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Biological particles suspended in the atmosphere have a crucial role in the dynamics of the biosphere underneath. Although much attention is paid for the chemical and physical properties of these particles, their biological taxonomic identity, which is relevant for ecological research, remains little studied. We took air samples at 300 meters above the forest in central Amazonia, in seven periods of 7 days, and used high-throughput DNA sequencing techniques to taxonomically identify airborne fungal and plant material. The use of a molecular identification technique improved taxonomic resolution when compared to morphological identification. This first appraisal of airborne diversity showed that fungal composition was strikingly different from what has been recorded in anthropogenic regions. For instance, basidiospores reached 30% of the OTUs instead of 3–5% as found in the literature; and the orders Capnodiales and Eurotiales—to which many allergenic fungi and crop pathogens belong—were much less frequently recorded than Pleosporales, Polyporales, and Agaricales. Plant OTUs corresponded mainly to Amazonian taxa frequently present in pollen records such as the genera Helicostilys and Cecropia and/or very abundant in the region such as Pourouma and Pouteria. The origin of extra-Amazonian plant material is unknown, but they belong to genera of predominantly wind-pollinated angiosperm families such as Poaceae and Betulaceae. Finally, the detection of two bryophyte genera feeds the debate about the role of long distance dispersal in the distribution of these plants.
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Introduction

Biosphere and atmosphere form an interconnected system, dynamically shaped by the exchange of gases and biological material. The formation of bioaerosols—airborne organic particles associated with, and emitted from, living and dead organisms (Després et al., 2012)—is part of this exchange. In the last two decades, much insight has been gained on concentration, size classes and emission patterns of bioaerosols in Amazonia, information that is deeply related to atmospheric chemical and physical processes (Martin et al., 2010), and crucial for the understanding of cloud cycling and rainfall regimes. Fungal spores, for instance, form an important fraction of small sized bioaerosols that contributes significantly to hydrological cycling (Huffman et al., 2012), while larger pollen grains act as the so-called “giant condensation cloud nuclei,” forming more cloud droplets at lower supersaturations than most other aerosol particles, thereby facilitating rain formation (Pöhlker et al., 2016).

It is, however, the largely unknown taxonomic identity of some of these airborne particles that will inform us about biological processes in the forest, such as spore dispersal, plant pollination and population dynamics. In a forest environment, turbulent vertical fluctuations in wind and the coherency in vertical eddy motion promote the uplift of plant and fungal diaspores (i.e., dispersal units), as well as pollen, much above the canopy. Their subsequent transportation by wind, as airborne, is part of a fundamental process in forest dynamics: Long Distance Dispersal, i.e., the movement of propagules both outside the stand geographic limits and outside the genetic neighborhood area of individuals (Robledo-Arnuncio et al., 2014). Long Distance Dispersal shapes ecological and evolutionary process, such as gene flow among populations and the geographical distribution of plants (Jordano, 2017), connecting local to regional scales in biogeographic theories (Hubbell, 2001). We therefore believe that knowledge on airborne taxonomic composition in Amazonia opens up multiple research possibilities on the role of dispersal in ecology and evolution of a major pristine ecosystem. Furthermore, from a societal point of view, the transport of allergenic microorganisms and plant pathogens has an impact on human health and the world economy (Genitsaris et al., 2011; Meyer et al., 2017).

The international project “Amazon Tall Tower Observatory” (ATTO, see Andreae et al., 2015) is an attempt to understand how regional dynamics affect local scale dynamics in Amazonia, with scientific questions that encompass several research fields. Described as the “laboratory in the sky [that] will sample some of the last unspoiled air on the planet” (Wade, 2015), the 325 m height tower of the project allowed us to capture biological material being transported into the atmosphere above a pristine forest canopy in Central Amazonia (Figure 1). Historical challenges associated with the study of airborne particles include the capture, and the determination of their taxonomic identity with the very limited discriminative power of morphological identification. Here, we addressed these challenges by using the top of the ATTO tower infrastructure for continuous sampling, combined with high-throughput DNA sequencing for the taxonomic identification. We aimed at revealing the diversity of fungal and plant material in the Amazonian atmosphere.
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FIGURE 1
View of the Amazon forest from the ATTO tower at 100 m height (A). View of the ATTO tower (B). Spore sampler installed at the edge of the tower at 300 m height (C). Photos by SMO (A,C) and Jorge Saturno MPI-C (B).




