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Abstract

:

The evolutionary history of the symbiotic association between arbuscular mycorrhizal fungi (AMF) and embryophytes dates back to the Devonian period. Previous ecological and physiological studies have described the presence of arbuscules, inter- and intracellular hyphae, vesicles, coils and spores, in liverworts and hornworts, which are considered absent in mosses. This study aimed to report the presence of AMF in a community of bryophytes (mosses and liverworts) from Punta Lara Natural Reserve, Argentina. Senescent and green sections of gametophytes were stained and, following microscopic observation, revealed AMF structures. We found intracellular hyphae, vesicles, spores and sporocarps associated with thallus and rhizoids of mosses and liverworts and senescent moss caulidia. The morphological characterization of spores resulted in the determination of Rhizophagus intraradices and Dominikia aurea. The species D. aurea is reported for the first time for Argentina. Sequencing of the D1 variable domain of the LSUrDNA from AMF spores mixes plus hyphae resulted in high similitude to the Dominikia sequences available from NCBI. This study reported the presence of AMF associated with declining and senescent gametophytes of bryophytes (mosses and liverworts) in a Natural Reserve in Argentina. These findings open up new lines of study, which should further investigate these associations and their diversity, physiology and significance.
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1. Introduction


The symbiosis between arbuscular mycorrhizal fungi (AMF) (Phylum Glomeromycota) [1,2] and more than 80% of the terrestrial plant species [3], plays vital role in the intricate networks of below- and above-ground biotic interactions, affecting plant nutrition, diversity, and productivity [4]. The associations between AMF and bryophytes (Phylum Bryophyta) [5] have an evolutionary history of 400 Ma (Devonian Period), when most likely, the terrestrial flora consisted solely of bryophyte-like plants [6,7]. Currently, bryophytes form the second-largest plant group and include about 20,000 known species distributed across all continents [8,9].



AMF are obligate symbionts with vascular plants. However, mosses are known to maintain ecologically diverse relationships with AMF [10,11,12,13,14], in which fungi possibly act as pathogens, parasites, saprophytes and symbionts under both natural and experimental conditions in the laboratory [15]. The formation of fungal arbuscules, the main nutrient exchange structure in the symbiotic association [16], were reported in achlorotic tissues of liverworts and hornworts [17,18,19,20,21,22,23,24].



The diversity of soil microorganisms and AMF communities might decline due to the habitat loss and anthropogenic disturbance of soils, especially under agricultural production [25,26,27,28]. To guarantee AMF conservation in ecosystems where they naturally occur, studies in reserves and undisturbed areas should be deepened to know the AMF baseline diversity. Long-term strategies are also urgently needed to maintain their diversity [29]. The Punta Lara Natural Reserve (PLNR) is located on the coast of the Río de la Plata, eastern Pampas of the Buenos Aires province, a region of global importance for its agricultural production. It covers an area of 6000 ha and has a diversity of natural environments dominated by grasslands, forests, and a set of macro-wetland systems of fluvial origin that have changed land use and landscape [30]. Studies on associations bryophytes have been conducted in the region.



We aimed to report the presence of AMF structures in bryophyte community (mosses and liverworts) under natural conditions.




2. Materials and Methods


2.1. Study Area


PLNR (34°45′48″ S; 58°7′27″ W), Buenos Aires, Argentina. The climate is temperate with hot summers, completely humid, with an average annual temperature of 17 °C and average rainfall of 1090 mm at present [31]. The soil is formed by continental and marine sediments from the Río de La Plata coastal dynamics, has a clayey-loamy to sandy structure, low organic matter content, and is to flooding periods due to its low slope. In contrast, the artificial embankment are clay-rich but have slightly greater drainage [32].




2.2. Sampling


The material was collected from a yellow lily (Iris pseudacorus L.) grassland and an exotic forest on an artificial embankment (Figure 1). A living bryophyte carpet community (approximately 15 cm × 15 cm) was sampled from a decomposing trunk using traditional methods [33]. The studied material was deposited in the Herbarium of the Spegazzini Institute (LPS 49136, La Plata) and the Institute of Environmental Research of São Paulo (SP507299).




