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Single-cell genomics has transformed many fields of biology, marine
microbiology included. Here, we consider the impact of single-cell genomics
on a specific group of marine microbes—the planktonic marine archaea.
Despite single-cell enabled discoveries of novel metabolic function in the
marine thaumarchaea, population-level investigations are hindered by an
overall lower than expected recovery of thaumarchaea in single-cell studies.
Metagenome-assembled genomes have so far been a more useful method
for accessing genome-resolved insights into the Marine Group II euryarchaea.
Future progress in the application of single-cell genomics to archaeal biology
in the ocean would benefit from more targeted sorting approaches, and a
more systematic investigation of potential biases against archaea in single-cell
workflows including cell lysis, genome amplification and genome screening.
This article is part of a discussion meeting issue ‘Single cell ecology’.

1. Introduction

The ability to generate genomic sequence data from a single cell has greatly
impacted many fields of biology [1-3]. Since its first applications to marine
microbiology [4,5], single-cell genomics has yielded metabolic and evolutionary
insights into many enigmatic and uncultured groups (e.g. [6-9]). Now, with the
continued proliferation of single-cell genomics data, it is useful to reflect on
which organismal systems single-cell genomics has been useful for, and
where its promise remains unfulfilled. Here, we specifically consider its
impact on a widespread and abundant group of microorganisms, the planktonic
marine archaea [10].

2. The promise of single-cell genomics in marine microbiology

Applications of single-cell genomics in marine microbiology do not differ
greatly from other fields, namely, a desire to understand cell-to-cell variability
within populations, the ability to compare strain-level differences in metabolic
potential, and metabolic function discovery in new lineages. A particularly
attractive application for single-cell genomics is the ability to apply population
genetic principles to uncultured marine microorganisms [11-13], which, as
recently as 15 years ago, were limited to cultivable organisms (e.g. [14-16]) or
hindered by the ability to study uncultivated marine microbes with only a
single gene [17]. Early pioneers foresaw the eventual promise of marine meta-
genomics for population genomics [18]. Yet, though some attempts have been
made to resolve population-level measures of recombination and divergence
from metagenomic data [19,20], there remain many marine lineages for
which estimates of drift, divergence and effective population sizes remain
unknown.

No single microbial group in the ocean has been studied as extensively
using single-cell genomics as the picocyanobacterium Prochlorococcus [21-24].

© 2019 The Author(s) Published by the Royal Society. All rights reserved.
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Figure 1. Phylogenetic distribution of SAGs (magenta) and metagenome-assembled genomes (MAGs) (teal) emphasizing the MGl thaumarchaea and the MGl eur-
yarchaea. The presentation is meant to highlight the relative abundance of SAGs versus MAGs for the planktonic archaea and may not be complete with respect to other
groups. Tree is a maximum-likelihood (RaxML) reconstruction built on a concatenated alignment of 32 proteins from 1360 archaeal genomes, induding MAGs, single-cell
genomes and cultivated isolates (shown in black), adapted from [10]. The tree was visualized using iTOL [30]. All data were obtained from NCBI Genbank or the Joint
Genome Institute’s Integrated Microbial Genomes database. Owing to the large number of marker genes included in the alignment, many partial SAGs available in public
databases are not included. The alignment underlying the tree is available on FigShare (www.figshare.com); some taxa have been excluded from the final visualization

for dlarity.

Using over 1000 single-cell amplified genomes (SAGs) from a
seasonal study at a single site, Kashtan et al. [22] identified
hundreds of distinct Prochlorococcus subpopulations and
identified population-resolved core and flexible genomes, cal-
culating that these subpopulations diverged millions of years
ago. More than any other, this study illustrates the power and
promise of single-cell sequencing to realize true population
biology in uncultivated marine microbes.

Yet, in failing to identify a study on a similar scale in other
marine microbial groups, it is worth considering aspects of
Prochlorococcus ecology and physiology that make it so amen-
able to single-cell approaches, and how those traits are not
widespread among other marine microbes. Prochlorococcus
is extremely abundant, reaching local population abundances
of nearly 10°ml™, dominating chlorophyll-containing

photosynthetic cells and making up nearly 10% of total pico-
plankton cells [25]. Prochlorococcus is easily sorted based on
its small cell size and unique fluorescence properties [26],
and is apparently readily lysed using only alkaline lysis con-
ditions [21]. The small genome sizes of Prochlorococcus cells
should lead to high recovery rates [27], and indeed the aver-
age genome recovery is 70% [22].