Methods


Field sampling

The air sampling was carried out at 300 m height on the top of the ATTO tower (S 2° 8.752′ W 59° 0.335′).1 The tower is located in a biological reserve—Reserva Biológica do Uatumã—ca. 150 km distance from Manaus, Brazil, the largest city of Central Amazonia. A total of seven periods of 7 days of continuous sampling were carried out in April, September and October 2017; and in March 2018.

The equipment used was a Hirst-type spore sampler (Burkard 7 Day Recording Volumetric Spore Samplers, Burkard Scientific, Uxbridge, United Kingdom) that can run automatically 24 h per day, for 7 days. This equipment has a beak that sucks air from the environment directly against an adhesive tape. The tape is mounted on a clockwork-driven drum that turns on a regular speed of 2 mm per hour.



Laboratory—DNA extraction and sequencing

The seven sampling tapes, corresponding to 7 weeks of sampling, were cut in pieces that corresponded to 12 h sampling each, which amounted to 96 pieces—the last sampling week was 1 day (= 2 samples) shorter. All samples, and another 9 negative controls prepared regularly during the preparation of the samples, were placed into 2 ml Eppendorf tube each for DNA extraction.

The DNA of the particles captured by the spore sampler was extracted following specific methodology (Kraaijeveld et al., 2015). The ITS2 region was amplified with the forward primer ITS3 and the reverse primer ITS4 (White et al., 1990). These primers also contained unique Ion Xpress barcodes for individual sample identification. The PCR reactions were carried out in (25 μl) using 5 μl 5 × buffer, 0.5 μl 2.5 mM dNTP’s, 1.25 μl 10 mM of the respective forward primer and the reverse primer ITS4 coupled with Ion XpressTM barcodes for individual sample identification, 1 μl 25 mM MgCl2, 0.75 μl 100 mM BSA, 0.25 μl 100% DMSO, 0.5 μl Phire HS2 Taq polymerase (Thermo Fisher Scientific), and 4 μl of DNA template. The following PCR program was used: 3 min at 98°C, 35 cycles of 5 s at 98°C, 10 s at 50°C, and 30 s at 72°C, and 5 min at 72°C. An equimolar pool was made by measuring the amplified samples on the Qiaxcel using the DNA Screening Kit (QIAgen) followed by pooling equimolar with the QIAgility (Qiagen) pipetting robot. A cleanup of the pool was done with 0.9× (Macherey-Nagel). NucleoMag NGS clean-up and size select beads and a final quality and quantity check was performed with the Agilent 2,100 Bioanalyzer High Sensitivity DNA chip (Agilent Technologies). The final pool was diluted according to the calculated template dilution factor to target 10–30% of all positive ISPs. The template preparation of this pool was carried out on an Ion One Touch instrument with the Ion PGM Template OT2 400 kit (Life Technologies) according to manual 7,218 v3.0. The ion sphere quality control kit was used to check quality of the Ion One Touch2 400 ion sphere particles on a Life Qubit 2.0. The ion spheres were loaded on a 318 chip v2 and sequenced with the ion PGM sequencing 400 kit (Life Technologies) on an Ion-Torrent personal genome machine (Life Technologies, Thermo Fischer Scientific, United States). Template preparation and enrichment (Thermo Fisher Scientific) were according to the manufacturers protocol 7218Rev3.0.



