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Soil ecosystems are important reservoirs of biodiversity, as they are the most diverse habitat on Earth. Microbial biodiversity plays key roles in many ecosystem services, including the support to biogeochemical cycles. However, despite great advances in the understanding of the role of soil microbiota in providing benefits to nature and humankind, there is still much knowledge to be gained from understudied areas across the globe. Indeed, underrepresentation of the Global South in ecological studies has been suggested as an important gap that could compromise global solutions to conservation and the current biodiversity and climate crisis. In the Southern hemisphere, the southwest of South America, which includes Chile, runs behind the rest of the continent on studies related to soil microbial diversity and ecosystem functions. Therefore, to gain a better understanding of the global biodiversity and environment crisis, essential perspectives and knowledge from underrepresented regions need to be acknowledged to avoid biases in the scientific community. The main objective of this work is to understand how soil microbial diversity has been studied in Chile and the Antarctic Peninsula since 1975 to identify main knowledge gaps and funding opportunities for future research. Our survey consists of 343 articles representing 1,335 sampling points from Continental Chile to the Antarctic Peninsula. It revealed a better representation of articles studying bacterial and fungal diversity in the extreme regions of Chile funded by both international funds and the National Agency for Research and Development (ANID). To study microbial diversity, cultivation-based methods are still the most commonly used, whereas molecular studies are increasing but insufficiently applied. We have identified and argued the need to enhance collaborative multi- and interdisciplinary efforts, fundings for sequencing effort, and long-term studies to provide robust and informative knowledge about soil microbial communities.
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1 INTRODUCTION
Soil ecosystems are important reservoirs of biodiversity, as they are the most diverse habitat on Earth (Anthony et al., 2023). This biodiversity varies from microscopic constituents such as bacteria, archaea, fungi, and viruses, up to macroscopic life, all of which can spend their entire or part of their life cycle within the soil environment (FAO, 2020). Recently, it has been estimated that up to 50% and 90% of all bacteria and fungi identified on Earth are present in soil ecosystems, respectively (Anthony et al., 2023). It is indeed the soil spatial and temporal heterogeneity, along with characteristics missing in other microbial habitats (e.g., rhizosphere environments or spatial isolation within soil aggregate microhabitats), which contributes to this considerable variety of life (Jansson and Hofmockel, 2018). At a local scale, this diversity is mainly driven by soil physicochemical properties (e.g., pH and soil organic carbon) (Fierer, 2017), while spatial patterns at a global scale have been attributed to variations in plant composition and climate conditions, in addition to soil properties (Bardgett and van der Putten, 2014). It has also been pointed out that species richness belowground does not follow the same trend as aboveground biodiversity (Bardgett and van der Putten, 2014).
Microbial biodiversity plays key roles in many soil functions, which in turn results in important soil ecosystem services (Wall et al., 2012). In addition to the contribution to biogeochemical cycles, among others (Bardgett and van der Putten, 2014), soil microorganisms have been recognized as important drivers of ecosystem multifunctionality (i.e., ecosystem functions and services) in terrestrial environments at a global scale (Delgado-Baquerizo et al., 2016). Due to their wide range of functional capacities and their adaptation to diverse (including extreme) conditions, soil microorganisms offer potential biotechnological applications for food or pharmaceutical production. Despite great advances in the understanding of the role of soil microbiota in providing benefits to nature and humankind, much knowledge is needed to better comprehend its specific role in particular soil processes (Jansson and Hofmockel, 2018). Nowadays, global awareness of the soil biodiversity transcendence in ecosystem functioning not only encourages the scientific community to further decipher soil microbial roles in the environment (i.e., from a genetic to a functional diversity level) (Bardgett and van der Putten, 2014; Jansson and Hofmockel, 2018), but also to contribute from academia with appropriate knowledge and technological solutions beyond academia. This is particularly important to support policymakers and stakeholders in their attributions to encourage sustainable soil management practices to preserve such biodiversity, functioning and associated ecosystem services (Cavicchioli et al., 2019).
In a global context, many of the studies conducted on soil biodiversity have taken place either in temperate ecosystems of the northern hemisphere (Guerra et al., 2020) or mainly in agroecosystems (Hartmann and Six, 2022). In ecology, this underrepresentation of the Global South has been suggested as an important gap that could compromise global solutions to conservation and the current biodiversity and climate crisis (Maas et al., 2021). In the Southern hemisphere, the southwest of South America, which includes Chile, particularly lacks studies on soil microbial diversity and ecosystem functions, as opposed to those conducted in the northern part of the continent (Guerra et al., 2020). The ecological significance of this region is beyond local, as Chile has been considered as a “biogeographic island” (Scherson et al., 2017), because it is surrounded by natural barriers (Altiplano, Atacama Desert, Los Andes Mountains, Pacific Ocean, Patagonian ice fields, Southern Ocean and Antarctica) that result in the evolution of a unique biota (Villagrán and Hinojosa, 1997; Villagrán and Armesto, 2005). The large latitudinal gradient characteristic of the Chilean territory, results in biogeographical and climatic conditions favoring the development of a rich and varied biodiversity, with 31,000 native species reported (Ministerio del Medio Ambiente–Chile, 2018) and around 25% of them endemic (up to >50% for fishes, amphibians, reptiles, and plants) (Ministerio del Medio Ambiente–Chile, 2018). Moreover, Chile host one of the five Mediterranean biomes on Earth, which is considered one of the 36 worldwide global hotspots of conservation priority due to its endemism and a high degree of habitat loss, mainly due to the conversion and replacement of the native vegetation (Fuentes et al., 2019). Therefore, to gain a better understanding of the global biodiversity and environment crisis, as it has been previously reinforced (Nielsen et al., 2017; Nuñez et al., 2019), essential perspectives and knowledge from underrepresented regions need to be acknowledged to avoid biases in the scientific community (Maas et al., 2021). This is particularly critical in zone of the globe such as Chile, where unprecedented climatic anomalies such as incomparable droughts are expected to occur sooner than anticipated and increase in frequency in the next 30 years regardless of emission scenarios (Satoh et al., 2022).
