coarser soils were related to high VT richness in soil but low
VT richness in roots. This probably was consequence of different textural prefer-
ences of AMF species (Lekberg et al. 2007). However, it is worth to highlight here
that sandy soils were located in the driest area. Hence, the effect of drought on plant
growth could also negatively affect key stages of AMF colonization resulting in the
diminution of VT richness in roots of Livestock sites.

Among crop variables, only plant density was significantly correlated with VT
richness (Fig. 17.5). Larger density of plant roots might improve resource availabil-
ity for AMF because more carbohydrates would be available to support the symbio-
sis (Lekberg et al. 2010). In addition, roots and the associated fungal network might
explore higher soil volume and contact propagules of rare and infrequent AMF spe-
cies which may result in increases of VT richness. Therefore, our results reveal that
appropriate plant density is a promising agronomical parameter for the maintenance
of AMF species in agroecosystems.
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Fig. 17.2 Historical land uses (HLU) currently cultivated with soybean in Pampas Region
(Cordoba, Argentina): (a) agricultural, (b) Livestock-Agricultural, (¢) Agricultural after recent
deforestation of shrub land area. Each location was approximately 100 km from another one. Ten
sampling sites were selected in each situation (Faggioli et al. 2019) (Photo-credit: V Faggioli)
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Fig. 17.3 Glomeromycota phylogenetic tree with virtual taxa (VT) recorded in different historical
land use (HLU). The tree contains type SSU rRNA gene sequences of VT from the MaarjAM data-
base (Opik et al. 2010). Coloured lines indicate the presence of VT in HLU: Agricultural (Agr.,
black lines), Forest (For., red lines) and Livestock (Liv., green lines). Molecular study performed
by 454 pyrosequencing and taxonomic assignment of sequences against MaarjAM database
according to Faggioli et al. (2019)

In South America, the impact of different agricultural practices on AMF in arable
fields is still poorly understood. Wheat phenology improved AMF biodiversity dur-
ing grain filling; however, tilling and fertilization did not decrease spore biodiver-
sity (Schalamuk et al. 2006). Spore populations of AMF communities in arable
fields of wheat crop can vary between from just one to 4 spores g—1 soil in conven-
tional tillage, from 3 to 5 in no-tillage (Schalamuk et al. 2013) but it also depends
on plant phenological stages. Rarely more than 26 AMF species were reported in
field studies (Schalamuk and Cabello 2010a, b). Pioneer studies on propagules in
soils (propagule bank) from Argentina showed that different environmental
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Fig. 17.4 Correlations between soil particles (%) and AMF Virtual Taxa (VT) richness from soy-
bean fields with contrasting HLU: Agricultural (squares), Forest (circles) and Livestock (trian-
gles); solid or empty symbols represent soil or root samples, respectively. Correlations are
statistically significant (Spearman Test p < 0.001). Molecular study performed by 454 pyrose-
quencing and taxonomic assignment of sequences against MaarjAM database according to
Faggioli et al. (2019)
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conditions and the effects of tillage and no-tillage modify both the composition of
the AMF soil propagule bank and the diversity (Schalamuk and Cabello 2010a, b).
Generally, Acaulosporaceae, Gigasporaceae, Glomeraceae can be found in agricul-
tural fields; however, Glomus predominate (Schalamuk and Cabello 2010a, b). This
can lead to think in different types of AMF inocula based on the proportions of their
AMF families (Acaulosporaceae, Gigasporaceae, Glomeraceae) between field and
trap cultures. For instance, in the forest garden, Czerniak and Stiirmer (2015) tested
two AMF species of different families, such as Gigasporaceae and Glomeraceae
(Dentiscutata heterogama and Claroideoglomus etunicatum, respectively) in on
farm production of inoculum against residues from the forestry industry (pine bark
and pulp sludge).