Bioinformatics pipeline

The raw sequence reads were demultiplexed, filtered, clustered and blasted against a local ITS database using scripts on the Galaxy platform (Giardine et al., 2005). Because DNA extraction and sequencing was carried out in two different pools in the lab, the bioinformatics pipeline was also carried out twice, one per batch. Primers were first trimmed with Cutadapt (Martin, 2011), a tool that removes primers and discards reads that are below a given length threshold. In order to improve sequence analysis, we used PRINSEQ (Schmieder and Edwards, 2011) to graphically visualize sequence length distribution and base quality distribution. After establishing minimum and maximum sequence lengths, based on the visual analysis of the data, we kept all sequences from 270 to 440 bp—in order to avoid biases related to sequence size during the clustering procedure—and discarded sequences containing Phred value below 10. Although this was the threshold selected for the analysis, the visual inspection of PRINSEQ graphs showed that most of the read positions reached quality scores above 20 and just a few, mostly above 480 bp read length, had values between 10 and 20. Clustering was performed with USEARCH, using the default option of 98%. Obtained Operational Taxonomic Units (OTUs) were blasted against a local ITS database from NCBI (latest 20/11/2020), using the taxonomy provided by the database. OTUs resolved to NCBI accession numbers with unknown taxonomy or N/A were filtered out. Tag jumping analysis reduced the number of reads in ∼4.5–6% especially from lab contamination detected in negative controls.



Choices during data analysis

Frequency of OTUs in samples: the indefinite number of copies that can be produced during amplification might bias the abundance of a given OTU in a single sample. Therefore, per sample, only the presence or absence of a given OTU was recorded. As a consequence, in order to rank the taxa according to their frequency in the atmosphere and to present the results in the manuscript, we used the number of samples where a given OTU was found. Both groups showed that most of the OTUs recorded were present in less than 5 samples (Supplementary Figures 1A,B). Although OTU frequency and abundance (which takes into account the number of reads) were well correlated, the high variation of number of reads in a single sample (= abundance) does not reflect how frequently an OTU was captured through time (Supplementary Figures 1C,D).

Taxonomic level: we opted for a conservative approach concerning the blast hits, by choosing to report and discuss taxonomic composition at genus level. In an experimental approach for the identification of pollen samples with ITS2, 96% of taxa present in a controlled database were correctly identifiable at the genus level and 70% at the species level (Keller et al., 2015).



Best practices

Metabarcoding involves sample collection, DNA extraction, amplification and sequencing, and bioinformatics analysis. Potential biases in each of these steps were evaluated (see Table 1) in the light of the note of caution published by Zinger et al. (2019).


TABLE 1    Best practices summarized for each step of the data generation. Each step (first column) includes its own potential biases as mentioned in the literature (second column), the controls as applied in this study (third column), and the possible shortcomings (fourth column), which are also dealt with in the manuscript discussion section.
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Results

The ITS2 DNA sequences obtained from sequencing of 96 samples, recorded in seven separated periods of seven continuous days of sampling, and clustered at 98% similarity before blasting procedure, were assigned to a total of 4,209 Operational Taxonomic Units (OTUs) that corresponded with > 97% identity to sequences deposited in the National Center for Biotechnology Information (NCBI). OTUs matching to NCBI sequence accessions without any taxonomic identification were not used here. This previous selection, together with tag jumping analysis, carried out to filter out sample contamination (see section “Methods”), reduced the number of OTUs analyzed in this study to 1,409.

The 1,409 OTUs corresponded to 1,202 Fungi and 207 Viridiplantae. Following the classification system used by NCBI, Viridiplantae (onward “Plants”) OTUs corresponded to 177 vascular plants (Streptophyta, classes Magnoliopsida, and Pinopsida), five bryophytes (Streptophyta, class Bryopsida), two green algae in Streptophyta (Streptophyta, class Klebsormidiophyceae), and 23 green algae in Chlorophyta. A total of 521 OTUs (36.7%) were detected in only one sample and the most frequent OTU was found in 59 samples.

The success rate of taxonomic identification of OTUs through blasting differed substantially between Fungi and Plants. Around 25% of the Fungi (317 OTUs) corresponded to NCBI sequences with unknown or unrecorded taxonomic identity at order level and below, and around 35% at genus level (417 OTUs in both), while only 6% (12 OTUs) of the Plants OTUs—mostly among the green algae—corresponded to NCBI sequences with unknown or unrecorded taxonomic identity at order level, and 11 OTUs and six OTUs at family and genus levels, respectively.

