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Abstract 21 

An estimated 8.7 million eukaryotic species exist on our planet. However, recent tools for 22 

taxonomic classification of eukaryotes only dispose of 734 reference genomes. As most 23 

Eukaryotic genomes are yet to be sequenced, the mechanisms underlying their contribution to 24 

different ecosystem processes remain untapped. Although approaches to recover Prokaryotic 25 

genomes have become common in genome biology, few studies have tackled the recovery of 26 

Eukaryotic genomes from metagenomes. This study assessed the reconstruction of Eukaryotic 27 

genomes using 215 metagenomes from diverse environments using the EukRep pipeline. We 28 

obtained 447 eukaryotic bins from 15 classes (e.g., Saccharomycetes, Sordariomycetes, and 29 

Mamiellophyceae) and 16 orders (e.g., Mamiellales, Saccharomycetales, and Hypocreales). 30 

More than 73% of the obtained eukaryotic bins were recovered from samples whose biomes 31 

were classified as host-associated, aquatic and anthropogenic terrestrial. However, only 93 bins 32 

showed taxonomic classification to (9 unique)  genera and 17 bins to (6 unique) species. A total 33 

of 193 bins contained completeness and contamination measures. Average completeness and 34 

contamination were 44.64% (σ=27.41%) and 3.97% (σ=6.53%), respectively. Micromonas 35 

commoda was the most frequent taxa found while Saccharomyces cerevisiae presented the 36 

highest completeness, possibly resulting from a more significant number of reference genomes. 37 

However, mapping eukaryotic bins to the chromosomes of the reference genomes suggests that 38 

completeness measures should consider both single-copy genes and chromosome coverage. 39 

Recovering eukaryotic genomes will benefit significantly from long-read sequencing, intron 40 

removal after assembly, and improved reference genomes databases. 41 

Keywords: Eukaryotes, genome-resolved metagenomics, Saccharomycetales, Mamiellales, 42 

Hypocreales 43 
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Introduction 44 

Eukaryotes play critical roles in ecosystem processes by decomposing organic material (e.g., 45 

decomposition processes by fungi in soil) (Baldrian et al., 2012), predating on other microbes, or 46 

producing organic compounds from inorganic compounds (Bik et al., 2012; Bulan et al., 2018; 47 

Lind & Pollard, 2021; West, Probst, Grigoriev, Thomas, & Banfield, 2018). An estimated 8.7 48 

million eukaryotic species inhabit our planet (Sweetlove, 2011), but as of 4th January 2022, only 49 

slightly more than 54000 eukaryotic reference genomes exist in RefSeq (O’Leary et al., 2016). 50 

However, recent studies have predicted more than six million species of fungi alone (Baldrian, 51 

Větrovský, Lepinay, & Kohout, 2021) which suggests that the total counts of eukaryotes greatly 52 

exceed previous estimations.  53 

Despite current efforts, the ability to recover eukaryotic genomes is limited compared to 54 

prokaryotic genome recovery (West et al., 2018). Nevertheless, recent tools such as EukRep 55 

(West et al., 2018) and EukDetect (Lind & Pollard, 2021) aim to improve eukaryotic genome 56 

reconstruction from natural environments (Peng et al., 2021). However, EukRep only uses 734 to 57 

perform taxonomic classification. Further, tools such as BUSCO (Waterhouse et al., 2017) and 58 

EukCC (Saary, Mitchell, & Finn, 2020) are employed to measure the quality of eukaryotic 59 

genomes (completeness and contamination). However, BUSCO only provides completeness 60 

measures and does not ascertain contamination. The reconstruction of eukaryotic genomes from 61 

whole shotgun sequencing also faces additional challenges compared to prokaryotes. For 62 

example, eukaryotes are present in lower abundance when compared to prokaryotes (Lind & 63 

Pollard, 2021). To reconstruct less abundant species, increased sequencing depths are required. 64 

Additionally, the low number of reference genomes in databases used for taxonomy assignment 65 

limits our ability to obtain a realistic overview of eukaryote diversity (Pawlowski et al., 2012). 66 
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Other challenges in the recovery of eukaryotic genomes include the existence of multiple 67 

chromosomes and the share of repeat regions (Delmont & Eren, 2016).  68 

Large-scale microbiome studies usually do not include the reconstruction of microbial 69 

eukaryotes (Nayfach et al., 2020; Nayfach, Shi, Seshadri, Pollard, & Kyrpides, 2019; Parks et al., 70 