2.3. Laboratory Analysis


The species composition of the bryophyte community was characterized using an OLYMPUS® SZ61 stereoscopic and an OLYMPUS® CX31 light microscope. The morphological identification of the specimens was carried out following the taxonomic criteria of Churchill and Linares [34], Hedenäs [35], and Pursell [36].



For the AMF colonization recording, gametophyte sections of each bryophyte species were separated (50 senescent and 50 green sections). The samples were washed with tap water to remove soil particles and substrate debris. The gametophyte sections were fixed in 70% ethanol overnight and placed in a 1% KOH solution for 20 min at 80 °C. Subsequently, the sections were acidified with 1% HCL for 10 min at 50 °C and stained with 0.05% trypan blue for 20 min at 60 °C [37]. The stained sections were placed into sterile Petri dishes and examined under the microscope to observe the characteristic AMF structures. Complementary, fungal spores and hyphae were obtained from gametophytes using the wet sieving and decanting method modified [38]. Part of the spore material was used for AMF morphological identification based on taxonomic features described in Błaszkowski [39] and Oehl et al. [40].




2.4. Molecular Characterization of Fungi Associated with the Bryophyte Community


DNA was extracted from a sample of AMF spore mix with hyphae and another sample of AMF spore mix without hyphae following the Weinig and Langridge protocol [41]. Afterwards, nested PCRs were performed to amplify a fragment of the 28S rRNA gene large subunit. PCR amplifications were run using an Eppendorf Thermal Cycler (Bio-Rad, Hercules, CA, USA). For the first reaction, 3 µL of the template (extracted DNA) were amplified by using 1 U of the Taq Platinum (Invitrogen), its buffer, needed dNTPs, and the fungal specific primer pair LSU0061/LSU0599 (5′ -AGCATATCAATAAGCGGAGGA-3′/5′ -TGGTCCGTGTTTCAAGACG-3′). The second reaction was performed with 3 µL of the template (1:10 dilution of amplicons resulting from the first PCR reaction) and the AMF specific primer pair LSUrk4f/LSUrk7r (5′–GGGAGGTAAATTTCTCCTAAGGC-3′/5′ -ATCGAAGCTACATTCCTCC-3′) [42]. PCR programs followed Covacevich et al. [43]. The integrity and concentration of extracted DNA and size of the PCR amplicons were checked by agarose gel electrophoresis (1.0% w/v agarose; 100 V, 45 min) using Gel Red® staining.



Approximately 5 µL of the PCR products generated by LSUrk4f and LSUrk7r primer pairs were denatured with 3 µL of a denaturing loading mixture (95% deionized formamide, 0.05% bromophenol blue, 0.05% xylene cyanol FF and EDTA 20 mM) at 95 °C for 5 min, and immediately loaded into 8% polyacrylamide gel of the PAGE type (30% acrylamide; 10% SDS, 10% APS, TEMED, bi distilled water and 1.5 M Tris (pH 8.8)). Electrophoresis was performed in a vertical electrophoresis chamber, model VS20WAVESYS (British, from GENBIOTECH) at 15 °C, 8 W, 300 V for 4 h. The gel was silver stained following [44]. Differential bands were excised from the gel, suspended in 30 μL bi-distilled water (two cycles of hot–freeze: 1 h at 60 °C and frozen at −20 °C), re-amplified with using primers and conditions of the second PCR reaction, purified (Wizard® SV Gel and PCR Clean-Up System), and sequenced (Macrogen, Seoul, South Korea). Homologous sequences to those obtained in this study were determined through the BLASTn procedure at NCBI and MAARJAM (http://maarjam.botany.ut.ee, accessed on August 2022 for AMF) databases.



Phylogenetic analysis was carried out using sequences available at NCBI which were selected following the criteria of query coverage >65%, Maximum identity >91%, and the E values > 1 × 10−59 and also sequences of other related species of AMF avariable at NCBI (coverage 33–52%; identity 79.8–82.9%). Furthermore, a Gigaspora (Glomeromycota) was included in the analysis as an outgroup. All sequences were aligned using Mega11 software, and a maximum-likelihood tree was performed (Tamura 3-parameter model, 200 bootstraps).