In the trap cultures from agro-ecosystems more than 90% of AM species belong
to Glomeraceae (Schalamuk and Cabello 2010a, b). Glomus spp. (Glomeraceae)
present more extensive root colonization than other families and lower soil coloni-
zation by extraradical hyphae besides rapid colonization of new plants also from
colonized roots fragment (Hart and Reader 2002). Thus, in the trap cultures pre-
pared from crop systems generally Glomus or Acaulospora species are recovered.

In Southern Brazil, increasing studies of AMF in experimental farms and fruit
plant orchards have extended the panorama of investigation with this type of soil
fungi. Reports on AMF diversity in fruit orchards of Blueberries cultivars showed
the prevalence of species of Glomus and Acaulospora and the potential benefit from
inoculated AMF such as Gigaspora margarita and Glomus etunicatum (Farias
2012). In the semiarid region, Dantas et al. (2015) investigated the AMF occurrence
in the establishment of fruits plants (pineapple, Sapota trees) under organic manage-
ment, detecting Glomus spores in all the areas, and corroborated the fact that soil
management in organic cropping systems reduce the AMF species richness and
abundance in relation to natural vegetation areas.

The AMF occurrence was investigated in an experimental farm in Minas Gerais
State (Correa et al. unpublished) under different plant covers. High diversity and
abundance were related to adjacent native forest, with 16 AMF species; however,
grassland and maize field presented lower values.

Lastly, another anthropic environment is the man-made anthrosoils conformed
by Amazonian Dark earth, also called Terra preta do indio (TPI), a highly fertile soil
whose processes of formation has not yet been resolved (Hofwegen et al. 2009). In
this regard, more recent reports (Tsai et al. 2009; Pagano et al. 2016) on the micro-
bial communities of TPI have pointed to the presence of AMF of varied families/
order unlike trends for cultivated field soils, with dominance of Glomeraceae. Black
carbon prevalence and its unique physical and chemical characteristics, point it as
the chief component conforming recalcitrant biochar with unique microbial com-
munities (Tsai et al. 2009). For example, in TPI samples at different depths: from
0-20 to 100 cm, from Amazonas State, Brazil, Pagano et al. (2016) identified 12
AMF species (Acaulospora bireticulata, A. mellea, A. rhemii, A. scrobiculata, A.
spinosa, Ambispora appendicula, Claroideoglomus etunicatum, Scutellospora
calospora, Racocetra castanea, Funneliformes geosporus, Glomus tortuosum,
Pacispora franciscana) and 6 were Glomus like species. Glomeromycota were
dominated by Diversisporales, followed by Glomerales and Gigasporales.
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As seen in previous observations in other soil types most of the AMF species
richness and diversity (Shannon index) were concentrated in the topmost soil hori-
zons. The Scutellospora species was found only in the deeper strata, in agreement
with some previous reports (Oehl et al. 2005). Scutellospora calospora was also
found in the control soil only at subsurface layer (0—20 cm) in contrast to its occur-
rence at 60—100 m in TPI soil samples.

With regard to the control adjacent soil samples (oxisol and ultisols), similar
AMEF species were detected, with 8 species identified and 3 unidentified. Racocetra
castanea found only in the control soil at subsurface layer (0-20 cm) together with
Glomus tortuosum (20—40 cm depth) occurred exclusively in adjacent soils and
most species (11) were in common between the TPI and adjacent soils. This micro-
biological analysis showed that the abundance of AMF was greater in TPI than in
control soils. AMF richness decreases only at great depth; however, diversity
remained similar.