The fungal OTUs were resolved to 62 orders; the four richest orders—Pleosporales, Polyporales, Agaricales, and Xylariales—corresponded to 36% of the records, summing up to around 75% of the records with the next six orders (Figure 2A). Of the 395 genera identified (Supplementary Material), 105 were detected in only one sample and 49 in more than 15 samples. Most of the very frequent OTUs also belonged to the four richest orders (Figure 2C).
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FIGURE 2
Overview of the taxonomic identification of fungal sequences extracted from air samples taken in Reserva Biológica do Uatumã, Central Amazonia, based on ITS2 target region. (A) Number of OTUs identified per fungi order; (B) Pycnoporus sanguineus (= Trametes sanguinea in NCBI) on a decaying log in Central Amazonia, a representative of one of the most frequently captured fungi genera; (C) frequency of genera in terms of number of samples (colored bars) and number of OTUs assigned to each genus (hatched bars)—column color refers to the order they belong, following (A).


The OTUs of vascular plants were resolved to 24 orders and 53 families. A total of 12 families included 55% of the OTUs (Figure 3A). The most frequently sampled genera are mostly represented by only one OTU, and five of them were not among the 12 OTU- richest families (Figure 3C). Poaceae, although the second OTU- richest family, had several genera detected only once or in very few samples. Out of 123 genera, 73 (59%) occur naturally in the Amazon Basin and another 20 (16%) in South America. Among the other genera detected, which do not naturally occur in South America, five are known to be cultivated in the region.
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FIGURE 3
Overview of the taxonomic identification of plant sequences extracted from air samples taken in Reserva Biológica do Uatumã, Central Amazonia, based on ITS2 target region. (A) Number of OTUs identified per plant family; (B) Cecropia sp., one of the most frequently captured angiosperm genera; (C) frequency of genera in terms of number of samples (colored bars) and number of OTUs assigned to each genus (hatched bars)—column color refers to the family they belong, following (A).


The OTUs corresponding to bryophyte species belonged to the genera Octoblepharum and Pilosium. Among the 26 algae OTUs, the richest family was Trebouxiaceae (6 OTUs), the most widespread lichen-forming algal family, with genera such as Trebouxia and Myrmecia.



Discussion


Fungi diversity: Sign of a healthy environment

A number of the most frequent genera recorded in this study have wide geographical distribution, high abundance in a variety of environments—including indoor environment—and vast morphological documentation. Aspergillus, Nigrospora, Penicillium, Curvularia, and Cladosporium fall in this category and were also detected in the first morphological study of air samples taken from 300 m at the ATTO tower (Barbosa, 2018). The improved detection power given by molecular techniques became, however, clear in the frequent record of bracket fungi, such as Trametes and Fomitopsis. These taxa have been collected in Amazonia during inventories (Gibertoni et al., 2016), but not recorded in air samples when identification was solely based on spore morphology, probably due to the lack of enough morphological variation in some groups. The same has been documented in a study in Cuba: although the presence of these two polypore genera was known from ground inventories, the morphological identification of the airborne material only recorded the genus Ganoderma, which is frequently illustrated in the literature (Almaguer-Chávez et al., 2018). As anticipated, the use of a molecular technique is complementary to, and can fill some of the gaps of the morphological identification.