One microbial group in particular that could benefit from
such a comprehensive analysis is the marine archaea, which
comprises four major subgroups spread across at least three
phyla [10]. We focus here on the two most abundant
groups of marine archaea—the marine thaumarchaea (also
known as the Marine Group I (MGI) archaea) and the
Marine Group II (MGII) euryarchaea (subdivided into two
Orders provisionally known as the Thalassoarchaea [28]
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and Poseidonarchaea [29]; figure 1). The contrasting ecology
and genomic features of these two groups are useful for com-
paring genomic approaches to studying microbial population
biology. The thaumarchaea are small cells of which all marine
isolates have been shown to be chemolithoautotrophic
ammonia oxidizers. They are consistently abundant members
of the dark, mesopelagic (200-1000 m depth) microbial
assemblage, where, at times, they make up more than 30%
of DAPI-stainable cells [31]. By contrast, the MGII archaea
are bigger cells, with larger, more metabolically versatile gen-
omes [32]. They are transiently abundant in surface waters,
but at times can reach high abundances, often following
phytoplankton blooms [33,34].

Many questions remain regarding the ecology and
evolution of planktonic archaea that single-cell genomics
has the potential to answer—the discovery of new archaeal
groups, the metabolic capability of archaeal groups for
which only 16S rRNA sequences exist (e.g. MG-IV archaea,
[35]), the metabolic basis of apparent depth-dependent
niche partitioning [10], interactions with other microbes,
either as prey or in symbioses, and rates of dispersal, gen-
etic drift and mutation in the deep ocean.

3. Insights into the ecology and metabolic
capability of planktonic archaea arising from
single-cell genomics

To date, the primary utility of single-cell genomics in the
study of planktonic archaea has been the discovery of pre-
viously unknown metabolic function. Single-cell genomics
was used to generate one of the first near-complete thau-
marchaeal genomes [36], demonstrating novel features not
previously known in the thaumarchaea, including motility
and chemotaxis. The water depth-differentiated ‘shallow’
and ‘deep’ ecotypes of marine thaumarchaea previously
identified in single gene surveys [37,38] were identified in
an analysis of single-cell thaumarchaeal genomes [39],
which found a DNA photolyase gene in genomes clustering
with the shallow water clade, suggesting this as an adap-
tation to their sunlit environment. An expanded analysis of
the same dataset including additional single-cell genomes
[40] did not identify any novel thaumarchaeal metabolic
functions, but did find that 27% of the proteins identified in
the SAGs were exclusive to SAGs and not found in cultured
isolates, while recruiting metagenomic data from the ocean at
a high (greater than 95%) identity. Unfortunately, the vast
majority of these SAG-exclusive proteins were hypothetical
proteins or proteins of unknown function.

A higher degree of metabolic novelty has come from
applying single-cell genomics to more ‘extreme’ marine
environments. For example, a single-cell genome of a thau-
marchaeon from the hadal depths of the Puerto Rico trench
[41] found genes for glycine cleavage, lipoic acid synthesis
and fatty acid biosynthesis, suggesting a potentially mixo-
trophic lifestyle for hadal thaumarchaea. Similarly,
combining SAGs and metagenome-assembled genomes
(MAGs), a study of multiple hadal sites also identified
genes for glycine cleavage that are not present in any culti-
vated thaumarchaea [42]. Although it is difficult to confirm
the absence of genes in incomplete genomes, these deep sea
thaumarchaea also apparently lack genes encoding for PolB,

a DNA-repairing polymerase, suggesting a mechanism for
generating genomic variation, perhaps to compensate for
slow generation times in the deep ocean. In a unique appli-
cation of single-cell genomics, a study of deep brines in the
Red Sea [43] cross-assembled four SAGs to produce a high-
quality draft genome of the dominant thaumarchaeon there.
To investigate potential adaptations to osmotic stress,
in silico isoelectric points were determined for the entire pre-
dicted proteome and for only proteins with transmembrane
domains. A greater portion of acidic residues in the trans-
membrane domain-containing proteins was seen, as is the
case with extreme halophiles, indicating a potential adap-
tation of these brine seep thaumarchaea to their high salt
environment.

