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SUMMARY 
 

CrAss-like phages were originally identified as highly abundant and ubiqui-
tous members of the gut microbiome from studies involving metagenomic 
sequencing and cross-assembly of reads from multiple individuals (crAss - 
Cross Assembly). More recently, it has been established that crAss-like 
phages infect bacteria of the phylum Bacteroidetes. One of the most interest-
ing facets to crAss-like phages is their ability to persist at high numbers over 
extended periods in the laboratory and in the gut without significantly impact-
ing the abundance of their bacterial hosts. Here we recount what is known 
about crAss-like phages so far, from their in silico discovery in 2014 and the 
subsequent identification of unique genomic features, to the first isolation of 
crAss001 and the elucidation of various biological characteristics resulting 
from the study of phage-host pairs in vivo. A large amount of information has 
been gleaned in a relatively short period of time but it is clear that crAss-like 
phage research is still in its infancy. Future research lies in further in vivo 
work with phage-host pairs, coupled with the isolation of further crAss-like 
phage from more divergent groups. 

 
 

INTRODUCTION 
 
CrAss-like phages are an intriguing 
member of the human gut microbiome. 
They are both extremely prolific and 
widespread, and account for over 86% 
of gut viral genomes. (Yutin et al., 2021) 
They have been identified in faecal sam-
ples from all over the globe, and are 
found in all age groups from infants to 
the elderly (Edwards et al., 2019). 
While crAssphages are rarely a compo-
nent of the new-born microbiome, they 
become increasingly prevalent within 
the first year of life. It has been sug-
gested that vertical transmission leads to 
this initial colonisation (McCann et al., 
2018; Siranosian et al., 2020). They 
have also been shown to be transferred 
and to stably engraft in recipients of 

faecal microbiota transplants (Draper et 
al., 2018). CrAss-like phages have been 
identified in both remote and traditional 
hunter-gatherer populations, albeit at a 
reduced prevalence to that of industrial-
ised populations (Edwards et al., 2019; 
Honap et al., 2020). CrAss-like phages 
have also been identified in sequences 
recovered from old and new world pri-
mates, suggesting an ancient association 
of crAss-like phages with these primates 
(Edwards et al., 2019). CrAss-like 
phages are generally viewed as benign 
viruses of the gut. Correlations between 
crAss-like phages and a number of dif-
ferent health and disease factors have 
been examined, but no significant asso-
ciations have been identified (Honap et 
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al., 2020). At the same time, one crAss-
like phage, termed IAS virus, was iden-
tified in stool samples from HIV-1 
patients with unexplained diarrhoea. 
While no correlations between IAS 

virus and diarrhoea were established, it 
was significantly associated with 
advanced stages of HIV-1 disease 
(Oude Munnink et al., 2014). 

 
 

IN SILICO DISCOVERY 
 
The founding member of the CrAss-like 
phages was originally identified in silico 
in 2014 (Dutilh et al., 2014). Despite 
being both highly abundant and ubiqui-
tous, its divergence from other bacterio-
phage sequences in viral databases 
allowed it to remain a component of the 
‘viral dark matter’ for decades. Identifi-
cation of the ~97 Kb dsDNA genome of 
this prototypical crAssphage (p-
crAssphage) came from the re-analysis 
of publicly available viral metagenomes 
using cross-assembly software (crAss), 
from which crAssphage derives its 
name. A reference independent method, 
crAss cross-assembles all reads from 
input samples and counts the number of 
shared contigs (Dutilh et al., 2012). At 
the time of assembly, fewer than 20 of 
the 80 predicted ORF’s could be 
assigned a function. While the phage 
had never been grown in the laboratory, 
CRISPR spacers and co-occurrence 

analysis predicted that Bacteroides was 
the likely host of this phage. 

