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Abstract 

Background  Over the past years, sequencing technologies have expanded our ability to examine novel microbial 
metabolisms and diversity previously obscured by isolation approaches. Long-read sequencing promises to revolu-
tionize the metagenomic field and recover less fragmented genomes from environmental samples. Nonetheless, how 
to best benefit from long-read sequencing and whether long-read sequencing can provide recovered genomes of 
similar characteristics as short-read approaches remains unclear.

Results  We recovered metagenome-assembled genomes (MAGs) from the free-living fraction at four-time points 
during a spring bloom in the North Sea. The taxonomic composition of all MAGs recovered was comparable between 
technologies. However, differences consisted of higher sequencing depth for contigs and higher genome popula-
tion diversity in short-read compared to long-read metagenomes. When pairing population genomes recovered from 
both sequencing approaches that shared ≥ 99% average nucleotide identity, long-read MAGs were composed of 
fewer contigs, a higher N50, and a higher number of predicted genes when compared to short-read MAGs. Moreover, 
88% of the total long-read MAGs carried a 16S rRNA gene compared to only 23% of MAGs recovered from short-
read metagenomes. Relative abundances for population genomes recovered using both technologies were similar, 
although disagreements were observed for high and low GC content MAGs.

Conclusions  Our results highlight that short-read technologies recovered more MAGs and a higher number of spe-
cies than long-read due to an overall higher sequencing depth. Long-read samples produced higher quality MAGs 
and similar species composition compared to short-read sequencing. Differences in the GC content recovered by 
each sequencing technology resulted in divergences in the diversity recovered and relative abundance of MAGs 
within the GC content boundaries.
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Background
In shotgun metagenomic approaches, limitations in the 
read length (i.e., ~ 100–250 bp sequences) often translate 
into fragmented reconstructed metagenome-assembled 

genomes (MAGs) with uncertain levels of genomic com-
pletion during de novo assembly. These complications 
are primarily due to highly repetitive regions, high levels 
of sequence microdiversity, multiple copies of genes, and 
AT-rich/GC-rich regions [1]. Overcoming these limita-
tions is paramount to understanding the role of microor-
ganisms in natural processes and analyzing their diversity 
in environmental and gut microbiomes.

The emergence of long-read sequencing technolo-
gies restores the hopes of overcoming these limitations 
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in genomic sequence recovery. Sequencing platforms 
from Oxford Nanopore and Pacific Biosciences (PacBio) 
can produce longer reads, although at the expense of a 
higher sequencing error rate and less sequencing depth 
compared to Illumina short-reads [2] (SR). For instance, 
the median length of reads ranges from 5 to 20 kbp and 
throughputs from 15 to 50 Gbp in LR technologies. 
Current sequencing chemistries yield observed modal 
read accuracies of 99.99%, 99.14%, and 99.9% for Illu-
mina, Oxford Nanopore, and PacBio, respectively [3, 4]. 
Moreover, advances in technological and bioinformatic 
approaches are closing the gaps between short- and long-
read sequencing technology applications, especially for 
recovering high-quality MAGs from the environment. 
Thus, long-read (LR) shotgun metagenomics is poised 
to set new standards for MAG quality. For instance, cur-
rent PacBio Sequel II technology offers circular consen-
sus sequencing (CCS), providing a low-error rate in high 
fidelity reads, although at a shorter read length than the 
traditional long-read technology [3]. Additionally, bet-
ter genome statistics (low number of contigs and high 
N50 values) [5–9] or the combination of short- and long-
reads for the recovery of high-quality MAGs [10, 11] 
have already showcased the benefits for the recovery of 
microbial genomes [12]. Nonetheless, whether a switch 
from SR to LR metagenomic approaches would intro-
duce biases for capturing the genetic potential of micro-
bial populations in terms of recovery of the MAGs is less 
known.

Methods
Sampling and sequencing
During the spring of 2020, surface seawater samples were 
collected from the “Kabeltonne” long-term ecological 
research station off the North Sea of Helgoland (54° 11.3′ 
N, 7° 54.0′ E) as described previously [13, 14]. Surface 
water samples were collected on March 10, 2020, April 
14, 2020, April 30, 2020, and May 6, 2020. All samples 
were filtered through 10- and 3-μm pore-size filters to 
remove phytoplankton and particle-associated micro-
organisms. Cells were collected using 0.2-μm pore-size 
polycarbonate filters, and DNA extractions were per-
formed using the ZR-Duet DNA/RNA MiniPrep Plus kit 
(Zymo Research). DNA extractions were split for Illu-
mina and PacBio, and all eight samples were individually 
sequenced (not multiplexed) at the Max Planck Genome 
Centre in Cologne, Germany. Sequencing was performed 
on an Illumina HiSeq 2500 (rapid mode) and a PacBio 
Sequel II platform. High-fidelity reads (HiFi) were gen-
erated using the circular consensus method (Table S1). 
Trimming and processing of raw Illumina reads were 
performed using BBduk v38.94 (BBtools; http://​bbtoo​ls.​
jgi.​doe.​gov; settings: ktrim = r, k = 28, mink = 12, hdist = 1, 

tbo = t, tpe = t, qtrim = rl, trimq = 20, minlength = 100). 
Read quality assessments were performed using 
FASTQC v0.11.9 (www.​bioin​forma​tics.​babra​ham.​ac.​uk/​
proje​cts/​fastqc/) and Nanoplot [15] v1.32.1. The aver-
age sequence coverage was determined using Nonpareil 
[16] v3.304. Since Nonpareil was not originally designed 
to be used with LRs, we used single ~ 250  bp fragments 
generated from each read contained in LR metagenomes 
(i.e., unique fragments per long read). LRs were cut into 
shorter sequence fragments using the shred.sh script 
from BBtools (length = 250 minlength = 100), and one 
random fragment was selected from each LR for fur-
ther analyses. Thus, for LR metagenomes, the average 
sequence coverage was predicted using the Nonpareil 
model and the original sequencing effort (lr) for each 
sample in the “predict.Nonpareil.curve” algorithm.

