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The human gut microbiome is crucial for human health and disease but exhibits extensive individual-level
strain variation. Distinct strains encode and express different functions. The resulting emergent properties
therefore differentially affect human health and disease in a personalized manner. Pryszlak et al. have
made strides in tackling the challenge of genome-based microbiome screening which will ultimately yield
strain-level understanding of the functional roles played by the human gut microbiome.
The composition and the potential role of

the human microbiome in modulating

host health and disease is well estab-

lished (Heintz-Buschart and Wilmes,

2018). The gut microbiome alone is

composed of thousands of different mi-

crobial species, and alterations from the

norm (dysbiosis) have been linked to

numerous chronic diseases. Additionally,

the composition of the gut microbiome is

crucial in how the human body metabo-

lizes drugs and which essential functions

such as fermentation of indigestible food

components as well as the synthesis of

essential vitamins it contributes. Impor-

tantly, the microbiome exhibits individ-

ual-level strain variation (Schloissnig

et al., 2013), whereby each strain may

be functionally relevant (Figure 1). Strain-

conferred functional complements are es-

tablished right after birth (Wampach et al.,

2018) and may dictate health trajectories

throughout life. Consequently, given the

inherent functional relevance of strains

(as established in classical infection

biology), it is of utmost importance to

develop methods that allow the resolution

of an individual’s microbiome at the

strain-level, which further allows an in-

depth assessment of their respective

functions.

In addition to the role that microbial

strains may play in triggering diseases,

the current and next frontier of medicine

with regard to human diseases is treat-

ments tailored to each individual (Petro-

sino, 2018). To account for the significant

degree of interpersonal variation, person-
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alized screening will become increasingly

relevant to precisely study the genotype

and phenotype of an individual along

with other essential endogenous factors

such as the immune system and the mi-

crobiome. Individual-level variation is rele-

vant in this context, not least in relation to

hypothesis-driven investigations of the

mechanisms underlying disease pro-

cesses triggered by specific strains. How-

ever, the development of personalized

microbiome screening methodologies

has so far been challenging. Specifically,

significant challenges are associated

with culturing individual strains as well as

amplifying their genomes.

To study the essential functions of the

gut microbiome, omics methodologies

are used to gain crucial insights into the

complex interrelationships between the

microbiome and the host. This has been

and is currently addressed throughmech-

anistic studies including via in vitro and

ex vivo models (Shah et al., 2016), inter-

ventions (Cani et al., 2021), and animal

models (Kostic et al., 2013). Current mi-

crobiome studies predominantly focus

on reconstructing microbial genomes

from sequence data into either metage-

nomically assembled genomes (MAGs)

and/or by single amplified genomes

(SAGs) (Arikawa et al., 2021). While

MAGs allow insights into the abundance

of different taxa, SAGs provide essential

information regarding uncultivated and

low-abundance strains. However, both

methods have limitations. Specifically,

MAGs are prone to chimeric assemblies,
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general influenced by sequencing depth.

Moreover, the untargeted and cost-pro-

hibitive nature of these methods do not

allow for recovering complete genomes

of specific microbes and/or their respec-

tive gene complements (Franzosa et al.,

2015). Thus, while the individual strain-

level information is critical for the exten-

sive understanding of the microbial func-

tional repertoire that contributes to human

physiology, much is still unknown. There-

fore, microbiome-oriented studies need a

comprehensive toolset to enable new and

targeted discoveries.

Here we preview an improved protocol

that allows the characterization of complex

microbial communities such as the gut mi-

crobiomenot only in a targeted fashion, but

also togaincrucial insights at the functional

level. The principle behind this methodol-

ogy centers on microfluidic systems (Colin

et al., 2015), whereby droplets containing

microbial cells of interestmaybescreened.