Though several MGII single-cell genomes have been
deposited in public databases (e.g. [44]), we are not aware
of a systematic analysis of their gene content. Beyond meta-
bolic function discovery, using single-cell genomics to
uncover interactions between archaea and other marine
organisms has so far not been successful [45], which may
simply reflect a lack of associations. Though MGII have
been shown to bloom both coincident with and just after phy-
toplankton blooms [33,34], a targeted sorting approach to
identify MGII associated with specific phytoplankton was
not successful [46]. Single-cell methods have, however, been
successfully applied to the detection of phage within archaeal
genomes, a promising area for future development [47,48].
Archaeal SAGs have also been used in conjunction with
metagenomic data to improve whole-genome assemblies.
Using such a hybrid approach, Mende et al. [49] improved
the quality of a thaumarchaeal SAG, largely with the effect
of removing redundancy and contamination. The original
SAG contained 32 contigs with an N50 of 79 kb, while the
improved ‘iSAG’ contained 4 contigs with an ND50 of
313 kb, with no duplicated marker genes.

4. Challenges to applying single-cell genomics to
marine archaea

Despite the insights presented above, a population-level view
of marine archaea similar to that achieved for Prochlorococcus
has yet to be achieved, which is particularly surprising for the
thaumarchaea given their abundance in their mesopelagic
habitat. Why might this be? Few papers report the details
necessary to calculate the recovery efficiency of archaea in
single-cell libraries from marine samples, namely, the
number of cells sorted, the number of cells successfully
amplified, the total number of archaea recovered and an inde-
pendent estimate of the relative abundance of organisms in
the original, sorted sample (such as fluorescent in situ hybrid-
ization, 16S rRNA amplicon analysis, or phylogenetic
profiling of metagenomic data). Nonetheless, we have
attempted to evaluate the recovery of archaeal genomes in
published marine single-cell studies and our own unpub-
lished data (table 1). As a per cent of identified SAGs,
meaning cells that underwent successful whole-genome
amplification (WGA) and 16S rRNA gene screening, thau-
marchaea represent between 14 and 21% of cells. Taking
the sample from Station ALOHA as an example, thaumarch-
aea were previously reported to be on average 30% of total
cells at the sampling depth of 770 m [31], thus the archaeal
recovery does not differ much from this percentage.
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However, as a per cent of total sorted cells, the recovery of
thaumarchaea is between 1 and 5%, vastly lower than their
predicted abundance at these depths. At these recovery
rates, one would have to sort 20000-80000 cells—more
than 50384-well plates—to achieve the number of SAGs
used to study population biology of Prochlorococcus [22].
This suggests that typical sorting gates for marine bacterio-
plankton may miss the very small thaumarchaea [50,51],
which have been estimated to be smaller than 0.2 pm
when cell size was assessed using fluorescence-activated
cell sorting [52].

What other factors might be behind this apparently low
recovery of archaea from marine samples? Lysis is a critical
consideration for single-cell workflows [1]. While various
combinations of heat, surfactants, enzymes and alkaline
lysis have been used for single-cell genomics, current work-
flows in use for high-throughput single-cell sorting and
amplification of marine samples [52] use alkaline lysis and
up to five freeze-thaw cycles. Proteinase K was added to
the lysis procedure to lyse single cells of the thaumarchaeon
‘Ca. Nitrosoarchaeum limnia’ for single-cell sequencing [36],
and this may be an interesting improvement to consider in
future archaeal-targeted workflows.