Assembling, binning, abundances, and taxonomy 
of metagenome‑assembled genomes
The assembly and binning of metagenome-assembled 
genomes (MAGs) using Illumina metagenomic sam-
ples were carried out as described previously [17]. First, 
contig sequence statistics were determined using the 
scripts Fasta.N50.pl, FastA.gc.pl, and FastA.qlen.pl from 
the enveomics collection [18]. The assemblies of SR 
were generated using SPAdes [19] v3.14.1 (meta option, 
kmers = 21,33,55,77,99, and 127), and contigs longer 
than 2.5 kbp were binned using CONCOCT [20] v1.1.0, 
MaxBin2 [21] v2.2.7, Metabat2 [22] v2.12.1, Binsanity 
[23] v0.4.4, and integrated using DAS_Tool [24] v1.1.2. 
Long-read metagenomic samples were assembled using 
Flye [25] (meta option) v2.8, and resulting contigs longer 
than 2.5 kbp were binned using Metabat2 v2.12.1 within 
anvi’o v6.2 [26]. Hybrid assemblies were performed using 
hybridSPAdes [27] as implemented in SPAdes v3.15.5 
using the same configuration above but providing the 
corresponding LR library (–pacbio). Bins from SR and 
LR technologies were also quality-refined in anvi’o v6.2 
[26]. Sequences encoding 16S rRNA genes were detected 
using barrnap v0.9 (https://​github.​com/​tseem​ann/​barrn​
ap). The mapping of LR for calculating sequencing depth 
needed for the binning of contigs and MAG abundance 
was performed using pbmm2 (https://​github.​com/​Pacif​
icBio​scien​ces/​pbmm2/; --preset HIFI -× 97 -N 1), which 
is a wrapper for minimap2 [28]. All MAGs were filtered 
based on a quality metric based on completion and con-
tamination values obtained from checkM [29] v1.1.3 
([completion%] - 5*[contamination%] >  = 50). The de-
replication of MAGs was done to assess the number of 
MAGs sharing > 99% ANI obtained from each sequenc-
ing platform using dRep [30] v3.0.0. For statistical tests 
between pairs of MAGs, the Shapiro-Wilk normality test 
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and Wilcoxon rank tests were performed in the R statisti-
cal software v4.1.1.

For Illumina metagenomes, MAG abundances were 
determined as relative abundance (mapped reads/total 
reads) and as the quotient between the truncated aver-
age sequencing depth (TAD) [31] and the total sequenc-
ing depth of microbial genomes “genome equivalents” as 
determined in MicrobeCensus [32] v1.1.1. The truncated 
average sequencing depth was determined using Bed-
Graph files considering zero-coverage positions (bedtools 
genomecov -bga) [33] and the “BedGraph.tad.rb” script 
(-r 0.8) from the enveomics collection [18]. Abundances 
for MAGs derived from LR were determined using the 
average sequencing depth (i.e., non-truncated) as speci-
fied above and normalized using the median sequencing 
depth of 16 single-copy gene markers predicted in unas-
sembled long-reads (rpl2, rpl3, rpl4, rpl5, rpl6, rpl14, 
rpl15, rpl16, rpl18, rpl22, rpl24, rps3, rps8, rps10, rps17, 
and rps19; see gene prediction and annotation below).

MAGs defined as “shared” or detectable using both 
technologies were defined as those MAGs sharing 
>  = 99% ANI, as determined in fastANI [34] v1.32, 
obtained from each technology at one specific sampling 
date. Taxonomic classification of MAGs was performed 
using GTDB-tk [35] v1.7 and the GTDB [36] release r202. 
In GTDB-tk, MAGs are classified into species using a 
95% ANI threshold.

Comparison of gene predictions in unassembled 
and assembled long‑read metagenomes
Gene predictions in unassembled LR were performed 
using FragGeneScan [37] v1.31. However, we compared 
different tools to ensure better gene predictions. First, 
for the March 10, 2020, LR sample gene predictions 
were performed using Prodigal [38] v2.6.3 (meta option), 
MetaGeneMark [39] v3.38, and FragGeneScan [37] 
v1.31. For the last algorithm, we compared predictions 
using complete/short sequences (-w 0 or 1) and different 
sequencing error models (sanger_5 and sanger_10). All 
predicted sequences were compared against the TrEMBL 
protein sequence database (downloaded April 27, 2021) 
using DIAMOND [40] BLASTp v2.0.8.146 (--max-target-
seqs 5). Best matches were selected based on the high-
est bitscore value, and the query lengths longer than 100 
amino acids, e value ≥ 1e−10, and sequence identity ≥ 40% 
were compared against its match reference length.

Code availability
Code, pipelines, and analyses are available on GitLab at 
https://​gitlab.​mpi-​bremen.​de/​lorel​lan/​ilmn-​vs-​pacb-​
helgo​land.

Data availability
Metagenomes and MAGs data are available from the Euro-
pean Nucleotide Archive (ENA) project PRJEB52999 [14].