Pryszlak et al. have leveraged the nuances

and strengths of culture-independent

methodswith a targetedhypothesis-driven

approach (Pryszlak et al., 2021). Based on

fecal samples, they demonstrate instanta-

neous targeting and sorting of bacterial

cells via their droplet-based microfluidic

method. Their methodology allows for the

preparation of fecal samples for whole

genome sequencing and for the subse-

quent characterization of individual bacte-

rial cells, bypassing traditional and limiting

culturingmethods. The preparation of fecal

samples includes the estimation of the
, January 24, 2022 ª 2021 The Author(s). 1
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Figure 1. Representation of individual-level strain variation in two human individuals
Distinct strains have distinct effects on host cells as well as on the functional networks that are established between microbial and host cells. The emergent
functional propertiesmay be influenced by early colonization and host genetics, which in turnmay trigger critical disease processes over a lifetime. Figure created
with Biorender (https://biorender.com/).
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absolute cell count, which, in turn, allows

for the efficient encapsulation of single

cells. Based on this principle, the cell

counts of fecal samples were obtained by

flow cytometry across samples of varying

diversity. Aside from infant stool samples

whose absolute cell counts were lower, all

other samples tested exhibited a similar

range of absolute cell counts.

Pryszlak et al. further introduce a tar-

geted approach for single cells by which

any microbial strain of interest can be en-

riched inside single droplets. This is

further complemented by the recovery of

target strains without the need for a refer-

ence database by leveraging the marker

gene sequences previously established

through the metagenomic operations

taxonomic unit (mOTU) methodology

(Milanese et al., 2019). Based on the

marker gene information, primer pairs

and probes were designed directly from

the shotgun metagenomic sequencing

data. Crucially, the approach may be

applied to samples of varied origins,

including but not limited to sediments,

marine, freshwater, etc. To further enrich

the cells and improve genome recovery

and completion, each microbial cell was

subsequently sorted into monodispersed

droplets. The marker genes within each

droplet were thereafter amplified by

PCR, resulting in each droplet containing
2 Cell Reports Methods 2, January 24, 2022
amplified DNA of an individual microbial

cell. The individual cells were further de-

tected by the fluorescent 6-FAM signal

from cleaved TaqMan probes, followed

by cell sorting to enrich for bacteria of in-

terest.

The taxa comprising the human micro-

biome followa typical rank abundancedis-

tribution ranging from highly abundant

taxa themselves comprised of strains to

more lowly abundant taxa. The methodol-

ogy by Pryszlak et al. importantly allows

for the culture-independent characteriza-

tion of low abundance taxa which were

typically undersampled in previous micro-

biome studies (Gibbons et al., 2017). Inter-

estingly, an additional outcome of the

methodology established by Pryszlak

et al. is the removal of artifactual residual

amplicon sequences obtained as a by-

product of the PCR reaction. The devel-

oped workflow utilizes biotinylated PCR

primers for amplicon removal. In this pro-

cess, a chemical handle is incorporated

into the amplicons, allowing them to be

selectively bound to magnetic beads. Am-

plicon removal is based on the principle of

size selection using magnetic streptavidin

beads to efficiently remove smaller ampli-

con fragments. This process leaves un-

bound genomic DNA in the supernatant,

here the low-abundance target genome,

which can further be amplified to obtain
high-quality, pure DNA. This procedure is

essential to identify low-abundance spe-

ciesand togain clearer insights into theun-

derlying complexity of the composition of

microbial species from each individual

sample.

In order to obtain high-quality genomes,

a specific number of droplets/cells are

required. As a proof of concept, Pryszlak

et al. therefore demonstrated that Bacillus

subtilis, a bacterial strain not resident in

the gut and spiked into the fecal samples

in different concentrations (1:50, 1:100,

1:250), was recovered at the expected

numbers. By targeting and encapsulating

this strain alone, positive droplets, as ex-

pected, were observed via fluorescence-

activated single-cell droplet sorting and

sequencing. With this approach, it was

demonstrated that the lower limit of detec-

tion for positive cells was up to a concen-

tration of 0.4% for samples spiked with

B. subtilis. Aiming to obtain a high-quality

genome of a target species, Pryszlak

et al. further assessed the number of

B. subtilis cells required for reconstructing

a high-quality genome. The results

showed that the obtained B. subtilis

genome had a relatively even genomic

coverage across all the samples tested.