There does not appear to be a specific bias against archaea
in the multiple displacement amplification (MDA) reaction
used for WGA. While biases in MDA are frequently
described [53-55], there does not appear to be a specific
bias against archaea. One of the first single-cell isolations
and MDA amplifications of uncultured microorganisms
was targeted towards archaea from agricultural soil [56]. Of
eight archaeal cells isolated from the environment, only two
yielded DNA from which the 165 rRNA gene could be ampli-
fied. However, a parallel validation using a culture of the
methanogenic archaeon Methanothermobacter thermoautotro-
phicus yielded successful amplifications in all 10 cells
attempted, again suggesting there is no MDA bias against
archaea, but highlighting the importance of lysis consider-
ations for potentially difficult to lyse cells from the
environment. In a separate study, sequencing of five single
cells from a thaumarchaeal enrichment culture found that
although each individual MDA reaction recovered only
about 60% of the genome, each reaction recovered a different
region of the genome, allowing for a total genome recovery of
greater than 95% [36]. This suggests that, as reported for
bacteria, MDA biases can be overcome by sequencing mul-
tiple cells from a single population. Given the low
recovery of thaumarchaea in SAG libraries discussed
above, however, the likelihood of retrieving multiple cells
from the same population is very low except in highly
clonal populations [43].

An unexplored barrier to archaeal genome amplification is
the potential for histone binding on archaeal DNA. Histones
are found in euryarchaeota and marine thaumarchaeota
[57,58]. Archaeal histones mimic eukaryotic histone folding
properties, but lack N- and C-terminal tails [58-61]. Archaeal
histones have the ability to form polymer complexes that pro-
tect genome fragments from micrococcal nuclease (MNase)
digestion [60], a process that is used in MNase-sequencing of
nucleosome regions [62]. Histone genes have also been
found in the emerging Asgard archaea phylum, which inter-
estingly share residues with eukaryotic histones but not
histones from euryarchaeota [63], and may be an additional
barrier to targeting this group using WGA.

There are dramatic differences between the genome-resolved
diversity recovered from MGI and MGII using single-cell
genomics (SAGs) versus metagenomics (MAGs) methods
(figure 1). Genome resolution of MGII is almost completely
dominated by MAGs, whereas MGI diversity is much more
evenly covered between SAGs and MAGs. As we elaborate
below, this pattern is potentially expected, given what we
understand about the relative biases of each method.

While the phylogenetic distribution of bacterial SAGs
recovered from marine environments generally reflects their
relative abundance in metagenomes [24,44,64], MAGs gener-
ally represent a strikingly different phylogenetic distribution.
Within large populations (such as Prochlorococcus and the
abundant marine alphaproteobacterial clade SAR11), sub-
populations of abundant organisms and their associated
genomic heterogeneity mean that assembly algorithms
struggle to assemble complete genomes for these groups
[65,66]. For example, 85 MAGs generated from the central
Baltic Sea contained just three alphaproteobacterial genomes
[67], though alphaproteobacteria represented 20-40% of
metagenomic reads in this region [68]. Massive cross-assem-
blies of the Tara Oceans dataset, the largest metagenomic
dataset in the marine environment, recovered only 17 pico-
cyanobacterial genomes [69]. Similarly, a separate assembly
of just the Tara Oceans surface water data recovered no pico-
cyanobacterial genomes and only 54 SAR11 genomes, out of
nearly 1000 MAGs [70], when together these groups should
represent nearly 50% of the surface ocean sequence data. By
contrast, and perhaps not surprisingly, organisms with a
low to intermediate relative abundance and low popu-
lation-level diversity assemble well [69,71]. For example,
five Nitrospina genomes (10% of MAGs) were assembled
from the Gulf of Mexico hypoxic zone [72], although these
bacteria represented just 0.5% of the total sequence data [73].

With respect to the planktonic archaea, specifically, in the
same two studies, no thaumarchaeal genomes were
assembled, despite comprising 26% of the 165 rRNA ampli-
con data. Only 13 thaumarchaeal genomes were recovered
from the Tara dataset [69], and a cross-assembly of publically
available metagenomes that yielded nearly 8000 MAGs
recovered only 26 thaumarchaeal genomes. Yet, this same
study recovered 206 MGII genomes [74]. Our suspicion is
that organisms in low relative abundance are more likely to
represent clonal populations, allowing for more successful
metagenomic assembly. Detailed metagenomic recruitment
analysis is necessary to understand the extent to which the
thaumarchaeal MAGs recovered from the Tara dataset rep-
resent the diversity actually present in the environment.
Previous studies have shown low recruitment of Global
Ocean Sampling expedition metagenomic data to reference
thaumarchaeal genomes when imposing a per cent identity
threshold greater than 90%, suggesting that thaumarchaeal
populations indeed do have high population-level diversity
[51] that may not be covered by MAGs.