Results and discussion
Unassembled read statistics
We sequenced DNA extracted from bacterioplankton 
collected in the 0.2–3  μm size fractions at four time 
points during the spring of 2020 in the North Sea. The 
sampling points comprised one pre- and three bloom 
events, part of a time-series sampling campaign during 
2020 [14]. The Illumina SR approach recovered an aver-
age of 36 Gbp per sample (~ 240 bp paired-end reads), 
while the CCS PacBio LR approach recovered an aver-
age of 12 Gbp per sample (~ 6 kbp CCS reads) (Table 
S1). This difference translated into SR metagenomic 
samples having, on average, ~3 times more sequenced 
base pairs than LR samples, which is within the 
expected output for single sequenced samples [8]. Addi-
tionally, LR metagenomic samples had slightly higher 
GC content (0.43) compared to their SR counterpart 
(0.38) when all reads were considered (Table S1). The 
average coverage of the microbial community was over-
all similar between LR metagenomes (not significantly 
different; Fig. S1) as determined in Nonpareil [16]. The 
main difference was the LR sample from April 30, 2020, 
had a comparatively lower sequencing depth than other 
LR samples. Similarly, when determining sequence 
diversity using a combined measure of richness and 
evenness (total diversity), LR metagenomes had higher 
average sequence diversity, although not significantly 
different from SR metagenomes (Fig. S1). We mapped 
SR over LR of the corresponding sample to assess the 
degree of sequence overlap between metagenomic sam-
ples (Fig. S2). From the total number of SR per sample, 
an average of 80% had a match in the corresponding LR 
time point. Similarly, LR with an SR match represented 
an average of 93% for the four time points. Thus, both 
sequencing technologies recovered equivalent microbial 
community fractions and sequence diversity, although 
LR-based metagenomics captured a higher GC content 
sequence space.

Comparison of assemblies from SR and LR metagenomic 
samples
The total number of base pairs of assembled SR was, 
on average, more than four times the length of assem-
bled LR (1.7 vs. 0.42 Gbp; see Table S2). The contigs 
recovered from LR metagenomes had a higher N50 
of 86 kbp than the 1.2 kbp obtained from SR-derived 
contigs (500  bp cutoff; Fig. S3a and Table S2a). How-
ever, when these SR contigs were filtered using a 2.5 
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kbp length cutoff (which is the minimum length used 
for binning), the N50 increased to 7.5 kbp on average 
(Table S2b). More than ~84% of SR and ~66% of LR 
mapped back to their respective contigs (Table S2a). 
As expected for SR metagenomes, the sequencing 
depth of contigs reached higher values compared to LR 
for all dates (avg. ~2400x vs. 500x). However, average 
values were higher for LR than SR (~10x vs. 4.4x; Fig. 
S3b), indicating a more even distribution of sequenc-
ing depth values for the LR technologies. Thus, assem-
bled LR reads provide longer contigs than those from 
SR metagenomes.

Using LR reads in SR hybrid assemblers can increase 
the length of recovered contigs [41, 42]. In the librar-
ies analyzed here, N50 values increased, on average, 
from 1.2 to 2.3 kbp (500 bp cutoff ) and 8.2 kbp (2.5 kbp 
cutoff; Table S2c). Nonetheless, the recovered contigs 
comprised, on average, ~17% fewer bases than those 
only using SR. Thus, adding LR libraries to the assem-
bly increased the contig size but not the total length 
of the assembled space. Previous research has exten-
sively documented and compared hybrid assembly 
approaches in metagenomic samples [10, 11, 41, 42]. 
Therefore, we focused on contrasting SR and LR plat-
forms for MAG recovery.

Gene predictions in unassembled and assembled 
long‑read metagenomes
Among the most notable advantages of LR-based 
metagenomics is preserving long genomic regions on a 
single read. Nonetheless, indels can cause a frameshift 
in predicted protein sequences from LRs [43], espe-
cially when using unassembled sequences. Thus, we 
compared the length of predicted protein sequences 
from unassembled LR metagenomes to those in a com-
prehensive database. Commonly used tools, such as 
Prodigal [38], resulted in a higher fraction of smaller 
predicted protein sequences (length of predicted 
protein/length of reference protein; median = 0.93, 
IQR = 0.525, Fig. S4a). Gene prediction tools that can 
better manage errors in sequencing, such as FragGe-
neScan [37], resulted in a tighter distribution of pre-
dicted protein sequences (median = 1, IQR = 0.164, 
Fig. S4a). Thus, error-correction gene prediction tools 
are advantageous for indels correction in unassem-
bled CCS reads. Prodigal was preferred when working 
with assembled reads (Fig. S4b, c). The distribution of 
predicted protein lengths compared to the lengths of 
references was more spread in SR (median = 0.983, 
IQR = 0.45) than LR metagenomic samples (median = 1, 
IQR = 0.052).