3. Results


3.1. AMF Associated with Bryophytes Community


The bryophyte community was represented by five species: Dumortiera hirsuta (Sw.) Nees [Dumortieraceae D. G. Long], Cyclodictyon albicans (Hedw.) Kuntze [Pilotrichaceae Kindb.], Fissidens elegans Brid. [Fissidentaceae Schimp.], Hygroamblystegium varium (Hedw.) Monk. [Amblystegiaceae G. Roth] and Isopterygium tenerum (Sw.) Mitt. [Pylaisiadelphaceae Goffinet & W.R. Buck].



Two AMF species were identified in the bryophyte thalli: Dominikia aurea (Oehl & Sieverd.) Błaszk., Chwat, G.A. Silva & Oehl and Rhizophagus intraradices (N.C. Schenck & G.S. Sm.) C. Walker & A. Schüßler.



AMF structures were observed in senescent thalli and green gametophytes. The presence of AMF structures is record in Table 1. We found intracellular hyphae, vesicles, spores and sporocarps in thalli and rhizoids of mosses and liverworts (Figure 2) and senescent caulidia of mosses (Figure 3).



Furthermore, hyphae of non-mycorrhizal fungi were observed in some thalli with structures similar to those produced by the dark septate endophytes (DSE) (Table 1, Figure 4).




3.2. Molecular Characterization of Fungi Associated to the Bryophyte Community


The rk4f/rk7r primer pair targeted a band on the agarose gel of approximately 300 bp. Two sequences were obtained and deposited at the NCBI under the OQ101908 and OQ101909 accession numbers. The sequences showed >95% identity and >65% coverage with Dominikia sequences deposited at NCBI. We found a lower similarity between sequences obtained in this study with the variable sequences of Funneliformis, Glomus and Rhizophagus (Figure 5).





4. Discussion


This study reports the presence of AMF (intra- and intercellular hyphae, vecicles, and spores) of the gametophytes in a bryophyte community. Not arbuscules were observed. Likewise, Zhang and Guo [12] found the presence of AMF structures, such as intra- and intercellular hyphae, coils, and spores, in the gametophytes of Paraleucobryum enerve (Thed.) Loeske., but did not observe arbuscules as well. These symbiotic structures are commonly found closely connected in liverworts and hornworts but have not been observed in thalli of mosses so far. Furthermore, some studies [10,11] did not demonstrate the symbiotic nature of the AMF association with mosses. Zhang and Guo [12] observed that AMF could be associated with vascular plant roots present in the substrate from which the moss sample was collected; therefore, they did not prove the existence of a mutualistic symbiosis between AMF and mosses.



We showed that hyphae of R. intraradices are interwoven with D. hirsuta rhizoids and colonize its thallus, and the association of D. aurea sporocarps with the I. tenerum senescent thallus. While finding this structure is novel in mosses, it does not indicate that mosses form a mutualistic symbiosis with AMF identical to those with vascular plants. Carleton and Read [45] demonstrated a certain degree of absorption and transfer of nutrient by mycorrhizal mycelia closely related to moss-senescent states in a conifer-moss ecosystem. It is worth highlighting that D. aurea was the only species found in an entirely senescent thallus of I. tenerum, which indicates a parasitic/opportunistic association with AMFs [46,47].



On the other hand, we found morphologically similar coils (see also Zhang and Guo [12]) in the thallus of D. hirsuta and the leaves of H. varium. However, these structures were similar to those of SE fungi [48,49,50]. In bryophyte gametophytes, SE fungi (mostly Ascomycetes) have been observed with a higher frequency of occurrence and abundance than AMF [20,51,52], and they were sometimes associated with mycorrhizae [53].



Dominikia aurea is recordedfor the first time in Argentina. This species has been previosly recorded from several habitats (e.g., agricultural soils, forests, grasslands, semi-natural dry grasslands, wetland plants, and sea dunes) and a range of biogeographic regions, and possibly can be considered a cosmopolitan [54,55]. Few Dominikia records have been documented in the Global Soil Organisms database of the Global Biodiversity Information Facility (GBIF) (SH1096452.09FU; SH1096452.09FU; SH1096452.09FU) [56].



