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Abstract

Soil microbiome is one of the most heterogeneous bio-
logical systems. State-of-the-art molecular approaches
such as those based on single-amplified genomes
(SAGs) and metagenome assembled-genomes (MAGs)
are now improving our capacity for disentailing soil
microbial-mediated processes. Here, we analysed pub-
licly available datasets of soil microbial genomes and
MAG’s reconstructed from the Amazon’s tropical soil
(primary forest and pasture) and active layer of perma-
frost, aiming to evaluate their genome size. Our results
suggest that the Candidate Phyla Radiation (CPR)/
Patescibacteria phyla have genomes with an average
size fourfold smaller than the mean identified in the
RefSoil database, which lacks any representative of
this phylum. Also, by analysing the potential metabo-
lism of 888 soil microbial genomes, we show that
CPR/Patescibacteria representatives share similar
functional profiles, but different from other microbial
phyla and are frequently neglected in the soil microbial
surveys. Finally, we argue that the use of MAGs may
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be a better choice over SAGs to expand the soil micro-
bial databases, like RefSoil.

Introduction

Many hypotheses may explain the complexity and high diver-
sity of soil microbiomes. In the genomic context, Raes
et al. (2007) argued that each habitat selects a specific range
of microbial genome sizes, regarding the environment stabil-
ity (Angly et al., 2009). More stable environments select
microorganisms, such as parasites (e.g., Mycoplasma
pneumoniae) (Himmelreich et al., 1996) and symbionts
(McCutcheon, 2010), with small genomes and less non-
redundant functions (Morris et al., 2012). On the other hand,
unstable and complex environments, like soil, favour microor-
ganisms with larger genomes and accessory genes, with
greater metabolic versatility and the ability to survive and
acclimate in a changing-environment with diverse but limited
resources (Konstantinidis and Tiedje, 2005; Dini-Andreote
etal.,2012).

The vast majority of soil microorganisms have not yet
been cultivated, given our limitation to simulate all required
conditions for microbial growth. As a consequence, several
soil microbial functions remain unknown, resulting in a
break in the link between the microbial taxonomy and soil
processes. The recently proposed group of bacteria, Can-
didate Phyla Radiation (CPR)/Patescibacteria (Brown
et al., 2015), has only one representative already culti-
vated, the strain TM7x (He et al., 2015). However, they
may encompass from 15% (Brown et al., 2015) to nearly
50% (Hug et al., 2016) of the diversity in the Bacteria
domain. The lack of biosynthetic capabilities (Brown
et al., 2015) and potential for co-metabolism interdepen-
dencies (He et al., 2015; Lemos et al., 2019) is a common
genomic trait shared by all CPR/Patescibacteria members,
as a consequence of the small size of their genomes (usu-
ally <1.5 Mbp). These biological traits could prove to be the
major challenge for cultivating and uncovering the func-
tional potential of these organisms.

Here, we applied an integrated meta-analysis of pub-
licly available genomes and metagenomes, aiming to
explore the genome size features and potential functional
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profiles of soil microorganisms using two data sets: (i) the
RefSoil database (Choi et al., 2017) and (i) a
metagenome-assembled genomes (MAGs) dataset from
a permafrost thaw gradient (Woodcroft et al., 2018),
which is the most complete natural soil environment data-
base to date. To contrast the MAGs with small genome
size described by Woodcroft et al. (2018) (permafrost),
we also used six MAGs from tropical Amazon soils,
including the description of two new CPR/Patescibacteria
(Supporting Information Sl) and four CPR/Patescibacteria
MAG'’s already described by Kroeger et al. (2018). We
estimated the functional profile of 888 soil microbial
genomes (including those from RefSoil, the most com-
plete and curated soil microbial genomes database, and
all CPR/Patescibacteria MAG’s above described), to bet-
ter understand the correlation between the genome size
and the profile of potential functions performed by soil
microorganisms, using the clusters of orthologous groups
(COGs) genome annotation and a set of multivariate sta-
tistics (Supporting Information Sl). We also used the Phe-
nDB software (Feldbauer et al., 2015) to test whether the
soil CPR/Patescibacteria were potential symbionts.