In Chile recent efforts documenting the state of knowledge of soil biodiversity have pointed out disparities on soil taxa and ecosystem functions studied (Marín et al., 2022). Other national surveys have reported the distribution of soil organic carbon (Pfeiffer et al., 2020), and provided a gridded database on soil physical and hydraulic properties (Dinamarca et al., 2023), contributing to a better understanding of the environmental variables that could affect microbial diversity. Here, we complement these efforts by presenting a compilation and an in-depth analysis of additional aspects of soil microbial biodiversity studies conducted in Chile and the Antarctic Peninsula. In this systematic review, we have included the Antarctic Peninsula due to the scientific significance for Chile, reflected in specific financing programs developed to support research at this place. Moreover, we considered that it was important to incorporate this area because of administrative, geological, and biological connections with the continental territory. Thus, the area to cover includes diverse biomes, from the Atacama Desert to Antarctica, which adds complexity to the literature search and data analysis. Moreover, we add data generated in the past 50 years, which is challenging due to considerable changes in methodology registered overtime. The present review is the collective effort of a multidisciplinary group of researchers (microbiologists, ecologists, geneticists, soil scientists, and geologists), and the data we present herein may serve as a guide to decision-makers regarding environmental conservation efforts, agroecosystems development, research funding, among others. The main objective of this work is to understand how soil microbial diversity has been studied in Chile and the Antarctic Peninsula since 1975 to identify main knowledge gaps and funding opportunities for future research.
2 HISTORICAL CONTEXT OF RESEARCH AND FUNDING DEVELOPMENT CONTRIBUTING TO THE STUDY OF (SOIL) MICROBIAL DIVERSITY IN CHILE
The formal study of microorganisms in Chile began in the 1880s, with the foundation of the Histology and Pathological Anatomy Laboratories, in the Faculty of Medicine of the University of Chile (Rodríguez, 1992; Osorio, 2010). Microbiology was, at that moment, limited to bacteriological studies focusing on infectious pathologies (Seeger and Espinoza, 2008). In 1927, the Agronomic Institute was transferred to the University of Chile as the Faculty of Agronomy and Veterinary Medicine (Agronomia, 2023) and in 1953, microbiologists from the Bacteriological Institute of Chile created the first Chilean Association of Microbiology (ACHM) now named Chilean Society of Microbiology (SOMICH) (Osorio, 2015). Along with SOMICH, the Society of Ecology of Chile (SOCECOL) and the Chilean Society of Soil Science (SCHCS) founded in the 70’s have greatly contributed to the study of soil biodiversity in the Chilean territory. In terms of documentation of soil studies in Chile, in 1968, a soil map was published as one of the first efforts to show a classification of soils with taxonomic and cartographic units, with the aim to contribute to an adequate agricultural soil management (Alcayaga, 1968). Later, in 1992, the Map of Associations of Large Soil Groups in Chile gathered information from numerous soil studies carried out in Chile since the 1960s (Luzio and Alcayaga, 1992). Related to soils and biodiversity, the work on Mediterranean-type ecosystems (di Castri and Mooney, 1973) and microbial activity in this type of climate (Schaefer, 1973) are among the earliest documented works paving the way to the study of soil microbial diversity in Chile.
Funding formalization to support research, scientific and technological development in Chile is reflected by the creation of several institutions and instruments. The Chilean Economic Development Agency (Corporación de Fomento de la Producción—CORFO) was created in 1939 to link research and productive development (Nazer Ahumada, 2016). Based on the Antarctic Treaty (signed on 1 December 1959, in Washington), the Chilean Antarctic Institute (Instituto Antártico Chileno—INACH) was established in 1963 to promote advances in Antarctic science (Ministerio de Relaciones Exteriores - Chile, 1966). The following year, the Institute of Agricultural Research (Instituto de Investigaciones Agropecuarias—INIA) (Quesada, 2016) was created. In 1953, the United Nations Economic Commission for Latin America and the Caribbean (ECLA, Comisión Económica para América Latina y el Caribe—CEPAL recommended the creation of a coordinating institution for technological research, with fiscal funds available (CEPAL—Comisión Económica para América Latina, 1953). From this, the National Commission of Scientific and Technological Research (Comisión Nacional de Investigación Científica y Tecnológica—CONICYT), currently the National Research and Development Agency (Agencia Nacional de Investigación y Desarrollo—ANID) was founded in 1966 (Ministerio de Educación - Chile, 2018). The latter agency was created in 2018 with the objective of becoming a coordinating and funding hub for the advancement of science and technology in the national context, with a new institutional framework that created the Ministry of Science, Technology, Knowledge and Innovation (MinCTC&I) (Ministerio de Educación - Chile, 2018).
The first CONICYT (currently ANID) program was created in 1971 (Zárate et al., 2022); later, in 1981 the Fondo Nacional de Desarrollo Científico y Tecnológico (FONDECYT) was launched, hence funding research projects since 1982 (Figure 1). This funding was developed as a competitive grant to support fundamental and applied science (Zárate et al., 2022), with the objective to maintain and strengthen national capacity for high quality research (Benavente et al., 2012). The National Fund for Scientific and Technological Development (Fondo de Fomento al Desarrollo Científico y Tecnológico—FONDEF) was created in 1991 to promote collaboration between academia and private sector by financing research in applied sciences (Benavente et al., 2012). Other relevant sources of research funding in Chile include the Millennium Science Initiative Program (Programa Iniciativa Científica Milenio) created in 1999 to finance research in the areas of Social and Natural Sciences. Since 2011, the Millennium Initiative is part of the MinCTC&I, and until 2013 it has supported 13 Millennium Institutes in the Natural and Exact Sciences and 15 Millennium Nucleus in the same areas (Ministerio de Ciencia Tecnología Conocimiento e Innovación, 2023). It is worth noticing that only two Institutes (Millennium Institute—BASE, Millennium Institute—SECOS) and three Nucleus (Millennium Nucleus—UPWELL, Millennium Nucleus—NUTME, and Millennium Nucleus—LiLi) specially focus on biodiversity, ecology and/or conservation mainly on aquatic related ecosystems (except LiLi) (Ministerio de Ciencia Tecnología Conocimiento e Innovación, 2023). In addition, another instrument created under ANID is the Centros Basales with the aim to strengthen Chile’s scientific capabilities towards greater social and economic development (ANID—Agencia Nacional de Investigación y Desarrollo, 2023). By 2024, out of the 19 Centros Basales, two (CAPES and IEB) concentrate their research on ecology, biodiversity, and sustainability.