To confirm the identity of AMF by spore morphology, specific primers were used to target the variable D1 domain (300 bp) of the 28S rDNA gene. The primers used were reported to target a broad spectrum of AMF species belonging to the genera Glomus, Funneliformis, Rhizophagus, and Rhizoglomus [42,43,57,58]. Since R. intraradices was detected by the morphological analysis, we expected to obtain sequences highly similar to this species. However, in this study, we reported for the first time sequences generated by the primers RK4f and Rk7r with greater similarity to Dominikia sp. isolates. Therefore, it is likely that Dominikia spores and/or hyphae were highly represented, and the approach used only revealed the predominat DNA in the sample. Future studies using quantitative PCR and/or next-generation sequencing approaches should focus on identifying DNA belonging to the less common AMF species in the studied sample.




5. Conclusions


This study reports the presence of AMF associated mainly with declining and senescent gametophytes of bryophytes. We observed sporocarps, spores, vesicles, and inter- and intracellular hyphae, and we identified two AMF species (Dominikia aurea and Rhizophagus intraradices). In addition, D. aurea isreported for the first time for in Argentina from a bryophyte community in the Punta Lara Nature Reserve. The absence of arbuscules suggests different relationships between AMF and mosses than the well-known mutualistic symbiosis established with vascular plants. Our results indicate that the AMF most likely establishes a parasitic/opportunistic interaction with mosses, the host being a reservoir under natural conditions.







Author Contributions


Conceptualization and methodology, F.E.V.; validation and data curation, D.F.P., M.S.V. and F.C.; writing—original draft preparation, F.E.V. and M.S.V.; writing—review and editing, F.C. and M.N.C.; supervision and funding acquisition, A.G.B. and M.N.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was partially funded by Agency for Scientific and Technological Promotion (PICT Start Up 2020-0008), CICPBA and UNLP (11/N903), BID-PICT 2018-1081 and PIP 1732.




Institutional Review Board Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


We thank the Punta Lara Nature Reserve park rangers for their help and support during sample collection.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Schüβler, A.; Schwarzott, D.; Walker, C. A new fungal phylum, the Glomeromycota: Phylogeny and evolution. Mycol. Res. 2001, 105, 1413–1421. [Google Scholar] [CrossRef]

	



Tedersoo, L.; Sánchez-Ramírez, S.; Kõljalg, U.; Bahram, M.; Döring, M.; Schigel, D.; Abarenkov, K. High-level classification of the Fungi and a tool for evolutionary ecological analyses. Fungal Divers. 2018, 90, 135–159. [Google Scholar] [CrossRef]

	



Qiu, Y.L.; Li, L.; Wang, B.; Chen, Z.; Knoop, V.; Groth-Malonek, M.; Estabrook, G.F. The deepest divergences in land plants inferred from phylogenomic evidence. Proc. Natl. Acad. Sci. USA 2006, 103, 15511–15516. [Google Scholar] [CrossRef] [PubMed]

	



Smith, S.E.; Read, D.J. Mycorrhizal Symbiosis, 3rd ed.; Academic: London, UK, 2008. [Google Scholar] [CrossRef]

	



De Sousa, F.; Foster, P.G.; Donoghue, P.C.; Schneider, H.; Cox, C.J. Nuclear protein phylogenies support the monophyly of the three bryophyte groups (Bryophyta Schimp.). New Phytol. 2019, 222, 565–575. [Google Scholar] [CrossRef]

	



Redecker, D.; Kodner, R.; Graham, L.E. Glomalean fungi from the Ordovician. Science 2000, 289, 1920–1921. [Google Scholar] [CrossRef]

	



Taylor, T.N.; Krings, M.; Taylor, E.L. Fossil Fungi; Academic: Burlington, MA, USA, 2015. [Google Scholar]

	



Shaw, A.J.; Szövényi, P.; Shaw, B. Bryophyte diversity and evolution: Windows into the early evolution of land plants. Am. J. Bot. 2011, 98, 352–369. [Google Scholar] [CrossRef]