Comparing SR and LR technologies for recovering MAGs 
from the same DNA sample
The main goal of this study was to compare the capabili-
ties of both SR and LR sequencing technologies for the 
recovery of bacterial and archaeal genomes (i.e., MAGs). 
First, we summarize the parallel comparisons of MAGs 
recovered from the same DNA extractions sequenced 
using SR and LR technologies. A total of 341 and 254 
MAGs were reconstructed from the four SR and LR 
metagenomic samples, respectively (Fig.  1a). Remark-
ably, 88% of the MAGs recovered from LR metagenomic 
samples carried at least one copy of the 16S rRNA gene, 
contrasting with only 23% of the SR MAGs (Fig.  1b). 
Nonetheless, more 16S rRNA genes could be expected 
if a higher 2.5 kbp contig cutoff is used for the binning 
of contigs, although, at the expense of higher MAG frag-
mentation. No significant differences in completion were 
observed between all recovered LR and SR MAGs. How-
ever, all recovered LR MAGs were less contaminated 
than SR MAGs (Table S3; p < 0.05). Consistently, 35% 
(89/254) of the LR-derived MAGs meet the MIMAGs 
[44] high-quality criterion, whereas only 3.5% (12/341) 
of the SR MAGs follow under the same quality thresh-
olds. The genome-based taxonomic composition was 
similar for both sequencing technologies (Fig.  1a). For 
instance, Bacteroidia (~ 47%) and Gammaproteobacteria 
(~ 25%) were the dominating groups in MAGs from both 
sequencing approaches, in agreement with the taxo-
nomic profile of blooms from previous years [13].

To compare genomic statistics of MAGs representing 
the same populations recovered from the same sample 
using both sequencing platforms, we generated pairs of 
genomes based on ANI ≥ 99% (Fig.  2). A parallel com-
parison of phylogenetic reconstructions derived from 
SR and LR MAGs was congruent, and a similar topology 
was observed (Fig.  2a). MAGs sharing ANI ≥ 99% were, 
for almost all cases, placed in similar positions in the 
tree. LR MAGs were composed of ~ 10 times fewer con-
tigs than their ANI 99% SR counterpart (median = 8 vs. 
83, p < 0.05 test; Fig. 2b). N50 values were also more than 
11 times higher for LR MAGs (median ~ 350 kbp vs. ~ 30 
kbp, p < 0.05). Interestingly, MAGs recovered from LR 
metagenomes were slightly longer than those from SR 
(median = 1.98 Mbps vs. 1.85 Mbps, p < 0.05). LR-derived 
MAGs also carried more predicted genes than the SR 
MAG pair (median = 1872 vs. 1704, p < 0.05; Fig. S5a). 
However, the differences in the number of predicted 
genes were not associated with particular taxonomic 
groups. This difference is likely a consequence of longer 
contigs built from reads containing complex regions not 
represented in SR, which are harder to reconstruct using 
SR approaches. Nonetheless, other statistics such as GC 
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content, completion, and contamination were similar 
between the pair of MAGs.

Differences in abundance and diversity in SR‑ 
and LR‑derived MAGs
Overall, the comparison of relative abundance deter-
mined for the paired MAGs was correlated between 
sequencing technologies (Fig. S6). Nonetheless, diver-
gences from the expected abundances for the pair of 
MAGs were evident when inspected at each time point, 
especially for the three samples obtained during the 
bloom (April 14, 2020, April 30, 2020, and May 6, 2020). 
Unlike the March sample, the linear regression for the 
samples in April and May was less predictive, and a 
higher abundance for LR MAGs was evident (Fig. S6). 
These differences are primarily due to the increased rep-
resentation (i.e., sequencing depth) of populations with 
higher GC content, such as Gammaproteobacteria, com-
pared to Bacteroidia in LR metagenomes (Fig.  3a and 
Fig. S5b). However, a similar relative abundance for main 
taxonomic groups was observed between SR and LR 

MAGs when all, or those detected in both technologies, 
were determined (Fig. S5c, d). The exception was the 
higher abundances of Bacteroidia MAGs belonging in SR 
metagenomic samples at the last time point, in agreement 
with the observations at the MAG level. Thus, genomes 
with high GC content, such as Gammaproteobacteria 
and Acidimicrobiia, have increased sequencing depth in 
LR metagenomes. In contrast, Bacteroidia MAGs (with 
lower GC content) have a comparatively higher sequenc-
ing depth in SR metagenomic samples. Discrepancies in 
relative abundance between technologies due to GC con-
tent cannot be discarded for other groups likely not well 
captured in this analysis.

A critical aspect of ecological inferences based on 
recovered MAGs is determining whether both technolo-
gies can retrieve comparable units of diversity or spe-
cies. To reduce the redundancy of MAGs belonging to 
the same populations captured from each time point, 
we de-replicated and selected representative MAGs at 
99% ANI. Although 99% ANI is a high cutoff [45], de-
replicated genomes resulted in 16% more MAGs from SR 

Fig. 1  Metagenome-assembled genome recovered using short- and long-read metagenomic technologies. a Taxonomic profiles at the domain 
level (innermost ring), phylum level (internal ring), and class (external ring) levels for SR and LR MAGs recovered from all individual samples. b (Top) 
Detected 16S rRNA genes sequences (external ring) and high-quality MAGs (completion > 90%, contamination < 5%, 23S rRNA, 16S rRNA, 5S rRNA, 
> 18 tRNA, internal ring) recovered using SR and LR metagenomes. (Bottom) Total MAGs (external ring) and the number of de-replicated MAGs at 
the 99% ANI threshold from SR and LR metagenomes
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metagenomic samples (216 SR and 187 LR MAGs). This 
higher diversity is due to the higher sequencing effort (or 
the number of base pairs) obtained from SR compared 
to LR sequencing runs. When comparing the taxonomic 
affiliation of MAGs, 28 and 11 species were detected only 
in SR and LR MAGs, respectively. Interestingly, among 
these groups of uniquely recovered species, LR MAGs 
had an average higher GC content when compared to 
the SR MAGs (0.51 vs. 0.38; Fig.  3b). These differences 
likely reflect the inherent genomic characteristics of the 
groups enriched within each sequencing technology [46]. 
Biases in low and high GC content spaces are recognized 
for SR technologies [47], while reports on LR approaches 