17.3 The Soil Conditioners in Agro-Ecosystems

Similar to methods to potentialize the mycorrhizal fungal inoculation of roots using
soil amendments (Smith and Read 2008), no-tillage methods used to apply biochar
into the root zone of crop soils and the mycorrhizal responses to biochar addition
were amongst the pioneering works in biochar research. Another anthropic environ-
ment originated from South America is the ancient man-made anthrosoils con-
formed by Amazonian Dark earth, also called Terra preta do indio (TP]) (Fig. 17.5),
a highly fertile soil whose processes of formation has not yet been resolved
(Hofwegen et al. 2009). In Brazil, the Amazonian Dark Earth “Terra Preta” is dated
about 7000 years being common at the Amazon basin (Falcao et al. 2003; Glaser
2007) and it is a promising subject to help sustainable agriculture, soil C sequestra-
tion and thus, climatic change mitigation. The climate at these areas is Koeppen’s
Af tropical rainforest with an annual average temperature between 25 °C and
35 °C. At the time of sampling the vegetation cover is usually secondary forest. In
this regard, more recent reports (Tsai et al. 2009; Pagano et al. 2016) on the micro-
bial communities of TPI have pointed to the presence of AMF of varied families/
order unlike trends for cultivated field soils, with dominance of Glomeraceae. Black
carbon prevalence and its unique physical and chemical characteristics, point it as
the chief component conforming recalcitrant biochar with unique microbial com-
munities (Tsai et al. 2009). For example, in TPI samples at different depths: from
0-20 to 100 cm, from Amazonas State, Brazil, Pagano et al. (2016) identified 11
AMF species (Acaulospora bireticulata, A. mellea, A. rhemii, A. scrobiculata, A.
spinosa, Ambispora appendicula, Claroideoglomus etunicatum, Scutellospora
calospora, Racocetra castanea, Funneliformes geosporus, Glomus tortuosum,
Pacispora franciscana) and 6 were Glomus like species. Glomeromycota were
dominated by Diversisporales, followed by Glomerales and Gigasporales.
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As seen in previous observations in other soil types most of the AMF species
richness and diversity (Shannon index) were concentrated in the topmost soil hori-
zons. The Scutellospora species was found only in the deeper strata, in agreement
with some previous reports (Oehl et al. 2005). Scutellospora calospora was found
in the control soil only at subsurface layer (0—20 cm) in contrast to its occurrence at
60—-100 m in TPI soil samples. With regard to the control adjacent soil samples
(oxisol and ultisols), similar AMF species were detected, with 8 species identified
and 3 unidentified. Racocetra castanea was found only in the control soil at subsur-
face layer (0-20 cm) together with Glomus tortuosum (20-40 cm depth) occurred
exclusively in adjacent soils and most species (11) were in common between the
TPI and adjacent soils. This microbiological analysis showed that the abundance of
AMF was greater in TPI than in control soils. AMF richness decreases only at great
depth; however, diversity remained similar.

Lastly, there is more nuances in the study of TPI, the Terra preta (very dark, with
broken potsherds and highly nutrient content) form under sites of home inhabita-
tion, and the Terra mulata (light brown and with less nutrient content), which is less
well documented. Thus, Amazonian dark earths are subdivided into: terra preta and
terra mulata (black earths and brown earths respectively) (Kern and Kampf 1989;
Arroyo-Kalin 2008) that associates with respectively, past settlement areas and cul-
tivated fields (Arroyo-Kalin 2010). TPI usually exhibit highly elevated levels of
phosphorus (P), calcium (Ca) and other essential minerals for plants (Figs. 17.6 and
17.7). Terra mulata present less nutrient content, light brown, being adjacent to TPI

Fig. 17.6 Sites of Terra Preta de Indio in the Jiquitaia Farm (Lat 2° 37'S, Long 59° 40'W). The
vegetation is secondary forest capoeira type, with approximately 40 years of age. Soil samples are
usually collected from the 0-20 cm and 2040 cm depth layers. Clockwise, from upper left:
Overview of the area with Latossolo Amarelo with A anthropic horizon (Terra Preta de Indio) at
Rio Preto da Eva, AM; Representative profil (Photo-credit: NPS Falcdo) and spores of AMF
retrieved from soil samples (Photo-credit: M Pagano)
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Fig. 17.7 Environmental similarity among some different soil samples (forest, TPI, control soils
and cultivated sites) studied in Brazil. The similarity among the geographic areas represented as a
nonmetric multidimensional scaling (NMDS). Distance and placement is indicative of similarity
among areas TPI = “Terra preta do Indio” soil sample; U = ultisol and O = oxisol (control soils
from the Amazon region), NFS = soil sample from Atlantic forest at Minas Gerais state; G = culti-
vated grassland at Minas Gerais state; NFP = soil sample from a Atlantic forest at Minas Gerais
state, DF = soil from a dry forest at Ceard state; CR = soil from dry vegetation type and C = culti-
vated site