In conclusion, if what is desired is a genome-resolved
analysis of archaeal populations in the ocean, it appears
that while SAGs are better at recovering MGI genomes than
MGII, there still appears to be an underrepresentation of



marine archaea in single-cell datasets, and that targeted sort-
ing approaches would be needed to improve the recovery of
archaeal cells. For the MGII, metagenomic assembly appears
to be a much more tractable approach. It should be noted that
SAGs and MAGs recover a fundamentally different scale of
biological variability—as noted above, population-level
variation is recovered within large SAG datasets, while
MAGs represent a population ‘average’ masking individual
variation. Nonetheless, a recent comparison of SAGs and
MAGs of the same taxa from the same environment showed
that nearly identical genomes can be recovered from environ-
mental samples using both methods [75], thus the choice of
method should be based on the specific question asked, and,
given the additional costs associated with single-cell sequencing,
the resources available.

6. Future research needs for archaeal single-cell
biology

If single-cell sequencing is to continue to provide insights into
archaeal population biology in the ocean, it is clear that meth-
odological improvements are necessary to enrich the recovery
of archaea from environmental samples. More systematic
tests of lysis and WGA efficiency are needed to specifically
evaluate the efficiency on archaeal genomes. Unfortunately,
single-cell benchmarking studies rarely include archaea [52].
The newly developed WGA-X method improved recovery
of high %GC genomes, but actually had lower recovery of
thaumarchaea than the original MDA protocol. It is difficult
to assess the efficiency of archaeal SAG generation from
environmental samples, as it is uncertain what the appropri-
ate benchmark is to compare against when calculating
efficiency. Comparing archaeal SAG recovery against the
relative abundance of archaea in a paired 16S rRNA gene
amplicon library from the same sample is not enough, given
ongoing biases in primer-based recovery of uncultivated
microbial taxa [76].

As mentioned above, simply adjusting sorting gates to
recover smaller cells may improve the overall recovery of
thaumarchaea from marine samples. It may be possible to
target planktonic thaumarchaea, in particular, based on the
fluorescence of the cofactor F420, also found in methanogens,
which has a characteristic blue fluorescence. Flow cytometric
detection and sorting based on F420 fluorescence was
recently used to quantify, isolate and sequence methanogenic
archaea [77]. F420 fluorescence has been used to visualize soil
thaumarchaea by microscopy [78], suggesting it may be

References

possible to sort marine thaumarchaea based on this property. [ 6 |

Coupling flow sorting with Raman spectroscopy could allow
the targeted sorting of archaea based on the uptake of stable
isotope-labelled substrates [79]; in the case of the MGII,
they have been shown to take up stable isotope-labelled
proteins [80].

A final consideration for improving the recovery of
archaea in single-cell libraries is the choice of screening
method for genome-amplified cells. It is clear that primer
bias is an ongoing issue in the recovery of microbial diversity
from the environment [76]. Commonly used PCR primers
miss, for example, the newly discovered Asgard archaea
[81], which remained ‘hidden’ from view despite 30 years
of molecular surveys of the ocean. Low coverage genomic
sequencing (LoCoS) as an alternative to PCR-based screening
of amplified cells is a promising way to circumvent this
problem [52].

Though we have focused here on single-cell genomics,
other emerging single-cell technologies could be equally
transformative for archaeal biology in the ocean. For example,
a better leveraging of single-cell technologies could enable
high-throughput cultivation of uncultured archaeal groups,
a technique that has not been widely applied in the marine
environment since its inception [82]. Droplet microfluidics,
where individual cells are isolated in growth medium in an
oil emulsion, could potentially allow for the set-up and
screening of cultures at the throughput necessary to recover
rare groups [83]. Combined with targeted single-cell sorting
approaches for archaea, development of such techniques
would improve our understanding of planktonic archaea
and the factors that shape their ecology and evolution.
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