2017; Tully, Graham, & Heidelberg, 2018; Zhu et al., 2019), even in environments where they 71 

are key players. This bias towards prokaryotes may lead to incorrect or incomplete assertions on 72 

the contribution of microbes to ecosystems processes. Thus, studies including all domains of life 73 

would provide better insights into the role and effect of microbiomes in environmental and 74 

human health. Further, the inclusion of eukaryotes would also benefit studies that aim to catalog, 75 

at the genome level, all of Earth's microbiomes (Nayfach et al., 2020). In this study, we aim to: 76 

1) assess our ability to recover eukaryotic genomes from natural environments; and 2) compare 77 

the quality of the best Eukaryotic metagenome-assembled genomes from this study to reference 78 

genomes. 79 

 80 

Materials and Methods 81 

Metagenome dataset 82 

A total of 6000 curated metagenomes were collected from the Collaborative Multi-domain 83 

Exploration of Terrestrial metagenomes (CLUE-TERRA) consortium 84 

(https://www.ufz.de/index.php?en=47300). The first task of the curation process was to filter for 85 

true whole genome shotgun (WGS) libraries since non-metagenomic libraries in the Sequence 86 

Read Archive (SRA) can be wrongfully annotated as metagenomic. This was achieved by using 87 

PARTIE (Torres, Edwards, & McNair, 2017). Next, metagenomes with sequence quality scores 88 
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below 70%, obtained via SRA-Tinder (https://github.com/NCBI-Hackathons/SRA_Tinder), were 89 

discarded. To allow for comparative studies, only metagenomes sequenced using the Illumina 90 

sequencing platform and with a minimum of eight million paired-end reads per library were kept. 91 

Lastly, given the consortium's focus on terrestrial environments, all libraries containing 92 

coordinates or terms for sea environments were excluded. 93 

Pre-processing and Library assembly 94 

The raw reads were quality controlled using metaWrap (Uritskiy, DiRuggiero, & Taylor, 2018) 95 

with default parameters. Trimming of raw reads was performed using TrimGalore 96 

(https://github.com/FelixKrueger/TrimGalore) with the default settings. High-quality reads 97 

(using default Phred scores from TrimGalore) were aligned to potential host genomes using 98 

bmtagger (Rotmistrovsky & Agarwala, 2011). The goal of this alignment is to remove host 99 

contamination and read pairs with only a single aligned read from the metagenomic libraries. 100 

Read Quality control was performed using FASTQC (“Babraham Bioinformatics - FastQC A 101 

Quality Control Tool for High Throughput Sequence Data,” n.d.). 102 

We used metaSpades (Nurk, Meleshko, Korobeynikov, & Pevzner, 2017) to assemble the 103 

different samples using default parameters. 104 

Binning  105 

Before binning, we used EukRep (West et al., 2018) to separate eukaryotic contigs from 106 

prokaryotic ones. Next, binning of eukaryotic assemblies was performed using CONCOCT 107 

(Alneberg et al., 2014). Bins with size below 2 Mb were removed. Bin quality was assessed 108 

using the EukCC (Saary et al., 2020) and BUSCO (Waterhouse et al., 2017) pipelines.  109 

Taxonomic classification 110 
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Taxonomy was assigned using taxator-tk (Dröge, Gregor, & McHardy, 2015).  111 

Coverage calculation 112 

Coverage refers to the average number of reads aligned to known reference bases. Here, we 113 

calculated coverage by multiplying the number of mapped reads by the average length of reads 114 

in the libraries, then dividing by the size of the bins in base pairs (Equation 1). 115 

Equation 1:  coverage = mapped reads * average read length / size of bin (bp) 116 

Mapping of species-level, high-quality eukaryotic bins 117 

To assess genome completeness, the high-quality eukaryotic bins (classified to species level) 118 

were assembled into chromosomes. This was achieved using Chromosomer (Tamazian et al., 119 

2016). Next, the assembled chromosomes were aligned to the chromosomes of the reference 120 

genomes using Minimap2 (Li, 2018, p. 2). The divergence rates were calculated based on the 121 

pairwise sequence alignments generated from Minimap2 using the pafr R package, with default 122 

parameters (https://rdrr.io/github/dwinter/pafr/) (Table 1). 123 

Gene prediction and Functional annotation 124 

Genes were predicted using the GeneMark-ES model (Besemer, Lomsadze, & Borodovsky, 125 

2001) and annotated using MAKER2 (Holt & Yandell, 2011, p. 2) with RepBase gene database 126 