have noted anywhere from minimal GC biases in mock 
communities [8] to a higher recovery of high GC con-
tent sequences in metagenomes [46, 48, 49]. According 
to our results, most SR-only species belonged to Bacte-
roidia, Alphaproteobacteria, and Gammaproteobacteria, 
whereas for LR-only species, Acidiimicrobiia, and Ver-
rucomicrobiae were the two major classes. At the genus 
level, ~ 79% (22/28) and ~ 64% (7/11) of the unique MAGs 
belonged to genera only recovered in SR and LR metage-
nomes. At the phylum level, the exception was a Gemma-
timonadota MAG with 63% GC content only recovered 
in LR metagenomes (PACB-20200310-m34, Fig. 3b). This 
Gemmatimonadota MAG had an abundance of 0.04% 

Fig. 2  Comparisons between pairs of MAGs sharing ≥ 99% ANI. a Phylogenetic reconstructions of MAG pairs using short- and long-read 
metagenomic samples. MAGs sharing ≥ 99% ANI recovered from LR and SR metagenomes were used to generate a maximum-likelihood tree based 
on a group of 120 conserved genes. Colors represent different classes determined in GTDB-tk. b MAG pairs recovered from SR and LR metagenomes 
sharing ≥ 99% ANI compared according to genome size contigs, N50, number of contigs, GC content, completeness, and contamination
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of the total community (truncated average sequencing 
depth, TAD80 = 3.77x, breadth of coverage = 88.34% at 
1x TAD80) in the corresponding SR metagenome (March 
10, 2020). These results suggest that SR approaches failed 
in recovering this MAG due to low sequencing depth and 
high GC content of the target genome.

To test the effect of low sequencing depth and breadth 
of the coverage in the recovery of unique species, we 
performed a cross-platform mapping of SR and LR to 
the MAGs, representing unique species recovered with 
the opposite technology (Fig. S7). For the most part, the 
cross-mapping of SR and LR on unique MAG species 
resulted in low sequencing depth (median = 6.4 vs. 2.8) 
and breadth of the coverage (median = 96 vs. 88.3%) for 
SR and LR technologies. Thus, uniquely detected spe-
cies in each dataset are likely due to a combined effect 
of differences in GC content [46] and sequencing depth 
between technologies.

Other considerations when choosing LR technologies
Currently, PacBio LR shotgun metagenomics is of higher 
cost per Gbp than SR (~ 2.4 times higher for our project, 
a further breakdown of costs is available in Table S1). The 
cost per Gbp of Nanopore is currently between Illumina 
and PacBio. Nanopore technologies offer the affordabil-
ity and benefits of recovering longer reads or the pos-
sibility of including short technologies for the better 
recovery of high-quality MAGs [4, 10, 50]. Nonetheless, 
sequencing error and read lengths should be considered 
when selecting between LR technologies [4]. Despite the 

cost differences, the results presented here can guide 
researchers in deciding if LR metagenomics would be 
beneficial over SR approaches.

The current stage of algorithms and approaches for LR 
metagenomics is still limited compared to the large tool-
box of SR technologies. While the methodology used 
here reflects the most appropriate tools and algorithms 
available at the time, we recommend that future studies 
pursue a critical assessment of newer approaches [12] 
when using LR techniques. The dataset presented here 
can also serve as a reference for testing and comparing 
algorithms and approaches for shotgun LR metagenomic 
sequencing.

Conclusions
Our results highlight that switching from SR to LR 
metagenomic sequencing for microbial community 
analyses would still capture similar taxonomic composi-
tion from population genomes but recover higher-qual-
ity MAGs. Nonetheless, SR technologies offered more 
sequenced bases (e.g., three more times base pairs on 
average) than LR sequencing on single runs. This higher 
sequencing effort also translated into a higher number 
of dereplicated MAGs compared to LR metagenomic 
samples (i.e., a higher diversity of population genomes). 
This observation is relevant when the goal is to recover 
low-abundant organisms. Our work indicates a strongly 
decreased genome fragmentation and increased recov-
ery of 16S rRNA genes in LR MAGs. These two features 
translate into better preservation of the order of genes in 