[image: Figure 1]FIGURE 1 | Number of soil-related research grants funded by Chilean National Agency for Research and Development (ANID). White points represented the number of grants corresponding to projects focusing on soil microorganisms or biodiversity. Dataset extracted and filtered from https://github.com/ANID-GITHUB/Historico-de-Proyectos-Adjudicados. ASTRONOMIA:Grant for scientific projects in Astronomy; EXPLORA: Programa Nacional de Divulgación y Valoración de la Ciencia y la Tecnología/National program for science and technology outreach; FONDECYT: Fondo Nacional de Desarrollo Científico y Tecnológico; FONDEF: Fondo de Fomento al Desarrollo Científico y Tecnológico/National fund for scientific and technological development; FONDEQUIP: Programa de Equipamiento Científico y Tecnológico/National fund for scientific and technological equipment; FONIS: Fondo Nacional de Investigación y Desarrollo en Salud/National Fund for Research and Development in Health sciences; INFORMACION CIENTIFICA: Fund for strengthening the national scientific journals; PAI: Programa de Atracción e Inserción de Capital Humano Avanzado/Advanced human capital attraction and insertion program; PCI: Programa de cooperación internacional/International cooperation program; PIA: Programa de investigación asociativa/Associative research program; PROGRAMA BICENTENARIO DE CIENCIA Y TECNOLOGIA: Bicentennial program for sciences and technology; REGIONAL = National fund for the implementation of regional science and technology research centers.
Even with all this battery of programs and institutions, FONDECYT has remained the most important horizontal mechanism for funding scientific research in Chile (Benavente et al., 2012) (Figure 1). Despite the undoubted contribution to the national scientific development, it has also been recognized that up to 60% of funding from this program has been granted to only two, out of the 30 Universities belonging to the Consejo de Rectores de las Universidades Chilenas (CRUCH), both in the capital of Chile (Parada, 1999). Since 1981, ANID has funded 473 projects related to soil science (including “terrestrial” or “soil” terms in the title of the project), of which 50 have focused on soil biodiversity and/or microorganism studies (Figure 1, white dots). Of such studies, 46% have been led by the sole University of La Frontera, in the Araucanía administrative region, representing a total of 2,171 k€ accumulated since 1981.
3 METHODOLOGY
3.1 Literature search
We created a dataset following the method described by Guerra et al. (2020) adapted to our topic of interest. Briefly, we collected published literature on studies of soil microbial biodiversity. For this literature search, we conducted independent searches in the Web of Knowledge (WOS), the SCOPUS and the PUBMED databases on 23 June 2023, within papers published between 1975 and 2023. For the first search, we used the keywords (soil OR sand) AND (“Antarctic Peninsula” OR Chile*) AND (*bacteria* OR fung* OR *archaea* OR vir* OR microbi* OR metagen* OR metatranscript* OR metataxon* OR genom*) using the “Topic” search option, which includes title, abstract, author keywords, and Keywords Plus. Chile has strong commitments for the conservation and study of the Antarctic Peninsula. In this context, this territory was included in our study because of administrative, geological, and biological connections as well as scientific relevance for the country.
3.2 Rationale of data selection
The initial search returned 1,424 publications, which were further manually selected based on the following inclusion criteria: 1) soil samples excluding biocrusts, marine and lacustrine sediments (the “sand*” keyword being not selective enough to exclude sediments); 2) in situ soil samples were not modified by researchers before analysis (e.g., excluding microcosm or mesocosm incubation); 3) in the case of study after atypical events that may have caused a major change on natural microbial communities (e.g., following a wildfire), the study was only considered if they also provided a control point; 4) study was conducted in the Chilean claimed territory (including Antarctic Peninsula) (the “Chile*” keyword being not selective enough to exclude studies outside Chile); 5) only original studies (i.e., reviews were excluded); 6) only studies with diversity data (i.e., studies with only microbial activity measurements were excluded). The list of selected publications based on the criteria previously described is available in Mendeley data repository at: 10.17632/vxpjcjfvth.1.
3.3 Data handling
Among the 1,424 studies returned by the performed search, a total of 343 articles fitted the scope according to the criteria described in the methodological section. These 343 articles represented 1,335 sampling points where microbial biodiversity was studied in soils from Chile and the Antarctic Peninsula.
All the statistical analysis and figures were performed with the R software version 4.3.1 (R Core Team, 2021) using the R studio version 2023.09.0. The main packages used for the analysis of the dataset related to data frame manipulation, generation of the figures and visual purposes are listed with the corresponding references as supplementary information (see details in the Supplementary Table S1).
The sampling sites were classified into seven macrozones, grouping the administrative regions of Chile, to provide a spatial interpretation of the results (Figure 2): North (17°S–29°S: Arica y Parinacota, Tarapacá, Antofagasta, and Atacama), Central (29°S–34°S: Coquimbo, Valparaíso, and Metropolitana), Central-South (34°S–38°S: O’Higgins, Maule, Ñuble, and Biobío), South (38°S–44°S: Araucanía, Los Ríos, and Los Lagos including Chiloe island), Austral (44°S–56°S: Aysén and Magallanes y la Antártica Chilena including Tierra del Fuego and Cape Horn), Insular (i.e., Chilean islands not considered in other regions including Easter Island, Juan Fernandez Archipelago), and the Antarctic Peninsula; two studies did not exhibit the information and hence were classified as “Non provided”.
[image: Figure 2]FIGURE 2 | Number of studies focusing on soil microbiome diversity in Chile and Antarctic Peninsula. Top panel: number of soil microbial diversity studies per year and per Chilean macrozone. Bottom panel: number of soil microbial diversity studies published per year in the 16 most frequent scientific journals (only showing journals with more than five publications in total).
The methodology used in every selected article was clustered into 23 groups (Table 1).
TABLE 1 | Categories and details of the techniques reported in the current survey.
[image: Table 1]The main objective of every article was reported and clustered into eight categories, named application potential, climate change, extreme environments, new species, effect of disturbance, functionality insights, biogeography, and others (which included descriptive surveys, biotic interactions, bioprospective studies, and paleomicrobiology surveys) (Supplementary Figure S1). A maximum of three categories was attributed to every single study; thus, a single article can contribute to more than one category.
4 TOWARDS A BETTER UNDERSTANDING OF SOIL MICROBIAL COMMUNITIES IN CHILE AND THE ANTARCTIC PENINSULA
4.1 Historical and geographical trends
From a historical point of view, the first study reporting microbial diversity in soils from Chile (and the Antarctic Peninsula), within the time frame of this study (1975–2023), was documented in 1977 (Figure 2). It described two new fungal species from subantarctic Magallanes ecoregion and Antarctic Peninsula (Caretta and Piontelli, 1977). Later, from 1977 to 2005, we found few publications related to the scope of our study, with zero to two reports per year matching our research criteria. The exception to this was observed in 2002 when five studies were conducted in the South of Chile, in the South-Central area (n = 2), Easter Island, and Antarctic Peninsula. Four out of these five studies focused on fungal biodiversity, while the Antarctic study described microalgal communities. From 2005 onwards, the number increased exponentially to reach 11 studies per year between 2010–2015 and 25 per year between 2015–2023. Noticeably, the South and Austral territories were the most studied areas in 1985, 1992, 2011, 2013, 2014, and 2016, accumulating 43 surveys until 2016. This tendency changed between 2017 and 2021, when the focus shifted to the Northern zone of Chile, particularly to the Atacama Desert, recognized as an analog of the soils on Mars since 2003 approximately; thus, as a relevant extreme ecosystem for the discovery of life (Azua-Bustos et al., 2012; Azua-Bustos et al., 2022). Lately, since 2022, studies from the Antarctic Peninsula have increased, both in proportions (60.6% of the studies per year) and absolute number of studies (i.e., n = 30 in 2022 and n = 14 in 2023).