sites. It is believed that it was formed through intensive agriculture involving burn-
ing and mulching under low oxygen (Hecht 2003, Fraser et al. 2011).

17.4 AM Inoculation for Agro-Ecosystems

The mycorrhizal inoculation technologies or to manage native arbuscular mycor-
rhizal fungus communities can serve to replace or reinforce the mycorrhizal poten-
tial in degraded ecosystems (Wahbi et al. 2016). For example, to manage AMF soil
infectivity in agrosystems it was proposed reductionist and holistic schemes that
could be combined: the reductionist pattern aims to improve plant performance in
disturbed soils by adding specialized AMF inocula adapted to the environmental
conditions and to the target crop. Still, the objectives of the holistic pattern are to
preserve and restore the composition of native AMF communities (Wahbi et al.
2016). However, benefits can be obtained from the integration of AMF in agricul-
tural practices through the combination of the “reductionist” and “holistic”
approaches (Wahbi et al. 2016).
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The management of AMF in the rhizosphere provides an alternative to high
inputs of fertilizers and pesticides in sustainable plant production systems (Reviewed
by Azcén-Aguilar and Barea 1997). Moreover, crop yield increases showed the
potential to be used by farmers (Douds et al. 2005). However, AM inoculation tech-
nology is limited by the lack of production of commercial inocula, because a diffi-
cult multiplication on artificial growth media without a host (Sieverding 1991).

Some researchers suggested a careful choice of compatible host/mycorrhiza/sub-
strate combination for crop success (Azcon-Aguilar and Barea 1997). Many meth-
ods are used to handle AMF, inoculating them on host plants, and replicating large
amounts of inoculum. In vivo cultures of AMF species from different regions are
preserved in ex-situ collections (Giovannetti and Avio 2002).

Other techniques have been developed to produce large quantities of soil-free
inoculum, based on hydroponic and aeroponic cultivation systems (Jarstfer and
Sylvia 1995). The roots transformed by Agrobacterium rhizogenes are also effective
as inocula which generally utilized carrot, but they are generally used as experimen-
tal model systems for research purposes (Giovannetti and Avio 2002). But these
inoculation procedures are highly expensive and only utilized in agriculture of high
value products.

An alternative source of inocula is to use roadsides around crop fields as a reposi-
tory for the conservation of AMF diversity affected by Land use (Dai et al. 2013). It
has become customary to use AM spores as inoculum (Read 2003) and using three
representative genera of AMF (mixed inocula) is a common inoculation strategy.

In South America, several works showed the feasibility and importance of AM
inoculation in a large number of economic value and fruit plants. The applications
of mycorrhizas in agriculture and environmental issues are still incipient. AMF
inoculant for farm application requires large-scale multiplication fungi. The expen-
sive technology of inoculum production comprises formation of single cultures of
AMF. A cheaper method is the “on farm” system (farmers can produce their inocu-
lum) (Douds et al. 2008, 2010), native AMF being more efficient due to local adap-
tation to the environment (Sreenivassa 1992). Infective propagules of AMF (spores,
hypha and colonized roots) can be used as inoculum (Sieverding 1991).

In fertile soils from Argentina (Pampa Ondulada region), the effects of agro-
nomic practices on the AMF communities, was reported by using pyrosequencing
or a morphological approach (Colombo et al. 2014) showing that soil management
has a negative effect on AMF community biodiversity. This study greatly improved
the knowledge about AM fungi in South America where the molecular diversity of
AM fungi was practically unknown.