Fig. 3  Differences between sequencing technologies at the MAG level. a The left plot compares the quotient between relative abundances of MAG 
pairs in SR and LR metagenomes determined at their respective sample of origin versus the GC content of the genome. The right histograms show 
the distribution of the quotient values for Bacteroidia and Gammaproteobacteria MAGs (the arrows indicate median values). The top histogram 
shows the distribution of GC content for all MAG pairs compared. Colored dots represent the assigned classes and follow the same palette as 
previous figures. b Unique species-level MAGs recovered from SR and LR. The horizontal flow diagram shows the taxonomic affiliation for unique 
species determined at the 95% ANI level in GTDB-tk. The dots summarize the novelty taxonomic level for each of the MAGs (p = phylum, c = class, 
o = order, f = family, g = genus, s = species). The bars on the right side represent the average GC content for the contigs of each MAG
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unassembled LR or LR-derived contigs. For instance, the 
generation of 16S rRNA probes for fluorescence in  situ 
hybridization for single-cell identification and quantifi-
cation. Even though a high fraction of overlapping reads 
was detected between technologies, differences in GC 
content likely resulted in slight differences in the recov-
ery and abundance of some population genomes.
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Additional file 1: Figure S1. Average coverage and sequence diversity for 
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metagenomic samples. The bars show the mapping of SR on LR for each 
time point. The dark shades indicate the mapped fractions, and the light 
shades show unmapped SR and LR. Figure S3. Assembly statistics for 
contigs generated using short- and long-read metagenomic samples. a. 
N statistics for contigs generated using SR and LR metagenomic samples. 
b. Distribution of sequencing depth (x-axis) for contigs generated using 
SR and LR metagenomic samples. Figure S4. Distribution of predicted 
protein lengths using different gene prediction tools vs. best hit match 
in UniProt TrEMBL. a Only predicted proteins >= 100 amino acids were 
used for all comparisons. The boxplots show the quotients between the 
length of predicted proteins using FragGeneScan (FGS), MetaGenemark, 
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long-reads of the 2020-03-10 sample. b. Distribution of predicted protein 
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LR sample. Figure S5. Statistics for pairs of MAGs recovered from SR and 
LR metagenomes. a. Difference between the number of predicted genes 
in MAG pairs recovered in SR and LR metagenomic samples. The boxplot 
in the lower right corner summarizes the comparison of predicted genes 
for MAG pairs. b. GC content for pairs of SR and LR MAGs colored accord-
ing to their class taxonomic affiliation. The right side of the plot shows 
histograms for the distribution of GC content values of MAGs belonging 
to Bacteroidia and Gammaproteobacteria class levels. The thick black line 
depicts the median value of the distribution. c,d. Relative abundance for 
all MAGs recovered (c) and pairs of 99% ANI MAGs (d). Colors represent 
the taxonomic affiliation of MAGs according to GTDB-tk. Figure S6. 
Relationship between relative abundances of MAG pairs in SR and LR 
metagenomes for each time point. Figure S7. Comparison of the breadth 
of the coverage vs. sequencing depth for cross-mapping of reads. The 
figures summarize the mapping of (a) short-reads on long-read derived 
MAGs and (b) long-reads on short-read MAGs. Uniquely detected species 
are colored according to the inferred taxonomy. The rest of the points rep-
resent MAG species detected in both technologies. The dotted purple line 
represents the expected breadth of coverage for a given level of sequenc-
ing depth, according to Lander and Waterman (1998). The letters indicate 
the novelty taxonomic level for each of the MAGs (p=phylum, c=class, 
o=order, f=family, g=genus, and the species level is omitted for clarity).
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also provided.

Acknowledgements
We thank Fengqing Wang and the Helgoland crew for their help collecting 
samples and Bruno Huettel for technical support for sequencing. We thank 
Luis Miguel Rodriguez for his help in interpreting Nonpareil results. We also 
thank Isabella Wilkie and Alissa Hooker for their feedback on the manuscript.

Authors’ contributions
L.H.O. and R.A. directed this study. K.K. recovered MAGs from short-read and 
long-read metagenomes. C.S. produced the assemblies and uploaded all 
sequence data. L.H.O. designed and performed all metagenomic and MAG 
comparisons. L.H.O. prepared the manuscript and received feedback from all 
authors. The author(s) read and approved the final manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL. The Max Planck 
Society funded this study.

Availability of data and materials
All sequence data was deposited under the project PRJEB52999 in ENA and 
https://​gitlab.​mpi-​bremen.​de/​lorel​lan/​ilmn-​vs-​pacb-​helgo​land.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 8 December 2022   Accepted: 26 April 2023

References
	1.	 Goodwin S, McPherson JD, McCombie WR. Coming of age: ten 

years of next-generation sequencing technologies. Nat Rev Genet. 
2016;17:333–51.

	2.	 Pollard MO, Gurdasani D, Mentzer AJ, Porter T, Sandhu MS. Long reads: 
their purpose and place. Hum Mol Genet. 2018;27:R234–41.

	3.	 Wenger AM, Peluso P, Rowell WJ, Chang P-C, Hall RJ, Concepcion GT, 
et al. Accurate circular consensus long-read sequencing improves 
variant detection and assembly of a human genome. Nat Biotechnol. 
2019;37:1155–62.

	4.	 Sereika M, Kirkegaard RH, Karst SM, Michaelsen TY, Sørensen EA, Wollen-
berg RD, et al. Oxford Nanopore R10.4 long-read sequencing enables the 
generation of near-finished bacterial genomes from pure cultures and 
metagenomes without short-read or reference polishing. Nat Methods. 
2022;19:823–6.

	5.	 Xie H, Yang C, Sun Y, Igarashi Y, Jin T, Luo F. PacBio long reads improve 
metagenomic assemblies, gene catalogs, and genome binning. Front 
Genet. 2020;11:516269.

	6.	 Haro-Moreno JM, López-Pérez M, Rodriguez-Valera F. Enhanced recovery 
of microbial genes and genomes from a marine water column using 
long-read metagenomics. Front Microbiol. 2021;12:708782.

	7.	 Priest T, Orellana LH, Huettel B, Fuchs BM, Amann R. Microbial metage-
nome-assembled genomes of the Fram Strait from short and long read 
sequencing platforms. PeerJ. 2021;9:e11721.

	8.	 Meslier V, Quinquis B, Da Silva K, Plaza Oñate F, Pons N, Roume H, et al. 
Benchmarking second and third-generation sequencing platforms for 
microbial metagenomics. Sci Data. 2022;9:694.

	9.	 Patin NV, Goodwin KD. Long-Read Sequencing Improves Recovery of 
Picoeukaryotic Genomes and Zooplankton Marker Genes from Marine 
Metagenomes. mSystems. 2022;7:e00595-22.