Genera containing endophytic fungi species were also among the most frequently recorded OTUs. Endophytic fungi live in association with plant tissues and are frequently investigated due to the potential discover of new molecules with antifungal activity. In our study, the frequently recorded genera Periconia, Tinctoporellus, Fusarium, Phanerochaete, and Alternaria have also been recorded across different Brazilian ecosystems in plant tissues, as well as the less frequent Phomopsis, Talaromyces, Xylaria, and Didymella (see review in Bezerra et al., 2019). Air samples offer an insight about the relative frequency of their dispersal in the environment. On the other hand, a deeper taxonomic resolution, including other loci, is imperative when defining the role of some taxa in the environment. Phoma is an example of a species rich genus of endophytes, but also of important plant-associated pathogens and lichenicolous anamorphic fungi, in which ITS regions alone are insufficient to distinguish closely related species, and ongoing phylogenetic research is still unraveling its diversity (Lawrey et al., 2012; Hou et al., 2020). Other genera recorded in this study of which an interpretation of their ecological role depends on better taxonomic resolution are Neopestalotiopsis, Pseudopestalotiopsis, and Pestalotiopsis. In this sense, the list presented here is a preliminary exploration of the taxonomic diversity expected.

Our dataset showed a much higher relative importance of polypore fungi, in comparison with studies in highly anthropogenic areas. The family Polyporaceae yielded the highest number of genera, a consequence of a vast diversity of taxa that are saprobes on dead wood and essential for nutrient cycling. In Northern Italy, the most frequent and widely distributed genera of fungi, detected by the same sampling and molecular identification technique used here, were those allergenic to humans or containing well-known plant and animal pathogens, for example, Botrytis, Periconia, Acremonium, Candida, Cryptococcus (Banchi et al., 2018). The order Capnodiales that includes many of these taxa was the best represented order in every site covered by the study, while it ranked 8th in OTU richness in Amazonia. Furthermore, while basidiospores do not exceed 2% in inventories from anthropogenic areas, it amounted to a staggering 30% of the OTUs in our dataset, using exactly the same target region. In previous studies of airborne composition in urban areas, the much lower percentages of basidiospores when compared to ascospores has been explained by the notion that the use of ITS2 as target region causes a bias toward ascospores (Bellemain et al., 2010). Here we argue that the difference is probably much more related to the natural environment. Future combination of short and long reads will certainly increase taxonomic accuracy, as reported by Ritter et al. (2020).

There is mounting evidence that natural environments have the potential to improve human health. The biodiversity hypothesis of von Hertzen et al. (2011) emphasizes the causal relationship between the increase in immune dysfunction and in inflammatory diseases with the decrease in diversity of the environmental microbiota. Under the light of this hypothesis, our results on airborne diversity offers clear evidence of the habitat quality given by the presence of the forest.



Airborne plant material: A biased sample of the forest

In a very general sense, two factors seem to influence the taxonomic composition of the airborne material: the high abundance of certain Amazonian taxa, such as the genera Pouteria and Pourouma (ter Steege et al., 2013), and the wind pollination syndrome. The massive presence of the genera Helicostylis and Cecropia in our samples, as well as Trema, Cyperus, and Alchornea is in line with previous results from palynological data from cores in the Amazon basin but also from present pollen records (Mendes et al., 2021). It has also been shown that, in the present Amazonian vegetation, the mean relative abundance of the families to which they belong correlate significantly with modern pollen assemblages (Gomes et al., 2020; Mendes et al., 2021). Wind pollination syndrome is apparently important for the presence of extra-Amazonian taxa. Among the extra-Amazonian taxa, we found well-known wind-pollinated groups such as the Asteraceae genus Ambrosia and several representatives of the families Poaceae, Betulaceae, and Fagaceae. In these taxa, spherical and small pollen grains, released from exposed anthers, promote their uptake and carriage by wind (Ackerman, 2000). Based on morphological features, wind pollination is assumed to occur in only 18–20% of the angiosperm families. From a community based approach, the estimated rate is on average 15%, but much lower in tropical forests, where ca. of 98% of the species are supposed to show animal-mediated pollination (Ollerton et al., 2011). As a matter of fact, botanists may assume animal-mediated pollination more frequently than it actually occurs, apparently due to the lack of experimental work. One of the most abundant species in Amazonia, Mauritia flexuosa L. (Khorsand and Koptur, 2013) is an example where pollinator exclusion experiments revealed an unexpected dependency of wind pollination. The recording of high amounts of airborne pollen of Amazonian taxa may therefore guide future species level experimental research.