(Bao, Kojima, & Kohany, 2015). The functions of interest in this work are based on the work by 127 

Kieft and collaborators (Kieft et al., 2018) involving carbon and nitrogen cycling. Genes of the 128 

reference genomes Bathycoccus prasinos and Micromonas commoda involved in carbon fixation 129 

(Supplementary data – Table S1 and Table S2, respectively) and nitrogen metabolism 130 
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(Supplementary data – Table S3 and Table S4, respectively) were extracted from Kyoto 131 

Encyclopedia of Genes and Genomes (KEGG).  132 

To demonstrate the potential contribution of eukaryotes to carbon fixation and nitrogen cycling, 133 

we selected EukBins CTeuk-1331 (B. prasinos) and CTeuk-1332 (M. commoda) since they were 134 

recovered from the same metagenomic libraries used in Kieft and collaborator's study and 135 

presented the highest quality scores in their taxa. Next, we submitted the gene sequences 136 

predicted by MAKER2 to GhostKOALA (Kanehisa, Sato, & Morishima, 2016). The mapping of 137 

K numbers to each gene was saved in tabular format.  138 

 139 

Results 140 

We recovered 447 Eukaryotic bins (EukBins) from 215 terrestrial samples. Completeness and 141 

contamination measurements using EukCC (Saary et al., 2020) were only obtained for 193 142 

EukBins. The average completeness and contamination were 44.64% (σ=27.41) and 3.97 (σ= 143 

6.53), respectively. Completeness measurements using BUSCO (Waterhouse et al., 2017) were 144 

only obtained for 9 EukBins averaging 31.21% (σ=37.24). Due to BUSCO's low number of bins 145 

and average completeness values, only the results obtained with EukCC were used in further 146 

analyses. A total of 153 EukBins were classified to family level (Supplementary Table S5). For 147 

subsequent analyses, we filtered EukBins with quality scores above or equal to 53 as well as 148 

those without EukCC completeness and contamination values (Supplementary Table S5). Our 149 

data had a total of 47 medium/high quality EukBins (Quality score ≥ 53) of which only 13 were 150 

classified to species level (spanning 5 unique taxa). The most frequent species-level taxonomy 151 

assigned to EukBins, was Micromonas commoda (7) recovered from estuary samples. The 152 
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second most frequent species-level assigned taxonomy was Saccharomyces cerevisiae (3) 153 

recovered from synthetic and fermentation metagenomes. EukBins classified as S. cerevisiae 154 

also presented the highest genome coverage in the respective genomic libraries, ranging from 155 

~29 to 192 times coverage. In contrast, Bathycoccus prasinos-classified EukBins showed only 156 

approximately six times coverage in their samples (Supplementary data – Table S5). The 157 

frequencies of each taxon, at different levels as well as per biome is shown in Figure 1. The 158 

species-level, medium/high quality EukBins were reassembled into chromosomes using 159 

Chromosomer (Tamazian et al., 2016) and mapped to the chromosomes of the reference 160 

genomes using Minimap2 (Li, 2018, p. 2). The pairwise alignments for each reassembled Eukbin 161 

are shown in the Supplementary data (Table S6). Assembled chromosomes with the highest 162 

divergences (per base differences between a query and target sequence) to the reference 163 

chromosomes were found in EukBins classified as M. commoda (average 0.154, σ=0.012) 164 

(Figure 2A). In contrast, assembled chromosomes of EukBins classified as S. cerevisiae showed 165 

the lowest divergences when compared to the reference chromosomes (average 0.029, σ=0.017) 166 

(Figure 2B). The complete set of results of divergences between assembled and reference 167 

chromosomes is shown in the Supplementary data - Table S7. Additionally, the mapping of the 168 

chromosomes of the EukBins to the chromosomes of the reference genomes is shown in the 169 

Supplementary data – Figures S1-S13. 170 

Annotation of EukBins yielded, on average, 4106, 4435, 4573, 4619, and 4150 protein-encoding 171 

genes in Saccharomyces cerevisiae, Komagataella phaffii, Pichia kudriavzevii, Micromonas 172 

commoda and Bathycoccus prasinos, respectively. However, the number of predicted genes in 173 

M. commoda and B. prasinos EukBins only accounted for 45.57% and 52.54% of their reference 174 

genomes, respectively (Supplementary data – Table S8).  175 
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Functional annotation of B. prasinos CTeuk-1331 revealed the presence of 10 genes involved in 176 

nitrogen metabolism and 32 genes involved in carbon fixation (Supplementary data - Table S9). 177 

