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Short Communication 

High-throughput sequencing of litter and moss eDNA reveals a positive 
correlation between the diversity of Apicomplexa and their invertebrate 
hosts across alpine habitats 
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A B S T R A C T   

A high diversity of Apicomplexa was recently found in tropical soils presumably reflecting the diversity of their 
invertebrate hosts, but such patterns have not been explored in colder regions. We analysed the diversity of 
Apicomplexa and their potential metazoan hosts in litter and mosses collected in 11 different alpine habitats 
using an eDNA metabarcoding approach. The abundance and diversity of Apicomplexa phylotypes and of their 
potential invertebrate hosts were positively correlated. This confirms that eDNA metabarcoding is a useful tool to 
explore the unknown biodiversity of free-living eukaryotes, as well as potential host-parasite interactions. Future 
studies should aim at describing this diversity using a combination of morphological and molecular approaches.   

Metabarcoding of environmental DNA (eDNA) is a powerful tool to 
explore the diversity of soil organisms, as shown by recent studies 
revealing that soils host an immense diversity of protists (Bates et al., 
2013; de Araujo et al. 2018; Oliverio et al., 2020) and Metazoa (Fierer, 
2017; Müller et al. 2019). This approach is especially useful to evaluate 
the diversity of poorly known groups such as Apicomplexa (Mah�e et al., 
2017; Geisen, 2015). Apicomplexa are obligate host-specific parasites of 
invertebrates, as well as vertebrates, including livestock and humans 
(del Campo et al., 2019; Simdyanov et al., 2017). It has been suggested 
that the richness of Apicomplexa-related sequences should be propor-
tional to the diversity of their hosts, as illustrated by the immense di-
versity found in Neotropical forest soils (Mah�e et al., 2017). 

If this hypothesis were correct, such correlations should also be 
observed in other biomes. To test this hypothesis, we conducted a study at 
ca. 2500 m a.s.l. In the Furka pass region of the Swiss Alps. This region is 
characterised by a contrasted topography, bedrock and soil types resulting 
in high diversity of alpine habitats, plants and invertebrate communities 

across short distances (Hiltbrunner and K€orner, 2018). We collected three 
to four samples of litter or mosses from 11 different habitats surrounding the 
Alpine Research Station Furka (ALPFOR) (Table 1, Supp. Table 1) in July 
2012. We extracted eDNA using a MoBio PowerSoil extraction kit 
(Carlsbad, CA, USA) according to the manufacturer instructions. We 
assessed the phylotype richness of eukaryotes using a metabarcoding 
approach targeting the V9 region of the 18S rRNA gene using the eukaryotic 
primers 1380F/1510R (Amaral-Zettler et al., 2009). The PCR amplicons 
were sequenced with Illumina HiSeq 2000 (Fasteris, Geneva, Switzerland). 

The eDNA reads were filtered, quality-checked, clustered into phy-
lotypes using SWARM (Mah�e et al., 2015) and taxonomically assigned 
with the PR2 database ((Guillou et al., 2012) using VSEARCH (Rognes 
et al., 2016). We extracted all phylotypes assigned to Metazoa and 
Apicomplexa. As 18S rDNA sequences of parasites such as Apicomplexa 
are highly divergent, classical assignation based on pairwise similarity 
can often be unreliable. Therefore, we constructed a reference tree that 
comprises all complete Apicomplexa 18S rRNA gene sequences available 
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on GenBank as well as some bona fide Alveolata and other phyla as 
outgroups. Then, we used the Evolutionary Placement Algorithm as 
implemented in RAxML v.8.2.10 to determine the phylogenetic position 
of the potential apicomplexan phylotypes (Stamatakis, 2014). The data 
are available in the NCBI Sequence Read Archive under the BioProject 
number PRJNA623507 and Supplementary Table 1. 

We used linear regression models to test whether the abundance of 
phylotypes of Apicomplexa and of their putative metazoan hosts were 
correlated. In order to circumvent potential methodological biases due 
to the variation of read numbers per sample, we calculated a corrected 
value of the phylotype richness as the normalized residuals of the 
number of phylotypes minus the predicted number of phylotypes based 
on the total number of reads in that same sample, following a similar 
logic as Tedersoo and co-authors (2014) (see Supplementary methods 
1). All statistical analyses were performed in R version 3.5.1. 

We obtained a total of 181 phylotypes of Apicomplexa (879,886 reads) 
and 856 phylotypes of Metazoa (1,180,871 reads). Phylogenetic recon-
struction clustered Apicomplexa phylotypes into two main lineages (Fig. 1), 
the Actinocephaloidea and the Gregarinoidea (superfamilies proposed by 
Simdyanov et al., 2017), which include species that are mainly reported as 
parasites of terrestrial invertebrates, especially insects. While most phylo-
types were associated to insect (e.g. Gregarina) or Annelida (Monocystis) 
parasites, two were associated to vertebrate parasites (Nematopsis and 
Cryptosporidium) and one phylotype was associated to a clade that recently 
transitioned from terrestrial to marine invertebrate hosts (Caliculium) 
(Wakeman et al., 2014). The majority of the apicomplexan reads (78.8%) 
were clustered into a single phylotype associated to genus Gregarina 
(GenBank L31799 and L31841), while 4.5% of the reads (39,407 se-
quences), could not be assigned with confidence to any known Apicom-
plexa lineage. 