The relationship between the current pollen assemblage and forest species composition is a powerful tool to reconstruct past vegetation. Palynological data from cores in the Amazon basin is used to understand the long-term effects of climate change on vegetation. But the comparison of pollen deposition and vegetation revealed that important taxa might be completely absent from the pollen record, while others are overrepresented (Gosling et al., 2009). The discrepancy between taxonomic richness per family in our records and in the documented forest composition is very clear. Apart from Fabaceae, Sapotaceae, and Melastomataceae, the most species rich families in Amazonia (Rubiaceae, Melastomataceae, Myrtaceae, Lauraceae, and Annonaceae, to cite a few) are not among the 12 most represented in the airborne material. The discrepancy is clearly related to the different mechanisms of pollen release and chances of the pollen grains to become airborne. As observed by Guimarães et al. (2014) in a study of pollen and spores from a lake in Southeastern Amazonia, species pollinated by insects, birds or bats do not give a regional signal, their pollen records being the result of local carriage of pollen by rainwater and catchments to lakes. A good way of reducing misinterpretation of palynological data is to identify these biases in present time studies. In this line, our list offers an independent line of evidence for current pollen assessments.

Finally, the recording of only two bryophyte genera has a much greater scientific importance than the numbers suggest. Laboratory experiments have shown how variation on wind speed and turbulence affect spore release (Johansson et al., 2014), and that settling velocity of spore dispersal is correlated to spore size (Zanatta et al., 2016). Long distance dispersal events, however, are a product of stochastic conditions that cannot be covered by experimental settings, and have been invoked to explain bryophyte species distributions based on ecological analysis (Barbé et al., 2016). Two out of the three species recorded in this study are among the 10 most common species in Amazonia (Mota de Oliveira and ter Steege, 2013), which would lend support to the hypothesis that bryophyte dispersal at large scale is stochastic, and consequently, species relative abundance in the metacommunity will strongly influence the chance of being dispersed far from the mother plant (Mota de Oliveira and ter Steege, 2015). Further sampling will allow testing this hypothesis.



False positives, false negatives, and the variable taxonomic accuracy

The applied technique records the presence of a DNA fragment, the interpretation of it into pollen or spore records is an assumption based on the fact that there is ample evidence of their transportation as viable cells, while the uplift of plant debris due to forest burning would hardly result in extractable DNA content. False positives can still occur, due to “probable contamination that cannot be discarded, such as the skin fungus Malassezia, and”, among others (Badotti et al., 2017). False negatives can occur at any stage of air sampling, namely collection, storage/transportation, processing/extraction, and analysis. Repeated use of the same technique, as well as experimental studies focusing on the lysis of spores and pollen and on the success rate of polymerase chain reaction in different taxa are desirable developments that can minimize the uncertainty given by false negatives (Nilsson et al., 2014). But perhaps the largest source of false negatives is given by the geographical and taxonomic biases in the molecular databases. As an example, the frequent occurrence of the endophytic fungi genus Letendraea in our records and the complete lack of the Amazonian Letendraeopsis raise the question whether the latter was not recorded due to the lack of molecular sequences deposited in NCBI. In our study, the staggering amount of 74% of the final OTU clusters could not be resolved with more than 97% similarity to any sequence deposited in NCBI. Accordingly, taxonomic accuracy varies with the taxonomic level and the extent of previous phylogenetic research done for a given taxon. The use of additional barcodes is also desirable in many cases where ITS1 and ITS2 alone are not enough for proper identification (Badotti et al., 2017).



Gained insights and future prospects

Our study showed, among others, that airborne species composition is intrinsically related to the environment underneath, but also receives input from extra-Amazonian taxa, especially those that are known to have an effective pollen spreading strategy. The most striking difference with previously reported airborne composition is the much lower relative presence of allergenic fungi and plant pathogens. The finding of three bryophyte species is remarkably important because it provides rare, yet robust evidence for the hypothesized role of long distance dispersal in the distribution patterns of these plants in the Amazon. The investigation of the taxonomic composition of airborne biological material opens up completely new opportunities to test hypothesis of biological processes in Amazonia.
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