RefSoil database (Choi et al., 2017)
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PhenDB uses machine learning and statistics predictions
to infer phenotypic traits, based on a manual knowledge
curation from the scientific literature and COG profiles
(Feldbauer et al., 2015).

Results and discussion

Our analysis revealed that the average size of the micro-
bial genomes available in the RefSoil was 4.5 + 1.0 Mbp
(Fig. 1A), but it lacks CPR/Patescibacteria representa-
tives. Similarly, almost all MAGs retrieved from the
thawing permafrost data set had their average genome
size close to those observed in the RefSoil (Fig. 1B), but
the CPR/Patescibacteria genomes available had an aver-
age genome size of 0.9 +0.2 Mbp, which is fourfold
smaller than the mean identified in the RefSoil and in the
thawing permafrost databases. We also found the same
pattern when checking the genome size of the
CPR/Patescibacteria from the tropical Amazon soils
(Supporting Information Tables S1-S3; and Krueger
et al. (2018)). The presence of small-sized bacterial
genomes (e.g., CPR/Patescibacteria) may (i) confront the

Thawing permafrost (Woodcroft et al., 2018)
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Fig. 1. Soil genome size distributions. (A) RefSoil database and (B) Metagenome-assembled genomes (MAGs) from thawing permafrost
metagenomes. The Box Plot indicates data distribution through their quartiles. Blue and red dashed lines indicate the average and standard devi-
ation of the genome size estimation from the RefSoil database. Extended lines from the boxplot indicate the variability outside the upper and

lower quartiles, and the single dots represent out points.
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Fig. 2. Soil Patescibacteria/CPR functional genome profile.
A. Principal coordinates analysis (PcoA) based on the Jaccard similarity index (presence/absence of COG — clusters of orthologous groups) of
soil microbial genomes and the CPR/Patescibacteria phyla functional profiles. Genomes from the same phyla have the same colour. The black-

arrowed circle indicates the CPR/Patescibacteria cluster.
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B. Schematic illustrating major putative microbial functions of the key pathways of soil CPR/Patescibacteria (Caipora MAG from Amazon cattle pasture
and GCA_003151615.1 from thawing permafrost soils). The main pathways are illustrated by an underlined name and the question mark (?) symbol
indicates incomplete and unclear pathways. Black arrows indicate proteins present in both genomes. Green and orange arrows indicate proteins pre-
sent only in Caipora or GCA_003151615.1 MAGs, respectively. Red ‘no entry’ signs indicate missing pathways. Blue arrows indicate proteins present
in other CPR/Patescibacteria genomes from Amazon or permafrost soils, which were used to complement detailed in this schematic illustration. A
detailed list of genes encoded by soil Patescibacteria/CPR can be found in the Supplementary Table S1. TCA, tricarboxylic acid cycle; PRPP, Phos-
phoribosyl pyrophosphate; SOD, superoxide dismutase; MsrA, methionine sulfoxide reductase; Cx V, Electron Transport — Cytochrome; Sec, Protein.
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hypothesis that large genomes favour soil microorgan-
isms and (ii) highlight the importance of using comple-
mentary approaches to expand the RefSoil database,
because some phyla with peculiar genomic traits, such
as CPR/Patescibacteria, are ‘hard-to-cultivate’ and has
been absent in the RefSoil database.

We evaluated the potential metabolism of 888 sail
microbial genomes, and we observed that members of
the CPR/Patescibacteria phylum have similar functional
profiles among them, but different from most other
soil bacteria (Fig. 2A). We identified that all soil
CPR/Patescibacteria studied here lack the main meta-
bolic pathways to generate energy, which have been
identified in the most of heterotrophic soil bacteria, such
as tricarboxylic acid cycle (TCA) pathway and electron
transport chain to generate ATP. They likely ferment
organic compounds via the Embden—Meyerhof-Parnas
— glycolysis pathway (EMP) (Supporting Information
Table S4), generating lactate as a final product
(Fig. 2B). Furthermore, we identified some genes (e.g.,
Transketolase) that could link EMP and pentose phos-
phate pathway (PPP), which supplies glyceraldehyde-
3-phosphate for sugar degradation, as described to
CPR/Patescibacteria (formerly known as OD1 phyla)
(Wrighton et al., 2012). All metabolic predictions
described here were based on sequence similarity of
predicted proteins, since experimental validations would
require cultivation of CPR/Patescibacteria. Some key-
genes from central carbon metabolism (e.g., phospho-
fructokinase) could be divergent or they have alternative
proteins that still remain unknown (Castelle et al., 2018).