Furthermore, it was determined that

�4,000 targeted and sorted cells are

required for cell enrichment allowing for

https://biorender.com/
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sufficient coverage of the target genome.

This method complements but crucially

also augments thewidely usedSAGmeth-

odology (Labonté et al., 2015),which is not

only an untargeted approach but also only

results in low to average genome quality.

The methodology outlined by Pryszlak

et al. allows testing of hypotheses by

leveraging in silico information for the tar-

geted enrichment and sequencing of mi-

crobial strains. It is also of interest to

further assess the applications of the

described method toward the enrichment

of previously unknown and uncharacter-

ized taxa. Furthermore, the method may

shed light on the ‘‘rare’’ taxa conundrum

(Jousset et al., 2017), such as highlighting

their role in human health and physiology

despite their limited abundance. Although

questions remain regarding the time, effi-

ciency of the method, and capital invest-

ment required for undertaking such

screenings, the applications and pros

outweigh the limitations and the unan-

swered queries. Furthermore, future

studies may employ and take advantage

of this novel technique to identify and

characterize an individual’s microbiota,

leading to truly personalized microbiome

screening modalities.

Potential applications of this methodol-

ogy include, but are not limited to, under-

standing the effects of the microbiome

from a bottom-up approach, i.e., single

cell/genome resolution. Going forward,

the method described by Pryszlak et al.

will not only allow for screening the micro-

biome, but potentially also host cells,

including susceptible human cell popula-

tions relevant from a disease point of

view. Therefore, the described methodo-

logical foundation will enable personal-

ized medicine approaches in future, e.g.,

by disentangling and modeling the com-

plex interactions between the human sys-

tem and the microbiome on an individual

basis. Importantly, this will further help

unravel mechanisms underlying an

altered gut microbiome in the context of

the triggering and sustaining of disease

processes. Such insights will in turn allow

the steering of microbiome toward spe-

cific endpoints, either through tailored

therapies or lifestyle changes.

As highlighted in this preview, the indi-

vidual-level variations may affect the hy-

pothesis-driven assessment of the role

of the microbiome in human diseases.
Furthermore, we are often unaware about

all the functions of a cell including those of

microbial and human origin. Thus it re-

mains unclear as to how different cell

types interact with each other, especially

given the inherent individual-level varia-

tion also apparent in the gut microbiome

(Heintz-Buschart and Wilmes, 2018).

This individual-level variation needs to

be connected to individual-derived sus-

ceptible cell populations from the host to

get a better understanding of micro-

biome-driven pathogenesis. To allow for

the assessment of individual-level varia-

tions, microfluidic methods, in general,

provide a suitable avenue with respect

to modeling personalized approaches.

Collectively, microfluidic devices allow

analysis at spatial scales, which are espe-

cially relevant from a host-microbiome

point of view. Leveraging the use of gut-

on-chip co-culture, e.g., the human mi-

crobial crosstalk (HuMiX) model (Shah

et al., 2016), with the isolation and cultiva-

tion modalities developed by Pryszlak

et al., we might be able to screen relevant

human cell types obtained from individual

patients along with the corresponding mi-

crobiome members. Such approaches

would allow individual-resolved mecha-

nistic insights into host-microbiome

crosstalk. Furthermore, it will allow us to

enrich in previously unknown host-modu-

latory taxa that have been reported to in-

fluence human health while simulta-

neously mitigating the challenges of

culturing. Overall, the new methodology

developed by Pryszlak et al. advances

the microbiome field by facilitating future

insights into the ‘‘dark matter’’ of the hu-

man microbiome—including unknown

species and functions, as well as the rele-

vance of individual-level variation in the

microbiome in relation to their impact on

sustaining health or triggering disease.
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