Subsequent studies identified varia-
tions to the p-crAssphage genome 
(Manrique et al., 2016; Liang et al., 
2016). This was expanded on by Yutin 
and colleagues (Yutin et al., 2018) in 
which the use of sensitive protein anal-
ysis methods revealed several hundreds 
of putative members of a wider crAss-
like family, found not only in the human 
gut but also in diverse environments 
such as groundwater, marine sediments 
and hypersaline brine. Annotation of a 
number of putative tail proteins with 
homologs to phage P22 led to the pre-
diction that crAss-like phages encode 
for short tails, typical of that of Podovir-
idae. This was later supported by trans-
mission electron microscopy (TEM) 
images of a faecal filtrate rich in crAss-
like phages that was dominated by 
podoviridae (Guerin et al., 2018). 

 
 
CURRENT CLASSIFICATIONS AND GENERAL GENOMIC FEATURES 
 
Hundreds of additional CrAss-like 
phage genomes (each assembled from 
sequences derived from a single individ-
ual) have been further classified into 
four subfamilies (Alphacrassvirinae, 
Betacrassvirinae, Gammacrassvirinae 
and Deltacrassvirinae) and ten genera (I 
- X), based on the percentage of protein 
coding genes shared between phages. 
CrAss-like phages sharing > 40% of 
protein coding genes were classified at 
the genus level, while CrAss-like 
phages sharing 20-40% were classified 
at the subfamily level. (Guerin et al., 

2018) Recent analysis by Yutin and col-
leagues (Yutin et al., 2021) identified 
almost 600 crAss-like genomes and 
expanded classification to include two 
more groups, epsilon and zeta. It has 
been proposed that crAss-like phages 
could form an order within the class 
Caudoviricetes, with 6 families, com-
prising the existing 4 subfamilies and 
the additions of epsilon and zeta 
(Walker et al., 2021). 

In general, crAss-like phages have a 
genome size of ~100 Kb, although they 
can range from as large as ~150 - 200 
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Kb in the case of groups epsilon and 
zeta. Their genomes are divided roughly 
in two modules, with opposite gene 
orientation. One side harbours genes 
responsible for replication and nucleo-
tide metabolism while the other encodes 
for structural genes (Yutin et al., 2018; 
Shkoporov et al., 2018; Guerin et al., 
2021). At the junction of the two oppo-
site modules 2-3 genes encode a very 
large RNA polymerase (RNAP) of up to 
6000 amino acids in total. The genes 
encoding these subunits are sometimes 
on opposite coding strands. These sub-
units are highly divergent both from 
each other and other known RNAP pro-
teins. They have been confirmed to be 
structurally most similar to eukaryotic 
RNAP that are involved in RNA inter-
ference (Drobysheva et al., 2020). 
Analysis of the first crAssphage to have 
been grown in culture confirms that this 
large RNAP is a component of the 
virion and are almost certainly involved 
in transcription of early phage genes 
(Shkoporov et al., 2018; Drobysheva et 
al., 2020). Why crAss-like phage 
encode such abnormally large genes for 
these subunits is unclear. 

In addition to these large RNAP 
genes, crAss-like phages possess a num-
ber of other unusual genomic features. 
Most encode a DNA polymerase from 
either the A or B family and switching 
can occur between the two, even within 
the same subfamily (Yutin et al., 2018, 
2021). A large number of crAss-like 
phages, mainly from the beta, zeta and 
epsilon groups, appear to use alternative 
genetic codes (Guerin et al., 2018; Yutin 
et al., 2021). Typically, this is by the 
reassignment of stop codon TAG to glu-
tamine or TGA to tryptophan and seems 
to mainly occur in the late phage genes. 
Some crAss-like phages, particularly of 
the zeta group, are characterised by an 
abnormally high density of introns and 
inteins (Yutin et al., 2021). Whether this 
spread of mobile genetic elements is 
uncontrollable due to some aspect of the 
phage lifestyle or is an adaptive 
approach used by the phage is so far 
unknown. Those crAss-like phages iso-
lated to date, p-crAssphage and others 
used in comparative studies have lacked 
these features, leading to relatively 
simple annotation. 