Functional annotation of CTeuk-1332 (M. commoda), revealed the presence of two genes 178 

involved in nitrogen metabolism and 34 genes in carbon fixation (Supplementary data - Table 179 

S10).  180 

Annotation of the species-level, high-quality EukBins is available in the Supplementary data – 181 

Table S11. 182 

Discussion  183 

Our results demonstrate that, despite current efforts, our ability to reconstruct high-quality 184 

Eukaryotes genomes is in its early stages of development. Both quality and taxonomic 185 

assignments of the metagenome-assembled eukaryotic bins (EukBins) are substantially lower 186 

when compared to prokaryotes which can be attributed mainly to the lower availability of 187 

reference genomes and marker genes (Saary et al., 2020; Waterhouse et al., 2017). Another 188 

factor that may influence our results is the difficulty of assemblers dealing with diploid taxa 189 

given that genes may exist in two alleles with various similarities (Zhang, Zhou, Weng, & 190 

Sidow, 2020). The lower taxonomic diversity is evident in Figure 1, where we exhibit the 191 

frequency counts of taxonomies across all libraries containing EukBins. Given that current 192 

metagenomic methods rely on comparisons to known genomes, a higher number of eukaryotic 193 

reference genomes would help to identify species in complex communities (Loeffler et al., 194 

2020). For example, in the reference database used by taxator-tk, S. cerevisiae was represented 195 

by more than 550 sequences while M. commoda was only represented by two. The quality of 196 

reconstructed genomes from metagenomes is usually calculated by the presence and numbers of 197 

Single Copy Genes (SCGs) (Saary et al., 2020). EukCC (Saary et al., 2020) and BUSCO 198 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 10, 2022. ; https://doi.org/10.1101/2022.04.07.487146doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.07.487146
http://creativecommons.org/licenses/by-nc-nd/4.0/


10 

(Waterhouse et al., 2017) both use SCGs to estimate the quality of eukaryotic genomes. 199 

However, the SCG sets used by each tool differ in composition and application (e.g., BUSCO 200 

requires the user to define which sets of SCGs to use). The more unique and non-repeated SCGs 201 

in a bin, the higher the quality determined by either tool. However, even in high-quality EukBins 202 

such as CTeuk-1741 (95.96% completeness and 0.34 contamination) (classified as S. cerevisiae), 203 

significant parts of each chromosome can be missing and/or contain misplaced reads 204 

(Supplementary Figure S1). In our study, we also calculated the coverage of each EukBin. This 205 

measure allowed us to infer the relative dominance of the draft genome within a given sample. 206 

Our results showed an elevated coverage of S. cerevisiae EukBins. This is not surprising as the 207 

metagenomic libraries were generated from actively grown culture samples from wine barrels 208 

(PRJNA390460). In addition, the identification of M. commoda and B. prasinos EukBins in 209 

studies not accounting for eukaryotic presence suggest an incomplete overview of the entire 210 

community in ecosystem processes. 211 

The genomic structure of eukaryotic genomes may also help to explain the differences in 212 

taxonomic classification. Eukaryotic genomes are usually differentiated from prokaryotic 213 

genomes by size and complexity (Keeling, 2019). For example, introns in eukaryotic genomes 214 

interfere with gene calling (Roy & Penny, 2007), and gene calling is difficult due to frequent 215 

gene or genome duplication events (Kaltenegger, Leng, & Heyl, 2018). Furthermore, intron 216 

presence and number vary across eukaryotic species, making it harder to accurately predict genes 217 

in some species. For example, Aspergillus fumigatus has 18293 introns compared to the 266 218 

found in Saccharomyces cerevisiae (Roy & Penny, 2007).  219 

Most studies involving genome annotations use short-reads and quality assessment tools such as 220 

BUSCO (Waterhouse et al., 2017) and EukCC (Saary et al., 2020). The use of short reads can 221 
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influence the accuracy of gene predictions since short reads may not cover a gene's total length 222 

(Pearman, Freed, & Silander, 2020), and SCGs may not provide a realistic measure of the 223 

completeness of complex organisms such as eukaryotes. In this study, all metagenomes were 224 

sequenced using short reads, which might explain the low number of species-level classifications 225 

(five unique taxa) in high-quality Eukbins. The pairwise alignments of the reassembled EukBins 226 

to their respective reference genomes revealed that it is possible to reconstruct a large amount of 227 

the genome using short-read sequencing when a high number of reference genomes exist (e.g., 228 