Table 1 
Habitat type and phylotype richness of Apicomplexa parasites and their hosts in the central Swiss Alps close to the Furka pass.  

Habitat No. Habitat description/Dominant plant species Elevation [m.a.s.l] Latitude N# Longitude E# Metazoa�SD Apicomplexa� SD 

1 Acidic grassland (Nardus stricta) 2455 46�3404100 8�2501400 154 � 35 48 � 13 
2 Acidic species-rich grassland (Nardus stricta/Calluna vulgaris) 2493 46�3404300 8�2501300 209 � 49 74 � 21 
3 Acidic ridge (Loiseleuria procumbens) 2468 46�3404200 8�2501100 220 � 42 63 � 18 
4 Species-rich grassland on calcareous soil (Festuca violacea) 2392 46�3403300 8�2501900 191 � 71 60 � 20 
5 Acidic grassland steep N-facing solifluction (Carex curvula) 2427 46�3401800 8�2501200 173 � 22 59 � 13 
6 Acidic grassland (Carex curvula) 2491 46�3400100 8�2404800 177 � 36 55 � 11 
7 Nutrient-rich grassland (Agrostis schraderiana) 2494 46�3304500 8�2404800 210 � 75 57 � 16 
8 Snow-bed on acidic soil (Salix herbacea) 2432 46�3404100 8�2501900 218 � 43 63 � 16 
9 Glacier forefield 2508 46�33027 8�2404900 173 � 24 58 � 13 
10 Calcareous ridge (Elyna myosuroides) 2468 46�3402200 8�2404900 204 � 59 70 � 20 
11 Fen 2433 46�3403200 8�2500700 258 � 35 65 � 17 

#Coordinates are given for the centre of the selected habitat areas. 

Fig. 1. Phylogenetic tree of DNA reference sequences of Apicomplexa and phylotypes from an eDNA Illumina sequencing of the V9 region of the 18S rRNA gene from 
41 soil litter and moss samples collected in 11 different alpine habitats in the Furka Pass region (Switzerland). Only phylotypes with over 100 reads are shown. 
Numbers in circles represent numbers of phylotypes affiliated to an identified organism and numbers in squares represent the total number of reads. 
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As a whole, the number of Apicomplexa reads was significantly 
correlated to the number of Metazoa reads, as shown in a simple linear 
regression model (adjusted R2 ¼ 0.64, p < 0.001; Fig. 2). The correlation 
between the corrected diversity of Apicomplexa and Metazoa remained 
significant, which strengthens the validity of the analysis by removing 
potential methodological biases (Supp. Fig. 1). The correlations were 
also significant for litter samples and for both data sets combined but not 
for moss samples (p ¼ 0.11; Supp. Fig. 1). Although we observed a 
positive correlation between the number of, respectively, Apicomplexa 
and Metazoa phylotypes versus all eukaryotes phylotypes, which can be 
interpreted as sequencing biases (Supp. Methods 1), this correlation 
disappeared when the correction factor was applied to the alpha di-
versity (Supp. fig 2; Supp. Methods 1), demonstrating the robustness of 
our results. 

The highest number of Apicomplexa phylotypes was found in the 
acidic grassland with Calluna spots (habitat no.2) and in the calcareous 
ridge (habitat no. 10): two contrasting habitats that do not share similar 
vascular plant or moss species (Table 1). The highest number of Metazoa 
phylotypes was detected in the fen (habitat no. 11) which had the 
highest number of individual flies and midges, and the highest number 
of families of Diptera (Hiltbrunner and K€orner, 2018). 

Our results support the hypothesis that the diversity of soil Api-
complexa may reflect the diversity of Metazoa (and especially in-
vertebrates) in an ecosystem (Mah�e et al., 2017). Although Apicomplexa 
diversity cannot be directly compared between the two studies, notably 
because of the genetic markers used (V9 in our study versus V4 in the 
study of Mah�e et al. (2017), see (Dunthorn et al., 2012)) the genetic 
diversity obtained in our samples (Fig. 1) was also high and included 
many different clades of Apicomplexa. Even though the number of 
samples and sequencing depth in the study of Mah�e et al. (2017) are 
larger than in this study, we sampled 11 contrasted alpine habitats 
differing in their characteristics and two contrasted types of samples 
litter versus mosses. Still, while most Neotropical Apicomplexa reads 
and phylotypes were branching at internal nodes in the reference tree, 
the majority of alpine Apicomplexa were placed on or very close to the 
tips (Fig. 1). This suggests the existence of a higher genetic novelty in 

Neotropical Apicomplexa, probably reflecting also a lack of knowledge 
of their hosts. 

This study shows that inferred host-parasite relationships based on 
eDNA metabarcoding is a powerful approach to explore the diversity of 
poorly known taxa and for inferring potential host-parasite or other 
biotic interactions. These findings call for further research on host- 
parasite interactions by combining traditional methods (species 
morphology and barcoding) of soil fauna analysis with meta-barcoding 
of eDNA to characterise the level of interactions between the hosts and 
their parasites. 
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