 
 

IN VITRO ISOLATION AND BIOLOGICAL PROPERTIES 
 
To date, five crAss-like phages have 
been isolated with their hosts, 
ΦCrAss001, ΦCrAss002, DAC15, 
DAC17 and Φ14:2, which infect hosts 
Bacteroides intestinalis, Bacteroides 
xylanisolvens, Bacteroides thetaiota-
omicron and Cellulophaga baltica 
respectively, confirming the previous 
predictions of Bacteroidetes as a host 
(Shkoporov et al., 2018; Hryckowian et 
al., 2020; Guerin et al., 2021; Holmfeldt 
et al., 2013). ΦCrAss001 and its closely 
related phages DAC15 and DAC17 all 
belong to the subfamily Betacrassviri-
nae, while ΦCrAss002 is more closely 
related to p-crAssphage, as it falls into 

the category of Alphacrassvirinae. 
Φ14:2 is a distantly related crAss-like 
phage, isolated from seawater. Our lim-
ited knowledge of the biological proper-
ties of crAss-like phages comes from the 
studies of these phage-host pairs. 

CrAss-like phages appear to estab-
lish an equilibrium with their hosts in 
liquid culture, in which they can propa-
gate stably over many subcultures, with-
out causing lysis of their hosts. This has 
also been demonstrated in a mouse 
model, where CrAss001 can maintain 
total  counts  between  approximately 
106-108 pfu/mL over a period of 136 
days,  without  causing  a  reduction  in 



	96 

B. intestinalis counts (Shkoporov et al., 
2021). This corresponds with a longitu-
dinal study of ten human volunteers, 
where crAss-like phages were able to 
stably persist within individuals over a 
period of one year (Shkoporov et al., 
2019). The Bacteroides hosts typically 
encode a number of alternative capsular 
polysaccharides (CPS) within their 
genomes, some which seem to be per-
missive to phage infection, while others 
are likely to be neutral or protective 
(Porter et al., 2020). Phase variation of 
these CPS’s appear to help to maintain 
the bacterial population in the presence 
of phages by creating a resistant sub-
population. The switch to a resistant 
subtype can occur even in the absence 
of phages (Shkoporov et al., 2021). 
DAC15 and DAC17 can infect the wild 
type version of B. thetaiotaomicron, 
which produces 8 different CPS’s. On 
the wild type strain they produce hazy 
plaques and can be maintained in liquid 
culture at 107-108 pfu/mL. When infect-
ing an engineered strain that produces 
only CPS3, clear plaques are formed 
and phage counts are maintained at a 
level one log higher in liquid culture 
(Shkoporov et al., 2021). Interestingly, 
lysis of the cell culture still does not 
occur, suggesting that other mecha-
nisms, such as phase variation of outer 
membrane lipoproteins, may also con-
tribute to the dynamic equilibrium 
between both partners (Porter et al., 
2020). 

A second mechanism, likely to be 
working in parallel to phase variation, is 
an apparent delayed release of phage 

progeny from infected cells. In classic 
one step growth curves at an MOI of 1, 
ΦCrAss001, DAC15 and DAC17 all 
generate very small burst sizes of 
between 2.5-8 pfu per infected cell 
(Shkoporov et al., 2018, 2021). In the 
case of ΦcrAss001, it has been observed 
that a second small burst occurs around 
90 minutes after the first. Despite this, 
more than 50 phage particles per cell 
can be observed in TEM’s of 
ΦCrAss001 spotted onto lawns of B. 
intestinalis, and at least 20 copies of 
ΦCrAss001 genome per copy of the B. 
intestinalis genome are produced within 
90 minutes of infection. Intriguingly, 
this mechanism of delayed release can 
be overcome by increasing the MOI in 
B. theta but the same cannot be observed 
for B. intestinalis (Shkoporov et al., 
2021). 

While ΦCrAss001, DAC15 and 
DAC17 have all been demonstrated to 
behave quite similarly, ΦCrAss002 has 
a number of additional interesting prop-
erties. It is unable to form plaques on its 
host and can only form opaque spots 
that are barely visible when a highly 
concentrated phage stock is spotted onto 
a lawn of its sensitive bacterial host. 
Furthermore, propagation in liquid cul-
ture only occurs after a minimum of 3 
days subculturing and it appears that it 
is B. xylanisolvens that adapts to allow 
phage infection. Why adaptation by the 
host is delayed is unknown. Phase vari-
ation is a possible contributor here too, 
with B. xylanisolvens possessing many 
recombination hotspots (Guerin et al., 
2021). 
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Figure 1: Both in silico and in vivo approaches can provide important information about the 
crAsslike phages, but a true understanding of these highly abundant viruses (especially in terms of 
their biology, structure, and genomic features) will depend on our ability to grow them in the 
laboratory. Created using BioRender.com. 