	



Stech, M.; Quandt, D. 20,000 species and five key markers: The status of molecular bryophyte phylogenetics. Phytotaxa 2014, 9, 196–228. [Google Scholar] [CrossRef]

	



Parke, J.L.; Linderman, R.G. Association of vesicular–arbuscular mycorrhizal fungi with the moss Funaria hygrometrica. Canad. J. Bot. 1980, 58, 1898–1904. [Google Scholar] [CrossRef]

	



Rabatin, S.C. The occurrence of the vesicular-arbuscularmycorrhizal fungus Glomus tenuis with moss. Mycologia 1980, 72, 191–195. [Google Scholar] [CrossRef]

	



Zhang, Y.; Guo, L.D. Arbuscular mycorrhizal structure and fungi associated with mosses. Mycorrhiza 2007, 17, 319–325. [Google Scholar] [CrossRef]

	



Döbbeler, P. Biodiversity of bryophilous ascomycetes. Biodivers. Conserv. 1997, 6, 721–738. [Google Scholar] [CrossRef]

	



Pressel, S.; Bidartondo, M.I.; Ligrone, R.; Duckett, J.G. Fungal symbioses in bryophytes: New insights in the twenty first century. Phytotaxa 2010, 9, 238–253. [Google Scholar] [CrossRef]

	



Davey, M.L.; Currah, R.S. Interactions between mosses (Bryophyta) and fungi. Botany 2006, 84, 1509–1519. [Google Scholar] [CrossRef]

	



Parniske, M. Arbuscular mycorrhiza: The mother of plant root endosymbioses. Nat. Rev. Microbiol. 2008, 6, 763–775. [Google Scholar] [CrossRef] [PubMed]

	



Schüßler, A. Glomus claroideum forms an arbuscular mycorrhiza-like symbiosis with the hornwort Anthoceros punctatus. Mycorrhiza 2000, 10, 15–21. [Google Scholar] [CrossRef]

	



Russell, J.; Bulman, S. The liverwort Marchantia foliacea forms a specialized symbiosis with arbuscular mycorrhizal fungi in the genus Glomus. New Phytol. 2005, 165, 567–579. [Google Scholar] [CrossRef] [PubMed]

	



Ligrone, R.; Carafa, A.; Lumini, E.; Bianciotto, V.; Bonfante, P.; Duckett, J.G. Glomeromycotean associations in liverworts: A molecular, cellular, and taxonomic analysis. Am. J. Bot. 2007, 94, 1756–1777. [Google Scholar] [CrossRef]

	



Liepiņa, L. Occurrence of fungal structures in bryophytes of the boreo-nemoral zone. Environ. Exp. Biol. 2012, 10, 35–40. [Google Scholar]

	



Cottet, A.C.; Messuti, M.I. Identificación del tipo morfológico de micorriza arbuscular en Phaeoceros laevis (Anthocerotophyta). Bol. Soc. Argent. Bot. 2017, 52, 291–293. [Google Scholar] [CrossRef]

	



Cottet, A.C.; Messuti, M.I. New evidence about the interactions between liverworts in the genus Symphyogyna (Pallaviciniaceae) and arbuscular mycorrhizal fungi. Symbiosis 2019, 79, 117–121. [Google Scholar] [CrossRef]

	



Cottet, A.C.; Messuti, M.I. New record of arbuscular mycorrhizal fungi in Nothoceros fuegiensis (Dendrocerotaceae, Anthocerotophyta). Acta Bot. Mex. 2020, 127, 1–5. [Google Scholar] [CrossRef]

	



Cottet, A.C.; Messuti, M.I. Nuevo registro de micorriza arbuscular en Asterella chilensis (Aytoniaceae, Marchantiophyta), Patagonia, Argentina. Bol. Soc. Argent. Bot. 2022, 57, 1–10. [Google Scholar] [CrossRef]

	



Oehl, F.; Laczko, E.; Oberholzer, H.R.; Jansa, J.; Egli, S. Diversity and biogeography of arbuscular mycorrhizal fungi in agricultural soils. Biol. Fertil. Soils 2017, 53, 777–797. [Google Scholar] [CrossRef]