Maize crop in Argentina is, after soybeans, the second most important crop (with
the highest planted area, followed by wheat, citrus, sugarcane, and sunflower (Boix
and Zinck 2008). However, non-tillage and contemporary hybrids with high yield
that accumulation of crop residues affect the balance of biological and chemical
cycles disturbing the P and Zn levels (Ratto and Miguez 2006). In this sense, Astiz
et al. (2014) suggested that soil characteristics could be used to select potentially
beneficial inoculum to compensate Zn deficiency in maize. The inoculum of indig-
enous AMF from sites presenting different levels of P and Zn resulted in changes in
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Table 17.2 Some book or reviews dealing with AMF and ecological restoration in South America

Biome/
Reports on AMF and plant restoration Country References
Restored environments Argentina, Pagano (2012)

Brazil
Riparian forest Brazil Braghirolli et al. (2012)
Arbuscular mycorrhizas in degraded land restoration | Brazil Soares and Carneiro

(2010)

Native species for restoration and conservation of Argentina, Pagano et al. (2012),
biodiversity in South America Brazil Pagano (2016)

root colonization by AMF and response to inoculation in both Zn uptake and dry
matter production. The inoculum indigenous from a site with low P and high Zn
content was the lowest efficient. Thus, to compare agricultural fields with high and
low soil biota abundance and diversity to assess soil biota potential when soil com-
munities are well developed is urgently needed (Bender and van der Heijden 2014).

Interestingly, in Colombia, the edaphic factors such as Soil pH had a direct rela-
tionship with species richness and with the diversity index, but, height above sea
level can also affect the AMF community composition. Thus, a heterogeneous dis-
tribution in patches with little influence of the type of crop management (mono or
polyculture) can be found. This highlight the constraints of developing specific bio-
fertilizers for crops that contain AMF and not including natural adaptations to the
different characteristics of the varied agriculture soil types (Mahecha-Visquez and
Sierra 2017). We lack the field studies that are needed to understand with confidence
how to do an effective AMF inoculation.

With regard to the ecological restoration of species-rich grasslands that are of
priority for conservation of biodiversity, reports have showed many options for that
task in South America (Table 17.2). Torrez et al. (2016) determined if plant species
recolonization of degraded nutrient-poor grasslands could be increased by adding a
local source of AMF inoculum at different distances from intact remnant grasslands.
There are effects by the well-dispersed generalist plant species, particularly at 20 m
from the intact patches, the role of below-ground processes being crucial for resto-
ration success that can be improved by AMF additions in the short term and at rela-
tively close distances to intact grassland patches (Teste 2016). In Fig. 17.8 we show
a protocol to add AM fungi to disturbed ecosystems.
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Fig. 17.8 Protocol to add AM fungi to disturbed ecosystems. After evaluation of diagnostic of
degraded site (a) and establishment of 2 or more undisturbed sites (b), restoration can be achieved
by introduction of topsoil or plantations. AMF inoculation can be performed on host plants or by
inoculation of health soil (¢). Monitoring the restored sites: determination of infective propagules
including spores recovered from rhizospheric soils (d) and roots of plants growing in the degraded
and reference soils stained for AM colonization (e) (Photos by M. Pagano)

17.5 Conclusion

In this chapter, the examination and use of arbuscular mycorrhizas in different crop
systems has been mentioned and the needs for more information to understand
agro-ecosystems and soils under different management have been highlighted.
Throughout the chapter, the study of the occurrence of mycorrhizas in agriculture in
South America were showed as still incipient. Morphological identification proce-
dure of AMF continues to be important, although the specific training and experi-
ence. Moreover, better technology for commercial mycorrhizal inoculum is needed.
Finally, this chapter argues that agro-ecosystems generally present low AMF diver-
sity; however, organically managed fields are more similar to natural ecosystems,
Amazonian dark earth being a model of highly fertile soils. Consequently, further
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research is necessary on this field, especially regarding the applications of
mycorrhizas.
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