The unique and extreme conditions of the Atacama Desert have been recognized globally due to its ecological niches, resulting in microbial life of scientific, technological, and conservation relevance (Bull et al., 2016; Contador et al., 2020). Our findings add to previous reports at the national scale, highlighting this site as one of the most studied places in Chile in terms of soil microbial diversity (Marín et al., 2022). The Atacama Desert, located within the dry subtropical climate belt, has been recognized as the driest and oldest desert on our planet, where no altitudinal movement has been detected since the end of the Jurassic (150 million years ago) (Hartley et al., 2022) and a cold marine upwelling current since at least the early Cenozoic is present (Azua-Bustos et al., 2012). Descriptions of the Atacama Desert soil microbiota date back to 1966 when NASA sought basic information on desert environments to develop and test instruments for the Viking Mission in 1976 (Cameron et al., 1966). Since this NASA mission provided inconclusive results about the existence of life on Mars, no sites were described during the 1980s (Azua-Bustos et al., 2012). Later, from the early 1990s, we identified two studies reporting the diversity of halophilic bacteria in this extreme environment (Prado et al., 1991; Prado et al., 1993). Then, in 2000, the extreme conditions of the Atacama Desert for the development of life were reported using light and solar UV-B radiation experiments (Dose et al., 2001). A milestone in the investigation of microorganisms from the Atacama Desert was published in 2003 by the group led by Chris McKay, who obtained comparable results as the experiments performed in the Viking Landers missions on Mars, this time with samples taken in the Yungay area (80 km from Antofagasta). They found active decomposition of organic species in these soils and extremely low, but still level of, culturable bacteria in the samples, which validated the Atacama Desert as a Mars analog. (McKay et al., 2003; Navarro-González et al., 2003).
4.2 Main taxa and ecosystems studied
According to our search, out of the targeted microorganisms (i.e., bacteria, archaea, fungi, other microorganisms) studied in Chile and the Antarctic Peninsula, bacteria represent 73% of the studies, followed by fungi with 38% of the studies (Figure 3). Studies focusing on bacteria were common in the North macrozone, representing 30.2% of the study, while articles reporting fungi biodiversity made up 63.6% of the sampling sites at Antarctic and South macrozone. Interestingly, archaeal communities were the main objective of only one study where two archaeal metagenome-assembled genomes (MAGs) were reconstructed (Santos et al., 2021), while two studies focused on the ammonia-oxidizing bacteria and archaea in Central Chile (Bustamante et al., 2012) and the Antarctic Peninsula (Han et al., 2013).
[image: Figure 3]FIGURE 3 | Type of microorganisms studied from soils in Chile and the Antarctic Peninsula. (A). Frequency based on the number of sampling points (n = 1,335 sampling points from 343 studies) is given for Bacteria, Archaea, Fungi and Other microorganisms by Chilean Macrozone (first clustering and color). Color for macrozone is similar to Figure 2 and Figure 3. (B). Evolution of the number of sampling points studied per year for every microorganism group considered in this study.
The surveyed ecosystems in the selected publications were representative of the main biomes and/or land use of the region across macrozones (Figure 4). Desert and salt flat reports represented up to 87.8% of the studies conducted in the North of Chile (corresponding to Arica y Parinacota, Tarapacá, Antofagasta, and Atacama administrative regions), which represents the driest territory in the country, with desertic arid to semi-arid climates. The central zone (corresponding to the Coquimbo and Valparaíso regions, and the Metropolitan region, where Santiago, the capital of the country is located), with the highest population density in Chile, encompassed the greatest diversity of ecosystems studied, including scrublands and human-impacted ecosystems (e.g., urban and industrial). In the South-Central area (O’Higgins, Maule, Ñuble and Biobío regions) and Southern territory (La Araucanía, Los Lagos, Los Ríos regions), 86.8% of the selected studies focused on agricultural, forest, and grassland ecosystems, which is consistent with the main land uses at these places. Indeed, the Maule, Ñuble, Biobío, and Araucanía regions have the highest annual and permanent crop area (around 350,000 Ha each) and forest plantation area [500,000–980,000 Ha each; ODEPA—Oficina de Estudios y Políticas Agrarias (2019)] in the country. Finally, forest and scrubland studies dominated in the Austral macrozone (Aysén and Magallanes regions) which is in line with the highest area of native forest reported in the Los Lagos, Aysén, and Magallanes y la Antártica Chilena regions [2,400,000–4,400,000 Ha each; ODEPA—Oficina de Estudios y Políticas Agrarias (2019)].
[image: Figure 4]FIGURE 4 | Main soil use categories for each macrozone. The number of sampling points per macrozone is indicated between brackets.
5 MAIN RESEARCH SCOPE AND FUNDING FOR THE STUDY OF SOIL MICROBIAL DIVERSITY IN CHILE AND THE ANTARCTIC PENINSULA
5.1 Main scopes of the soil microbial diversity studies
Out of the eight research scopes categories used in this survey (Figure 5), 202 articles focused on studies including descriptive, biotic interactions, bioprospecting studies, and paleomicrobiology surveys (shown as Others in Figure 5). Descriptive studies, focusing mainly on the identification of novel species of bacteria and fungi, represented about 40% of these surveys. The second most abundant category corresponded to biotechnological applications (shown as Application in Figure 4), with 145 out of 343 of the articles identified in our study. Half of the biotechnological applications relate to the agricultural sector, with an important focus on plant growth-promoting rhizobacteria (PGPR), which can enhance plant growth by a wide variety of mechanisms like phosphate solubilization, siderophore production, biological nitrogen fixation, phytohormone production, antifungal activity, induction of resistance to pathogen toxins, promotion of beneficial symbioses, etc. (Bhattacharyya and Jha, 2012). PGPRs offer an attractive way to replace the use of chemical fertilizers or pesticides for the development of sustainable agriculture. In our survey, agricultural application studies focus on crops of interest for Chile or on the adaptation to harsh climatic conditions (e.g., Fuentes et al., 2020; Meza et al., 2022). Another important sector of application is the use of soil microorganisms for bioremediation of contaminated sites, especially by oil (e.g., Serrano and Leiva, 2017; Vázquez et al., 2017), as well as the use of microbial consortia naturally adapted to specific conditions (e.g., low temperature) for bioenergy (methane) production (Aguilar Muñoz et al., 2022). Several extremophilic strains have also been isolated, especially from Antarctic ecosystems, and evaluated for their capacity to produce enzymes of commercial interest, acting as biocatalysts able to carry out reactions at nonstandard conditions (Cabrera and Blamey, 2018; Espina et al., 2022).