	



Mhlanga, B.; Ercoli, L.; Piazza, G.; Thierfelder, C.; Pellegrino, E. Occurrence and diversity of arbuscular mycorrhizal fungi colonising off-season and in-season weeds and their relationship with maize yield under conservation agriculture. Biol. Fertil. Soils 2022, 58, 917–935. [Google Scholar] [CrossRef]

	



Fernandez-Gnecco, G.A.; Smalla, K.; Maccario, L.; Sørensen, S.J.; Barbieri, P.A.; Consolo, V.F.; Covacevich, F.; Babin, D. Microbial community analysis of soils under different soybean cropping regimes in the Argentinean south-eastern Humid Pampas. FEMS Microbiol. Ecol. 2021, 97, fiab007. [Google Scholar] [CrossRef] [PubMed]

	



Fernandez-Gnecco, G.A.; Covacevich, F.; Consolo, V.F.; Behr, J.H.; Sommermann, L.; Moradtalab, N.; Maccario, L.; Sørensen, S.J.; Deubel, A.; Schellenberg, I.; et al. Effect of long-term agricultural management on the soil microbiota differs between seasons. Front. Soil Sci. 2022, 8, 837508. [Google Scholar] [CrossRef]

	



Abarca, C.; Barrera, M.D.; Cabello, M.; Valdés, F.E.; Velázquez, M.S. Invasion of a xeric forest by an exotic tree species in Argentina: Impacts on the diversity of arbuscular mycorrhizal fungi and pre-existing mutualistic relationships. Acta Bot. Brasil. 2021, 35, 269–275. [Google Scholar] [CrossRef]

	



Roesler, I.; Agostini, M.G. Inventario de los Vertebrados de la Reserva Natural Punta Lara, Provincia de Buenos Aires, Argentina; Aves Argentinas/Asociación Ornitológica del Plata: Buenos Aires, Argentina, 2012; pp. 1–169. [Google Scholar]

	



Climate.org. Available online: https://es.climate-data.org/america-del-sur/argentina/buenos-aires/punta-lara-764839/ (accessed on 12 January 2023).

	



Hurtado, M.; Giménez, J.; Cabral, M.; Da Silva, M.; Martínez, O.R.; Camillón, M.C.; Sánchez, C.A. Análisis Ambiental del Partido de La Plata: Aportes al Ordenamiento Territorial. Instituto de Geomorfología y Suelos. La Plata: Centro de Investigaciones de Suelos y Aguas de Uso Agropecuario, Municipalidad de La Plata, Consejo Federal de Inversiones. 2006. Available online: https://libros.unlp.edu.ar/index.php/unlp/catalog/view/275/257/824-1 (accessed on 12 January 2023).

	



Frahm, J.P. Manual of Tropical Bryology, 3rd ed.; Tropical Bryology: Meckenheimer Allee, Germany, 2003; pp. 1–195. [Google Scholar]

	



Churchill, S.P.; Linares, C.E.L. Prodromus Bryologiae Novo-Granatensis: Introducción a la Flora de Musgos de Colombia; Guadalupe Ltda: Santa Fe de Bogotá, Colombia, 1995; pp. 1–927. [Google Scholar]

	



Hedenäs, L. Amblystegiaceae (Musci). Fl. Neotrop. Monogr. 2003, 89, 1–107. [Google Scholar]

	



Pursell, R.A. Fissidentaceae. Fl. Neotrop. Monogr. 2007, 101, 1–279. [Google Scholar]

	



Cottet, A.C.; Scervino, J.M.; Messuti, M.I. An improved staining protocol for the assessment of arbuscular mycorrhizal in bryophytes. Bol. Soc. Argent. Bot. 2018, 53, 1–10. [Google Scholar] [CrossRef]

	



Gerdemann, J.W.; Nicolson, T.H. Spores of Mycorrhizal Endogone Species Extracted from Soil by Wet Sieving and Decanting. Trans. Brit. Mycol. Soc. 1963, 46, 235–244. [Google Scholar] [CrossRef]

	