	10.	 Overholt WA, Hölzer M, Geesink P, Diezel C, Marz M, Küsel K. Inclu-
sion of Oxford Nanopore long reads improves all microbial and viral 

https://doi.org/10.1186/s40168-023-01557-3
https://doi.org/10.1186/s40168-023-01557-3
https://gitlab.mpi-bremen.de/lorellan/ilmn-vs-pacb-helgoland


Page 9 of 9Orellana et al. Microbiome          (2023) 11:105 	

metagenome-assembled genomes from a complex aquifer system. 
Environ Microbiol. 2020;22:4000–13.

	11.	 Singleton CM, Petriglieri F, Kristensen JM, Kirkegaard RH, Michaelsen TY, 
Andersen MH, et al. Connecting structure to function with the recovery 
of over 1000 high-quality metagenome-assembled genomes from acti-
vated sludge using long-read sequencing. Nat Commun. 2021;12:2009.

	12.	 Gehrig JL, Portik DM, Driscoll MD, Jackson E, Chakraborty S, Gratalo 
D, et al. Finding the right fit: evaluation of short-read and long-read 
sequencing approaches to maximize the utility of clinical microbiome 
data. Microb Genomics. 2022;8:000794.

	13	 Teeling H, Fuchs BM, Bennke CM, Krüger K, Chafee M, Kappelmann L, 
et al. Recurring patterns in bacterioplankton dynamics during coastal 
spring algae blooms. eLife. 2016;5:e11888.

	14.	 Sidhu C, Kirstein IV, Meunier CL, Rick J, Fofonova V, Wiltshire KH, et al. Dis-
solved storage glycans shaped the community composition of abundant 
bacterioplankton clades during a North Sea spring phytoplankton bloom. 
Microbiome. 2023;11:77.

	15	 De Coster W, D’Hert S, Schultz DT, Cruts M, Van Broeckhoven C. NanoPack: 
visualizing and processing long-read sequencing data. Berger B, editor. 
Bioinformatics. 2018;34:2666–9.

	16	 Rodriguez-R LM, Gunturu S, Tiedje JM, Cole JR, Konstantinidis KT. Nonpa-
reil 3: fast estimation of metagenomic coverage and sequence diversity. 
mSystems. 2018;3(3):e00039-18.

	17.	 Francis TB, Bartosik D, Sura T, Sichert A, Hehemann J-H, Markert S, et al. 
Changing expression patterns of TonB-dependent transporters suggest 
shifts in polysaccharide consumption over the course of a spring phyto-
plankton bloom. ISME J. 2021;15:2336–50.

	18	 Rodriguez-R LM, Konstantinidis KT. The enveomics collection: a toolbox 
for specialized analyses of microbial genomes and metagenomes. PeerJ. 
2016;4:e1900v1.

	19.	 Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS, 
et al. SPAdes: a new genome assembly algorithm and its applications to 
single-cell sequencing. J Comput Biol. 2012;19:455–77.

	20.	 Alneberg J, Bjarnason BS, de Bruijn I, Schirmer M, Quick J, Ijaz UZ, et al. 
Binning metagenomic contigs by coverage and composition. Nat Meth-
ods. 2014;11:1144–6.

	21	 Wu Y-W, Simmons BA, Singer SW. MaxBin 2.0: an automated binning 
algorithm to recover genomes from multiple metagenomic datasets. 
Bioinformatics. 2016;32:605–7.

	22.	 Kang DD, Li F, Kirton E, Thomas A, Egan R, An H, et al. MetaBAT 2: an adap-
tive binning algorithm for robust and efficient genome reconstruction 
from metagenome assemblies. PeerJ. 2019;7:e7359.

	23.	 Graham ED, Heidelberg JF, Tully BJ. BinSanity: unsupervised clustering of 
environmental microbial assemblies using coverage and affinity propa-
gation. PeerJ. 2017;5:e3035.

	24.	 Sieber CMK, Probst AJ, Sharrar A, Thomas BC, Hess M, Tringe SG, et al. 
Recovery of genomes from metagenomes via a dereplication, aggrega-
tion and scoring strategy. Nat Microbiol. 2018;3:836–43.

	25.	 Kolmogorov M, Yuan J, Lin Y, Pevzner PA. Assembly of long, error-prone 
reads using repeat graphs. Nat Biotechnol. 2019;37:540–6.

	26.	 Eren AM, Esen ÖC, Quince C, Vineis JH, Morrison HG, Sogin ML, et al. 
Anvi’o: an advanced analysis and visualization platform for ‘omics data. 
PeerJ. 2015;3:e1319.

	27.	 Antipov D, Korobeynikov A, McLean JS, Pevzner PA. hybridSPAdes: an 
algorithm for hybrid assembly of short and long reads. Bioinformatics. 
2016;32:1009–15.

	28.	 Li H. Minimap2: pairwise alignment for nucleotide sequences. Bioinfor-
matics. 2018;34:3094–100.

	29.	 Parks DH, Imelfort M, Skennerton CT, Hugenholtz P, Tyson GW. CheckM: 
assessing the quality of microbial genomes recovered from isolates, 
single cells, and metagenomes. Genome Res. 2015;25:1043–55.

	30.	 Olm MR, Brown CT, Brooks B, Banfield JF. dRep: a tool for fast and accurate 
genomic comparisons that enables improved genome recovery from 
metagenomes through de-replication. ISME J. 2017;11:2864–8.