 
 

ECOLOGICAL MODELS 
 
A number of different models have                                               
been described to explain bacteriophage 
lifestyles and their interactions with 
their hosts in their environment.                                                        
While often used to describe phage-host 
dynamics in the ocean, they can be 
extrapolated to illustrate interactions 
within the human gut. The “piggyback 
the winner” model has traditionally 
been viewed as a switch from a lytic to 
temperate lifestyle, in order to keep host 
levels at a high abundance (Knowles et 
al., 2016). However, recent work has 
suggested that a healthy human virome 
is dominated by a lytic core of crAss-
like phages and Microviridae 
(Shkoporov et al., 2019). It is possible 
that the use of mechanisms such as 
phase variation and delayed release of 
phage progeny by crAss-like phages 
correspond with alternative mechanisms 
of benign infection that align with the 

piggyback the winner model. These less 
aggressive means of replication may 
allow the bacterial population to persist 
to a high abundance, therefore enabling 
crAss-like phage persistence.  

It is also possible that other models 
are at play, such as “Royal Family” 
dynamics. This is where the “kill the 
winner” model operates at the strain 
level, such that any fluctuations in 
phage or host populations would then go 
undetected (Breitbart et al., 2018). 
Recently, enrichment of nonsynony-
mous variants has been described in tail 
protein encoding genes of crAss-like 
phages (Brown et al., 2021; Siranosian 
et al., 2020). As tail proteins are often 
important mediators in bacterial host 
recognition, it is possible that crAss-like 
phages use these tail protein variants to 
switch hosts at the strain level, in line 
with Royal family dynamics. Possibly, 
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crAss-like phages use a number of dif-
ferent mechanisms from different 
models in combination, to enable them 

to persist stably, without affecting host 
abundance. 

 
 

CONCLUSIONS 
 
In just eight years, CrAss-like phages 
have gone from a viral unknown, to 
being recognised as the most abundant 
phages of the human gut, with 
sequences isolated all over the world. In 
silico analysis have revealed an array of 
interesting genomic features but many 
of their biological purposes remain 
unclear. Isolation of the first few phage-
host pairs has allowed the elucidation of 
some of the biological characteristics of 
these phages (Figure 1). However, three 
of the five isolated crAss-like phages 
come from the Betacrassvirinae group, 
which have been shown to make up just 
< 1.5% of the crAss-like phages domi-
nating the human gut (Yutin et al., 
2021). CrAss-like phages from Alpha-
crassvirinae and Gammacrassvirinae 
groups dominate the gut virome, 
combined they make up just under half 
of all crAss-like phages. ΦCrAss002 is 
the only isolated crAssphage from the 
Alphacrassvirinae and it has shown to 
exhibit a number of biological mecha-
nisms that are different from those of the 
Betacrassvirinae phages. It is likely that 

crAss-like phages employ a number of 
different mechanisms that allow them to 
persist so stably within the human gut. 
Isolation of members from other sub-
families will be required in order to gar-
ner further insights into these mecha-
nisms. This will not be an easy task 
given that the hosts of these phages are 
Bacteroidetes, strict anaerobes that are 
difficult to isolate in their own right. The 
use of alternative genetic codes and the 
presence of introns and inteins in some 
of the crAss-like phage groups also add 
to the difficulty of correct annotation. It 
is vital that we continue to culture new 
members of this extensive and newly 
established phage order - the Crass-
virales. Only by growing these phages 
in the laboratory will we begin to truly 
understand their role in the gut microbi-
ota. An additional benefit will be struc-
tural studies that will allow us to assign 
functions to the many unannotated 
genes within crAssphage genomes. As 
the most abundant phages of the human 
gut, it is befitting that they should also 
become the most studied. 
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