Saccharomyces cerevisiae). We also observed a similar relation between assemblies and 229 

reference genomes when calculating divergence rates. Genome reconstruction exhibited higher 230 

divergence rates in species with a low number of reference genomes such as M. commoda. Our 231 

data showed many gaps in the mapping of the EukBins to the reference chromosomes, which 232 

may be linked to intron presence. Introns may also play a role in accurately predicting genes, as 233 

shown by the low number of predicted genes in B. prasinos and M. commoda EukBins 234 

(Supplementary data - Table S4). Thus, the use of new sequencing technologies that provide 235 

longer continuous sequences (e.g. Oxford Nanopore or PacBio sequencing) might be necessary 236 

to facilitate the recovery of high-quality Eukaryotic genomes from metagenomes (Amarasinghe 237 

et al., 2020).  238 

In terms of microbiome studies, we recommend including results from eukaryotic genome 239 

recovery to avoid missing potential key players in ecosystem processes. For example, Kieft and 240 

collaborators (Kieft et al., 2018) studied the relationship between microbial community structure 241 

and function in carbon and nitrogen cycling in estuaries. Our results revealed the presence of B. 242 

prasinos and M. commoda. B. prasinos is responsible for generating almost 50% of 243 

photosynthetic picoeukaryote carbon (Vaulot et al., 2012). The carbon provided by B. prasinos 244 
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benefits the growth rates of  M. commoda since it increases the supply rates of ammonia to the 245 

nitrogen assimilation pathway (Cuvelier et al., 2017). Functional annotation of the B. prasinos 246 

and M. commoda EukBins, revealed the presence of multiple genes involved in carbon fixation 247 

and nitrogen metabolism. However, nii genes, which are responsible for converting nitrite to 248 

ammonia, were missing, unlike the reference genomes. The miss-annotation of genes present in 249 

B. prasinos and M. commoda highlights the challenge of reconstructing near-complete 250 

eukaryotic genomes due to insufficient reference genomes in genome repositories. Still, 251 

including the reconstruction of eukaryotic genomes to the study by Kieft and collaborators (Kieft 252 

et al., 2018) would provide a more complete picture of carbon and nitrogen cycling in aquatic 253 

environments. 254 

In summary, performing single domain genome reconstruction from natural environments leads 255 

to an incomplete overview of microbial communities' diversity and functional potential. To 256 

obtain accurate representations of all species present in an ecosytem, substantial efforts in tool 257 

development to identify species in all domains are still required. Eukaryotes play vital roles in 258 

ecosystems ranging from complementing the activities of other microbes to performing 259 

phototrophic and saprotrophic processes and predation (del Campo, Bass, & Keeling, 2020). 260 

Despite their importance, very few microbiome studies include the reconstruction and analysis of 261 

eukaryotes. The major difficulty in their inclusion lies in our ability to reconstruct their genome 262 

and perform genome annotation accurately. Increasing the number and quality of reference 263 

genomes in public databases coupled with developing tools for intron identification and removal 264 

from eukaryotic genomes may result in better genome reconstructions and gene predictions. A 265 

possible avenue to achieve this goal is to promote long-read sequencing technologies. While we 266 

did reconstruct almost 950 eukaryotic genomes, only 29 were of high quality and classified to 267 
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species level. Still, the identified species showed promise in adding layers of information to the 268 

original studies. Thus, the reconstruction of more high-quality genomes will bring us closer to a 269 

more realistic overview and understanding of biodiversity as a whole and how Eukaryotes 270 

contribute to different ecosystem processes. 271 
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Figure 1 - Sankey plot showing taxonomic distribution of the recovered Eukaryotic bins 
(EukBins) and heatmap showing the number of EukBins recovered per Biome (retrieved from 
https://webapp.ufz.de/tmdb/ and manually curated based on the sample data). 

Figure 2 - Mapping of assembled chromosomes for an eukaryotic bin (query) to the 
chromosomes of the reference genome. A: Micromonas commoda (CTeuk-1336); B: 
Saccharomyces cerevisiae (CTeuk-1741). [1] Vaulot D. et al., 2004, The Roscoff Culture 
Collection (RCC): a collection dedicated to marine picoplankton. Nova Hedwigia 79:49-70; [2] 
https://commons.wikimedia.org/wiki/File:Saccharomyces_cerevisiae_YGC_colonies_50.jpg 
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