Overall, the soil CPR/Patescibacteria genomes described
here also lacks genes required for the de novo biosynthesis
of nucleotides, amino acids, and cofactors (Supporting Infor-
mation Tables 2, 4 and Fig. 2B). However, transporter pro-
teins may contribute to amino acids and sugars uptake for
maintaining the essential metabolism. Peptidases were also
identified and have potential to degrade small peptides into
amino acids inside the cells. The presence of oxidative stress
genes indicates a potential oxygen tolerance to survive under
aerobic conditions. This metabolic dependence and reduced
genome sizes are signatures of CPR/Patescibacteria
(Castelle et al., 2018), and its potential cometabolism interde-
pendencies with other microorganisms via a symbiotic life-
style have been previously discussed (Lemos et al., 2019).
This ecological trait may support the maintenance of small-
genome bacteria in soil, contrasting the hypothesis that com-
plex ecosystems select microorganisms with larger genomes
and accessory genes (Raes et al., 2007).

Here, predictions based on machine learning algorithms
indicated that the soil CPR/Patescibacteria genomes have a
potential symbiotic lifestyle (Supporting Information
Table S4), which may support their ecological success in

complex environments, like soil. Furthermore, the metabolic
limitations we found corroborates an episymbiotic lifestyle
(Castelle et al., 2018; Lemos et al., 2019) or parasitism, as
already described in the interaction between the obligate epi-
biont TM7x (CPR/Patescibacteria) and Actinomyces
odontolyticus strain (XHOO1) in the oral environment, where
TM7x kills its host (He et al., 2015). On the other hand, the soil
bacterium ‘Candidatus Udaeobacter copiosus’
(Verrucomicrobia) was recently described as being free-living
and carrying a 2.81 Mbp genome (Brewer et al., 2017). Meta-
bolic predictions indicated that C. U. copiosus can keep a
reduced genome by acquiring costly amino acids and vita-
mins from the environment (Brewer et al., 2017). A few num-
bers of genomes shorter than 1.5 Mbp are available on
RefSoil (Supporting Information Table S3), and all of them
exhibit a parasitic lifestyle (e.g., Neorickettsia and
Tropheryma). These findings reinforce the idea that soil
CPR/Patescibacteria could also be associated with a symbi-
otic/parasitic lifestyle, which may support their ecological suc-
cess in this environment, besides suggesting their role in the
soil microbial community assemblage and structure.

Choi et al. (2017) recommended the use of single-cell
methods for expanding the RefSoil database. However,
the single-cell genomes they presented did not offer the
quality recommended by the minimum information about a
single amplified genome (MISAG) standards (e.g., high-
quality draft genomes: >90% of completeness and <5% of
contamination) (Bowers et al., 2017) (Supporting Informa-
tion Table S5). We argue that binning methods may be a
better choice over single-cell approaches for expanding
the RefSoil database, leading to a more complete and
informative soil microbial reference database.

Concluding remarks

In summary, the small-sized genome is a peculiar trait of
the soil CPR/Patescibacteria phyla members. Here, we
highlight the wide range of terrestrial environments within
the radiation of this bacteria group, opening new opportu-
nities for understanding their ecological role in soils. We
showed that even under distinct climate conditions (tropi-
cal soils and permafrost), CPR/Patescibacteria show sim-
ilar functional profiles, and lack essential biosynthetic
capacities (e.g. de novo amino acids and nucleotide bio-
synthesis). Further studies are required to elucidate the
ecology of CPR/Patescibacteria, such as the design of
new 16S rRNA gene primers to comprehensively mea-
sure the abundance, diversity, and distribution of
CPR/Patescibacteria in soils worldwide. Additionally,
metatranscriptomics and/or RNA-SIP based methods
may increase our understanding of their metabolic func-
tions under distinct environmental conditions.
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