[image: Figure 5]FIGURE 5 | Proportion of studies addressing one of the main research scopes identified in this dataset. A single study can match several (sub) categories. CC: climate change; GHG: greenhouse gas; Extr. Env.: extreme environments.
Another important focus of the articles selected was the adaptation to extreme environments with 106 studies. This included conditions including dryness, temperature, and salinity, all of which are typical extreme conditions found in the desert and salt flats of Northern Chile (e.g., Paulino-Lima et al., 2013; Pulschen et al., 2015). These studies are of particular interest for astrobiology and take place in the Atacama Desert, reflecting the relevance of extreme environments at a global scale in the search for life. Indeed, in 2003, the European Science Foundation (ESF) launched support for the Investigating Life in Extreme Environments (ILEE) initiative, highlighting the need for a coordinated, interdisciplinary approach to future “Life in extreme environments” (LEXEN) research. The Coordinating Action for Research on the Study of Life in Extreme Environments (CAREX) was developed between 2008 and 2011 and had four priority areas: 1) contributions of life in extreme environments to biogeochemical cycles and responses to environmental change, 2) stressful environments—responses, adaptation, and evolution, 3) biodiversity, bioenergetics and interactions in extreme environments, and 4) life and habitability (Martins et al., 2017).
The biogeographic distribution of soil microorganisms and how it is related to latitudinal, altitudinal, edaphic, climatic, or biotic (e.g., vegetation cover) gradients also took an important proportion of the studies, with 92 of them focusing on this topic. The peculiar geographic and geomorphological context of Chile, with considerable latitudinal and altitudinal gradients, reflected over more than 4,000 km of expansion from North to South, and few hundred kilometers starting from the Pacific Ocean up to >6,000 m a.s.l in the Andes Cordillera, resulting in more than 20 climatic regimes in the country (ODEPA—Oficina de Estudios y Políticas Agrarias, 2019). These unique natural gradients represent a remarkable diversity of ecosystems to explore soil microbial diversity patterns. In our survey, 20 studies focused on altitudinal gradients (e.g., Renny et al., 2017; Rodríguez-Echeverría et al., 2021) and 17 on the influence of latitudinal variation (e.g., Marín et al., 2017; Knief et al., 2020).
Lastly, studies on disturbance, functionality, and climate change were represented by 89, 87, and 44 studies, respectively. Not surprisingly, within the effect of climate change, in Chile, the main research scope was the effect of water scarcity (linked to increased aridity), on soil microbiomes (Neilson et al., 2017) followed by glacial retreat effects on soil microbial communities (Fernández-Martínez et al., 2017). Within the environmental and anthropogenic disturbances identified in our survey, the majority were related to agriculture management, bringing new insights about how to prevent soil degradation (Ramírez et al., 2020) or leaching (Cardenas et al., 2013). The high proportion of studies assessing the impact of inorganic contaminants (mainly metals) can be related to the importance of the mining activity in Chile (e.g., Altimira et al., 2012; Carvajal et al., 2023).
5.2 Sources of fundings
Out of the reported sources financing research on soil microbial diversity in Chile (23 studies did not provide such information), international funding supported 53% of the studies (Figure 6), of which 59% was dedicated to studies in continental Chile. FONDECYT was the main national financial support, funding 28.7% of the studies (i.e., n = 141). This Chilean research grant represents the earliest national funding instrument supporting soil microbial diversity studies, with publications acknowledging this from 1992 until the present. The second most important pecuniary source with 8.9% of the studies funded is the so-called “Others” category that includes funding from universities or regional government, bilateral cooperation projects between CONICYT and equivalent foreign research agencies (e.g., Argentina, United Kingdom, Spain), programs funded by ANID that favor the insertion into the academia, Education Quality, and Equity Improvement Program (MECESUP Program) and private companies (e.g., Agroenergía Ingeniería Genética S.A, Anglo American Sur Ltda.). Overall, 25.5% of the Antarctic studies involving Chilean institutions were financed or co-financed by the Chilean Antarctic Institute (INACH). Interestingly, although INACH was founded in 1964 and started to finance research in 1995, only in 2016 did the first study on soil microbial diversity in Antarctica receive financial support from this institution (Figure 6).
[image: Figure 6]FIGURE 6 | Timeline and importance of funding sources. Left panel: timeline of funding sources considering that one single study can be supported by one or more funding sources. Right panel: quantitative importance of funding sources expressed as the number of studies funded.
6 FROM CULTIVATION TO OMICS TECHNIQUES
Culture was the most employed methodology (46.4% of the studies; Figure 7), followed by sequencing (27.7% of the studies) and physiological-based approaches (23.3% of the studies). Since 1975, cultivation-based methods have allowed the detection and description of soil microorganisms in Chile. This technique remained the unique approach for microorganism exploration until 1997 and nowadays it is still used, often in combination with other methods (Figure 7). In our survey, 15.5% of the studies (n = 53) allowed the isolation/culture of 61 new microbial taxa (40 bacteria and 21 fungi). This input represents a great contribution to scientific knowledge on soil biodiversity, as these contributed to better comprehend the diversity of Actinobacteria (Idris et al., 2017), Micromonospora (Carro et al., 2018) and Actinomycetes (Okoro et al., 2009). Additionally, they revealed functions still not described in various genus such as biodegradation of chlorinated aromatic compounds (Fulthorpe et al., 1996), metal-chelating compound production (Machuca et al., 2007), tolerance to UV-C (Paulino-Lima et al., 2013), biomineralization of Li-containing nanomaterials by Li-resistant bacteria (Bruna et al., 2022), degradation of PAH (Gran-Scheuch et al., 2020) and antiproliferative activity against a colon cancer cell line (Pavón et al., 2023). The new strains were mainly isolated from the North macrozone (50.9% of the studies, n = 30) and the Antarctic Peninsula (23.7% of the studies, n = 14). In the other macrozones, the remaining 9 studies described mainly new fungal species or genus (n = 10) such as the new genus Nothophytophthora gen. nov. (Jung et al., 2017). or Podospora selenospora sp. nov. discovered from the Ao horizon of a Chilean xerophilic forest soil of the Central-South region (Stchigel et al., 2002).