Błaszkowski, J. Glomeromycota; W. Szafer Institute of Botany, Polish Academy of Sciences: Warszawa, Poland, 2012. [Google Scholar]

	



Oehl, F.; Sanchez-Castro, I.; de Sousa, N.M.F.; Silva, G.; Palenzuela, J. Dominikia bernensis, a new arbuscular mycorrhizal fungus from a swiss no-till farming site, and D. aurea, D. compressa and D. indica, three new combinations in Dominikia. Nova Hedwig. 2015, 101, 65–76. [Google Scholar] [CrossRef]

	



Weining, S.; Langridge, P. Identification and Mapping of Polymorphisms in Cereals Based on the Polymerase Chain Reaction. Theor. Appl. Genet. 1991, 82, 209–216. [Google Scholar] [CrossRef] [PubMed]

	



Kjøller, R.; Rosendahl, S. Detection of arbuscular mycorrhizal fungi (Glomales) in roots by nested PCR and SSCP (Single Stranded Conformation Polymorphism). Plant Soil 2012, 226, 189–196. [Google Scholar] [CrossRef]

	



Covacevich, F.; Hernández Guijarro, K.; Crespo, E.M.; Lumini, E.; Rivero Mega, M.S.; Lugo, M.A. Arbuscular Mycorrhizal Fungi from Argentinean Highland Puna Soils Unveiled by Propagule Multiplication. Plants 2021, 10, 1803. [Google Scholar] [CrossRef]

	



Benbouza, H.; Jacquemin, J.M.; Baudoin, J.P.; Mergeai, G. Optimization of a reliable, fast, cheap and sensitive silver staining method to detect SSR markers in polyacrylamide gels. Biotechnol. Agron. Soc. Environ. 2006, 10, 77–81. [Google Scholar]

	



Carleton, T.J.; Read, D.J. Ectomycorrhizas and nutrient transfer in conifer–feather moss ecosystems. Can. J. Bot. 1991, 69, 778–785. [Google Scholar] [CrossRef]

	



Fonseca, H.M.; Berbara, R.L. Does Lunularia cruciata form symbiotic relationships with either Glomus proliferum or G. intraradices? Mycol. Res. 2008, 112, 1063–1068. [Google Scholar] [CrossRef]

	



Ptaszyńska, A.; Mułenko, W.; Żarnowiec, J. Bryophytes microniches inhabited by microfungi. Ann. Univ. Mariae Curie-Skłodowska 2009, 64, 35–43. [Google Scholar] [CrossRef]

	



Klymiuk, A.A.; Taylor, T.N.; Taylor, E.L.; Krings, M. Paleomycology of the Princeton Chert II. Dark-septate fungi in the aquatic angiosperm Eorhiza arnoldii indicate a diverse assemblage of root-colonizing fungi during the Eocene. Mycologia 2013, 105, 1100–1109. [Google Scholar] [CrossRef]

	



Muthuraja, R.; Muthukumar, T.; Sathiyadash, K.; Uma, E.; Priyadharsini, P. Arbuscular mycorrhizal (AM) and dark septate endophyte (DSE) fungal association in lycophytes and ferns of the Kolli Hills, Eastern Ghats, Southern India. Am. Fern J. 2014, 104, 67–102. [Google Scholar] [CrossRef]

	



Thangavelu, M.; Raji, M. Arbuscular mycorrhizal and dark septate endophyte fungal associations in Asparagus. Turk. J. Bot. 2016, 40, 662–675. [Google Scholar] [CrossRef]

	



Davey, M.L.; Nybakken, L.; Kauserud, H.; Ohlson, M. Fungal biomass associated with the phyllosphere of bryophytes and vascular plants. Mycol. Res. 2009, 113, 1254–1260. [Google Scholar] [CrossRef] [PubMed]

	



U’Ren, J.M.; Lutzoni, F.; Miadlikowska, J.; Arnold, A.E. Community analysis reveals close affinities between endophytic and endolichenic fungi in mosses and lichens. Microb. Ecol. 2010, 60, 340–353. [Google Scholar] [CrossRef] [PubMed]

	