	31.	 Orellana LH, Francis TB, Ferraro M, Hehemann J-H, Fuchs BM, Amann RI. 
Verrucomicrobiota are specialist consumers of sulfated methyl pentoses 
during diatom blooms. ISME J. 2022;16(3):630–41.

	32.	 Nayfach S, Pollard KS. Average genome size estimation improves com-
parative metagenomics and sheds light on the functional ecology of the 
human microbiome. Genome Biol. 2015;16:51.

	33	 Quinlan AR. BEDTools: the Swiss-Army Tool for genome feature analysis. 
Curr Protoc Bioinformatics. 2014;47:11.12.1-34.

	34.	 Jain C, Rodriguez-R LM, Phillippy AM, Konstantinidis KT, Aluru S. High 
throughput ANI analysis of 90K prokaryotic genomes reveals clear spe-
cies boundaries. Nat Commun. 2018;9:5114.

	35.	 Chaumeil P-A, Mussig AJ, Hugenholtz P, Parks DH. GTDB-Tk: a toolkit to 
classify genomes with the Genome Taxonomy Database. Bioinformatics. 
2019;6:1925-1927.

	36.	 Parks DH, Chuvochina M, Waite DW, Rinke C, Skarshewski A, Chaumeil 
P-A, et al. A standardized bacterial taxonomy based on genome 
phylogeny substantially revises the tree of life. Nat Biotechnol. 
2018;36:996–1004.

	37.	 Rho M, Tang H, Ye Y. FragGeneScan: predicting genes in short and error-
prone reads. Nucleic Acids Res. 2010;38:e191.

	38.	 Hyatt D, Chen G-L, LoCascio PF, Land ML, Larimer FW, Hauser LJ. Prodigal: 
prokaryotic gene recognition and translation initiation site identification. 
BMC Bioinformatics. 2010;11:119.

	39.	 Zhu W, Lomsadze A, Borodovsky M. Ab initio gene identification in 
metagenomic sequences. Nucleic Acids Res. 2010;38:e132.

	40.	 Buchfink B, Xie C, Huson DH. Fast and sensitive protein alignment using 
DIAMOND. Nat Methods. 2015;12:59–60.

	41.	 Brown CL, Keenum IM, Dai D, Zhang L, Vikesland PJ, Pruden A. Critical 
evaluation of short, long, and hybrid assembly for contextual analysis of 
antibiotic resistance genes in complex environmental metagenomes. Sci 
Rep. 2021;11:3753.

	42.	 Xu G, Zhang L, Liu X, Guan F, Xu Y, Yue H, et al. Combined assembly of 
long and short sequencing reads improve the efficiency of exploring the 
soil metagenome. BMC Genomics. 2022;23:37.

	43.	 Stewart RD, Auffret MD, Warr A, Walker AW, Roehe R, Watson M. 
Compendium of 4,941 rumen metagenome-assembled genomes for 
rumen microbiome biology and enzyme discovery. Nat Biotechnol. 
2019;37:953–61.

	44.	 The Genome Standards Consortium, Bowers RM, Kyrpides NC, Stepanaus-
kas R, Harmon-Smith M, Doud D, et al. Minimum information about a sin-
gle amplified genome (MISAG) and a metagenome-assembled genome 
(MIMAG) of bacteria and archaea. Nat Biotechnol. 2017;35:725–31.

	45.	 Konstantinidis KT, Viver T, Conrad RE, Venter SN, Rossello-Mora R. Solar 
salterns as model systems to study the units of bacterial diversity that 
matter for ecosystem functioning. Curr Opin Biotechnol. 2022;73:151–7.

	46	 Browne PD, Nielsen TK, Kot W, Aggerholm A, Gilbert MTP, Puetz L, et al. GC 
bias affects genomic and metagenomic reconstructions, underrepresent-
ing GC-poor organisms. GigaScience. 2020;9:giaa008.

	47.	 Goldstein S, Beka L, Graf J, Klassen JL. Evaluation of strategies for the 
assembly of diverse bacterial genomes using MinION long-read sequenc-
ing. BMC Genomics. 2019;20:23.

	48.	 Frank JA, Pan Y, Tooming-Klunderud A, Eijsink VGH, McHardy AC, Ned-
erbragt AJ, et al. Improved metagenome assemblies and taxonomic 
binning using long-read circular consensus sequence data. Sci Rep. 
2016;6:25373.

	49	 Tao Y, Xun F, Zhao C, Mao Z, Li B, Xing P, et al. Improved assembly of 
metagenome-assembled genomes and viruses in Tibetan saline lake 
sediment by HiFi metagenomic sequencing. Liu J, editor. Microbiol 
Spectr. 2023;11:e03328-22.

	50	 Wick RR, Judd LM, Holt KE. Assembling the perfect bacterial genome 
using Oxford Nanopore and Illumina sequencing. Ouellette F, editor. PLoS 
Comput Biol. 2023;19:e1010905.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Comparing genomes recovered from time-series metagenomes using long- and short-read sequencing technologies
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Methods
	Sampling and sequencing
	Assembling, binning, abundances, and taxonomy of metagenome-assembled genomes
	Comparison of gene predictions in unassembled and assembled long-read metagenomes
	Code availability
	Data availability

	Results and discussion
	Unassembled read statistics
	Comparison of assemblies from SR and LR metagenomic samples
	Gene predictions in unassembled and assembled long-read metagenomes
	Comparing SR and LR technologies for recovering MAGs from the same DNA sample
	Differences in abundance and diversity in SR- and LR-derived MAGs
	Other considerations when choosing LR technologies

	Conclusions
	Anchor 21
	Acknowledgements
	References