[image: Figure 7]FIGURE 7 | Chronological and quantitative analysis of the methods used to study microbial diversity in soils. (A). Identification and frequency of methodologies used in soil microbial diversity studies. Number of studies using at least one of the listed techniques. The inserted barplot presented the number of different methods used per study. (B). Timeline of the methodologies clustered in categories partly defined according to Hatzenpichler et al. (2020).
In 1997, we began to observe the first culture-independent studies using DNA sequencing, cloning, and amino-acid-based fingerprint techniques (Figure 7). The evolution and change of methods allowed to study new aspects of microbial communities. The metabarcoding of a target gene used as a proxy of diversity (mainly 16S rRNA gene for prokaryotes, ITS gene for fungi, and 18S rRNA gene for eukaryotes) began to appear in 2012 in our dataset. Despite the recent incorporation of metabarcoding at the national context, this is the third most used technique with a total of 79 (23%) studies, revealing a very fast spreading of this low-cost high-throughput technique providing access to the whole diversity of a community, overpassing the culture biases and limitations. Indeed, most of the data reported for archaea came from studies using metabarcoding approaches based on sequencing of the 16S rRNA genes. The improvement on sequencing technologies and the decrease of cost resulted in an increase of the use of metagenomic techniques since 2017 (both Illumina MiSeq and Oxford Minion). Metabarcoding, metagenomic or metranscriptomic data were available from the Central, Central-South and Austral regions in a total of no more than 81 sampling points. Continental Chile only accounted for 52.2% of all the sampling points (i.e., 291 sampling points) where high throughput sequencing techniques are applied (Supplementary Figure S4). In our survey, we detected 10 studies using shot-gun sequencing since 2017, with four of them published in 2022 (Figure 7). This technique provides access to the full genomic content of a community, which is useful for functional insights and reveals the metabolic potential of a community, by overpassing the PCR-based biases of metabarcoding. Hence, genomes of uncultured microorganisms can be reconstructed through the generation of MAGs) to explore new putative functions or genes (Hernández et al., 2020). Also, complete genomes of previously isolated strain can be provided (Valenzuela-Heredia et al., 2020; Núñez-Montero et al., 2023). Yet, this approach is based on community DNA, and does not specifically target active microorganisms through their RNA. Based on the publication revised in this survey, no metatranscriptomic study has been reported for the study of microbial diversity in soils from Chile. The difference in soil microbial community representation by culture-dependent and culture-independent approaches has been extensively reported (e.g., Stefani et al., 2015; Hinsu et al., 2021), even in the Chilean Andean highlands (Maza et al., 2019) resulting in the identification of some taxa overrepresented by culture-dependent techniques compared to high throughput sequencing. Also, through cultivation, Hinsu et al. (2021) showed the detection of a large proportion of amplicon sequence variants (ASVs) not retrieved by 16S rRNA gene metabarcoding, suggesting the need to associate different approaches and methodologies. Importantly, 62.7% of the studies combined two or more methodological approaches to provide a more complete picture of microbial diversity. It is interesting to note the efforts to go beyond a sole description, by coupling diversity surveys based on molecular data with functional approaches such as the measurement of diverse enzymatic activities make up 23.3% of the studies (Figure 7).
7 FUTURE DIRECTIONS AND OPPORTUNITIES TO STUDY SOIL MICROORGANISMS IN CHILE
There is a widely recognized interest for microorganisms from extreme environments due to their potential biotechnological applications such as enzyme production under extreme conditions, biomass conversion, biobased products, sustainable industrial processes, or prospection of life on extraterrestrial habitats, as reviewed in different parts of the world (e.g., Krüger et al., 2018; Kochhar et al., 2022; Schultz et al., 2023). In Chile, extremophilic microorganisms inhabiting unique environmental conditions in Chilean ecosystems have been studied, together with their potential for biotechnological applications (Azua-Bustos and González-Silva, 2014; Anguita et al., 2018; Orellana et al., 2018; Leiva-Aravena et al., 2019). Indeed, Chile offers a particularly attractive natural laboratory in this perspective due to its multiple extreme ecosystems. The great range of edaphic conditions characterized by alkaline or acidic pH, high salt and metal concentrations, wide temperature gradients, water stress, and strong UV radiation of the high-altitude deserts, salt flats, and geysers in the north of Chile (Altiplano and Atacama Desert) represent a unique microbial reservoir of life of international interest. Soils influenced by high altitude glaciers, geothermal springs, and volcanic activity in the Andes mountains in Central Chile, are subjected to a wide temperature gradient and high metal concentrations. In the southern extreme of Chile microbial life thrives in extremely low temperatures associated with ice fields, cold lakes, and fjords in Patagonia and Antarctica. Therefore, beyond the clear and urgent need to increase the number of studies focusing on soil microbial diversity in the southern hemisphere and extreme ecosystems, through our survey, we identified three main directions for future research: 1) enhance multi- and interdisciplinary collaborations, 2) increase funding support for high-throughput sequencing approaches to study soil microbial diversity in Chile, and, 3) perform long-term studies.
7.1 Collaborative multi- and interdisciplinary studies
Soil ecosystem functioning is complex and depends on the interaction of biological processes, soil physical structure, chemical reactions, and geological context, among others. Therefore, soil microbial diversity can only be fully understood through the integration with these connected disciplines. Despite some efforts to combine soil microbial diversity and geochemical data (e.g., Mandakovic et al., 2018; Aponte et al., 2022; Barret et al., 2022; Aguado-Norese et al., 2023), integrated studies are scarce. As an example, in our survey the type of soil was rarely explicitly indicated, despite the great diversity of soil orders identified in Chile (Casanova et al., 2013). In 73.8% of cases, the type of soil was not described or not identified, which hampers the possibilities of comparisons and raises the need for greater interdisciplinary collaboration among ecologists, microbiologists, and soil scientists to deeper characterize soil ecosystems as living bodies.