Kottke, I.; Nebel, M. The evolution of mycorrhiza-like associations in liverworts: An update. New Phytol. 2005, 167, 330–334. [Google Scholar] [CrossRef] [PubMed]

	



Błaszkowski, J.; Ryszka, P.; Kozłowska, A.N.N.A. Dominikia litorea, a new species in the Glomeromycotina, and biogeographic distribution of Dominikia. Phytotaxa 2018, 338, 241–254. [Google Scholar] [CrossRef]

	



Cofré, M.N.; Soteras, F.; de Rosario Iglesias, M.; Velázquez, M.; Abarca, C.; Risio, L.; Ontivero, E.; Cabello, M.N.; Domínguez, L.S.; Lugo, M.A. Biodiversity of arbuscular mycorrhizal fungi in south america: A review. In Mycorrhizal fungi in South America; Pagano, M.C., Lugo, M.A., Eds.; Springer International Publishing: New York, NY, USA, 2019; pp. 49–72. [Google Scholar]

	



Tedersoo, L. The Global Soil Mycobiome consortium dataset for boosting fungal diversity research. Fungal Divers. 2021, 111, 573–588. [Google Scholar] [CrossRef]

	



Rosendahl, S.; Stukenbrock, E. Community structure of arbuscular mycorrhizal fungi in undisturbed vegetation revealed by analyses of LSU rDNA sequences. Molec. Ecol. 2004, 13, 3179–3186. [Google Scholar] [CrossRef]

	



Thougnon Islas, A.J.; Hernandez Guijarro, K.; Eyherabide, M.; Sainz Rozas, H.R.; Echeverría, H.E.; Covacevich, F. Can soil properties and agricultural land use affect arbuscular mycorrhizal fungal communities indigenous from the Argentinean Pampas soils? Appl. Soil Ecol. 2006, 101, 47–56. [Google Scholar] [CrossRef]








[image: Diversity 15 00442 g001 550] 





Figure 1. Geographic location of the collection site in the Punta Lara Natural Reserve (PLNR), located on the coast of the Río de La Plata river (Buenos Aires, Argentina). 
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Figure 2. Inter- (InterHy) and intracellular (IntraHy) hyphae, vesicles (Ves), coils (hc) and spores (s) of AMF associated with mosses and liverworts. (a,b) Stem of Cyclodictyon albicans. (c–f) Structures of Rhizophagus intraradices associated with thallus and rhizoids (Rz) of Dumortiera hirsuta. [Bars = 50 μm]. 
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Figure 3. Structures of Dominikia aurea associated with Isopterygium tenerum. (a–c) Sporocarps (Sp) with hyphal plexus (Plex) into the stem (St) in the rhizoid region (Apr). (d,e) spore (s). [Bars = 50 μm]. 
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Figure 4. Inter- (InterHy), intracellular hyphae (IntraHy) and hyphae in coils (hc). of dark septate endophyte fungi (DSE). (a) Dumortiera hirsuta. (b) Hygroamblystegium varium. [Bars = 50 μm]. 
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Figure 5. Phylogenetic tree constructed with a maximum parsimony analysis of taxa with the obtained sequences of closely related arbuscular mycorrhizal fungi species. References: the branches corresponding to partitions reproduced in >50% of bootstrap replicates are collapsed. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (200 replicates) is shown next to the branches. (Sequences are available at http://www.ncbi.nlm.nih.gov/; accessed on 1 December 2022). 
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Table 1. Presence (x)/absence (-) of arbuscular mycorrhizal fungi structures and dark septate endophytes in bryophyte thallus. Inter- (InterHy) and intracellular hyphae (IntraHy); coils (hc); vesicles (ves); spores (s); Sporocarps (Sp) and dark septate endophytes (DSE).
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	InterHy–IntraHy
	hc
	ves
	s
	Sp
	DSE





	Dumortiera hirsuta
	x
	x
	x
	x
	-
	x



	Cyclodictyon albicans
	x
	x
	x
	x
	-
	x



	Fissidens elegans
	-
	-
	-
	-
	-
	x



	Hygroamblystegium varium
	x
	x
	-
	x
	-
	x



	Isopterygium tenerum
	-
	-
	-
	x
	x
	x
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