Even within biological sciences, interactions are rare, as shown by the low proportion of studies (16.3%) addressing biotic interactions with other components of biodiversity, despite the importance of microorganisms in soil food web both above- and below-ground feedback. Finally, social sciences and humanities are absent from our survey. As a result, the multidisciplinary wide scope journals such as Science of the Total Environment and Scientific Reports only accounted for 6 and 5 studies, respectively (Figure 2). This reinforced a lack of interdisciplinarity as the main journals chosen for publication are highly specialized. Yet, they need to be included in biodiversity studies to provide historical, sociological, or economical perspectives of soil use, as well as to integrate traditional knowledge. Future directions in soil microbial diversity studies should involve tight collaboration with different disciplines to provide a more global picture of ecosystem functioning from different perspectives. Therefore, it seems to us to integrate not only knowledge from natural science related fields but also social science in particular within the new generation of scientists and stakeholders is critical. We hence fully agree with what Timmis et al. (2020) called “the need for microbial literacy” and consider that multidisciplinary teams of microbiologists, microbial ecologists and social scientist should promote, through the collaboration, the access of this knowledge to the society (Bradshaw, 2021). This is critical if complex multi-component concerns such as climate change impact are to be addressed. A possible orientation towards this direction can be encouraged by funding criteria, with the development of interdisciplinary research calls, such as the new “Exploration Call” from Chilean ANID, aiming at contributing to the development and consolidation of disruptive, novel, high-uncertainty scientific-technological research. Finally, as revealed by our survey, the use of soil as a reservoir of microbial resources for potential biotechnological applications is of strong interest in continental Chile, especially in extreme remote regions. However, these prospective studies barely involve traditional knowledge and local communities who live in these places and benefit from ecosystem services provided by uniquely adapted microbial communities. Hence, as a perspective, we consider that a compromise between resource use and conservation should be accounted for in future research, relying on more dialogue and inclusion of local communities.
7.2 Increase and decentralize funding for high-throughput sequencing
As shown in our survey, soil microbial diversity is spatially heterogeneous across Chile, with some highly represented regions (namely, the most extreme ones) and others under-represented, such as the insular and the Austral regions. Funding should promote the development of studies in under-represented ecosystems.
On one hand, at a global scale, south-north collaborations are a way to improve funding availability and stimulate global-impact research (Baker, 2023). However, we observed in our survey that more than 30% of the soil microbial diversity studies conducted in the northern regions of Chile did not involve any Chilean institution (Supplementary Figures S2, S3), highlighting a very strong international interest in the Atacama Desert as an analog for the search for life on Mars and a lack of local collaborations. To improve our knowledge using cutting-edge techniques and propose suitable protection measures/solutions, it is necessary to maintain and strengthen south-north collaborations even between high-income countries in science. Moreover, Chile, as most Latin American countries, is considered a high-income country by the World Bank (World Bank Group, 2020) and the Organization for Economic Co-operation and Development (OECD, 2022). However, in 2020, only 0.33% of the gross domestic product (GDP) of the country was dedicated to research and development, while in Europe, on average 2.23% of the GDP support scientific research (Eurostat, 2023), ranging from 0.46% to 3.44% depending on the country.
On the other hand, at a national scale, we consider that incrementation and decentralization of funding for sequencing is urgently needed to continue supplying the universal microbial genetic archives from Chilean terrestrial ecosystems. In Chile, the FONDEQUIP (Fund for Scientific and Technological Equipment) program alone has allowed for the acquisition and implementation of 10 DNA sequencing platforms, six of which are in Santiago. At a global scale, omic observatories are flourishing, but the global south is generally less covered, and our survey demonstrates that local efforts may be integrated into global networks. For example, shotgun environmental DNA sequencing would provide valuable data combined with culture and functional inputs. Amplicon thoughput sequencing methods are now common in soil microbial studies in Chile, but our review shows that they appeared relatively late in the national context compared to worldwide studies. The same happens with metagenomics reported for the first time in 2017 in our survey, while metatranscriptomics studies are absent despite their rapid development in other parts of the world. This delay could be due to the prohibitively high costs of these techniques, resulting in the need to wait until they become more affordable as occurred previously with amplicon sequencing. This limitation could be overpassed with enhanced specific funding encouraging the use of state-of-the-art techniques.
7.3 Long term studies
Another gap that has been identified during our survey is the lack of long-term studies. As pointed out by Cavicchioli et al. (2019) long-term monitoring is needed as they allow to identify patterns between biological parameters and climatic variables or gradual changes that cannot be detected with single sampling events. As an example, Hartmann et al. (2015) demonstrated the effect of conventional versus organic agriculture on soil microbial diversity (bacteria and fungi) over 20 years of monitoring in Switzerland. Also, along a 7-year survey, Wu et al. (2022) evaluated the effect of warming temperatures on bacterial, fungal and protistan diversity and interactions in an old-field tall-grass prairie in Oklahoma (United States). In our survey, we retrieved only one long-term study, reported by Aguilera et al. (2016). It conducted a 25-year study bringing new insights about the effect of precipitation regime changes and presence of small mammals on bacterial and fungal communities in a semi-arid shrubland of the Bosque Fray (Jorge National Park). One factor that limits the realization of long-term studies is the scarcity of mid- to long-term fundings almost nonexistent in Chile. The ANID BASAL and FONDAP are the two funding tools available for research centers in Chile for 5 years projects (renewable for 5 more years). Two centers with BASAL fundings (CAPES and IEB) focus on biodiversity and ecology at the time of writing and may have the capacity to produce long-term dataset, hence filling the important gap for terrestrial microbial ecology in Chile.
8 CONCLUSION
Through a comprehensive review of 343 articles studying soil microbial diversity from Chile and the Antarctic Peninsula, we revealed a strong interest in applied microbiology to improve agriculture practices and the study of extreme environments. The deep analysis of the main fundings and the evolution of methodologies used to study microbial community diversity in this territory, provided recommendations for future research in this field. We emphasized the need for multi- and interdisciplinary efforts to increase knowledge on soil microbial diversity not only for academia but also to bring this to local communities and stakeholders. We suggested some future funding directions adapted to the use of cutting-edge techniques. Finally, we argue the urgent need to begin long-term studies, crucial in a global change context. Our work contributes both to global and local awareness on the importance of soil microbial biodiversity in Chile and the Antarctic Peninsula. Indeed, the geographic region we cover here, with its unique biodiversity and variety of biomes, might serve as a natural laboratory where, for example, the effect of climate anomalies on soil microbial diversity can be evaluated sooner than elsewhere.
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Categories Techniques

CLONES Includes the whole cloning-sequencing approach

CULTURE Enrichment and isolation

DETERMINATION-HYPHAE -

DETERMINATION-SPORES -

DGGE Denaturing gradient gel electrophoresis

FLOW CYTOMETRY Cell detection and counting by flow cytometry

GENOMICS Whole genome sequencing of a single taxa

INCUBATIONS Included only if a non-disturbed initial sampling was provided in studies including inoculation of soil pots, greenhouse assay,
microcosms, mesocosms, incubation vials, bioreactors, in situ soil inoculation, in situ soil chambers

METABARCODING Amplicon sequencing of 165 rRNA, 185 rRNA gene ITS gene or other functional genes at the whole community level, through
454 pyrosequencing or Illumina MiSeq

METAGENOMICS Shotgun metagenomic sequencing

MICROARRAY Life Detector Chip containing 300 antibodies, oligonucleotide probes GeoChip for functional genes, PhyloChip for strain taxonomic
identification

MICROSCOPY -

OTHER FINGERPRINTS Nucleic acid-based fingerprints, including Temperature gradient gel electrophoresis—TGGE, Amplified ribosomal DNA restriction
analysis—ARDRA, Single-strand conformation polymorphism—SSCP, BOX-PCR, Most probable number PCR—MPN-PCR, Southern
blot

PCR -

PHYSIOLOGY Individual enzymatic activity or microbial metabolic activities of a global pathway; Biolog ecoplates--bacteria, archaea and micro-
eukaryotes; community-level physiological profiling—CLPP; biodegradation assays; substrate utilization; antimicrobial activities;
production of biochemical components; Plant growth-promoting capabilities—PGP

PIGMENTS -

PLFA Fatty acid-based profiles

qPCR Gene abundance or expression of targeted genes by quantitative PCR

RESPIRATION It s one class of “PHYSIOLOGY”

SEQUENCING Gene or gene fragment sequencing on individual populations obtained after culture or fingerprint such as DGGE band

SIDEROPHORES -

T-RELP Terminal restriction fragment-length polymorphism

TOXICITY ASSAYS Exposition to UV-C, heavy metal
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