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Although the Park Grass Experiment is an important international reference soil for temperate grasslands, it still
lacks the direct extraction of its metaproteome. The identification of these proteins can be crucial to our un-
derstanding of soil ecology and major biogeochemical processes. However, the extraction of protein from soil is a
technically fraught process due to difficulties with co-extraction of humic material and lack of compatible da-
tabases to identify proteins. To address these issues, we combined two protein extraction techniques on Park
Grass experiment soil, one based on humic acid removal, namely a modified freeze-dry, heat/thaw/phenol/
chloroform (HTPC) method and another which co-extracts humic material, namely an established surfactant
method. A broad range of proteins were identified by matching the mass spectra of extracted soil proteins against
a tailored Park Grass proteome database. These were mainly in the categories of “protein metabolism”, “mem-
brane transport”, “carbohydrate metabolism”, “respiration” “ribosomal and nitrogen cycle” proteins, enabling
reconstitution of specific processes in grassland soil. Protein annotation using NCBI and EBI databases inferred
that the Park Grass soil is dominated by Proteobacteria, Actinobacteria, Acidobacteria and Firmicutes at phylum
level and Bradyrhizobium, Rhizobium, Acidobacteria, Streptomyces and Pseudolabrys at genus level. Further func-
tional enrichment analysis enabled us to connect protein identities to regulatory and signalling networks of key
biogeochemical cycles, notably the nitrogen cycle. The newly identified Park Grass metaproteome thus provides
a baseline on which future targeted studies of important soil processes and their control can be built.

» .

1. Introduction in facilitating many of the Earth's biogeochemical processes, however,
their extraction can be problematic due to bonding to clay particles, co-

Park Grass Experiment (PGE) is an international reference soil with extraction of humic materials and the poor availability of matching

an extensive metadata set that encompasses many soil and temperate
grass characteristics including hay yield, soil ecology and nutrient levels
(Delmont et al., 2012; Silvertown et al., 2006). Although recent meta-
genomic studies have led to improved understanding of this soil's
ecosystem, its metaproteome has still not been directly extracted (Del-
mont et al., 2015, 2012, 2011). These soil proteins play an integral role

protein databases for soil protein identification (Qian and Hettich,
2017).

Indeed, it has taken many years to overcome some of these technical
problems. Even now, the numbers of protein identifications per soil
generally range from hundreds up to the low thousands (Abiraami et al.,
2019). Many physico-chemical methods are used to extract soil proteins;
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however, the most effective techniques are based on phenol/chloroform
and surfactant extraction. These techniques are also Complementary
since the phenol/chloroform method removes humic acids whilst the
surfactant method does not (Bastida et al., 2014; Chourey et al., 2010;
Greenfield et al., 2018; Heyer et al., 2019).

Another obstacle in the identification of soil proteins is the accurate
matching of their mass spectra to a metagenomic or metaproteomic
database. Many databases were originally derived from clinical or lab-
oratory samples making it harder to achieve relevant matches to envi-
ronmental proteins. However this has improved in recent years with the
creation of environmentally oriented databases such as Park Grass
(Callister et al., 2018; Delmont et al., 2011; Tringe et al., 2005).

To address these issues in soil protein identification, we have applied
two compatible soil protein extraction techniques, namely a surfactant
technique and an amended freeze dry heat/thaw/phenol/chloroform
(HTPC) method, to extract a broad range of proteins and identify active
biogeochemical processes and their control mechanisms in Park Grass
reference soil. The results of this study could be used as a baseline for
further functional ecological and climate change impact studies in
temperate grassland soils.

2. Results and discussion
2.1. Analysis of park grass soil proteins at peptide level

Park Grass Experiment (PGE) soil was randomly sampled from the A
horizon in untreated plot 3D, followed by determination of its physico-
chemical characteristics (Table S1), The extracted metaproteome of
Park Grass revealed the identities of a total of 1266 proteins: 715 in the
surfactant extract, 635 in the modified HTPC extract, with a shared
identity of 84 proteins (Figs. S1, S2, Supplementary data Sla, S1b, S2
and Supplementary information Sla, S1b, Slc) using a tailored anno-
tated soil proteome database (Supplementary information Sla).

The number of these proteins identified compared favourably with
previous proteomic studies from a variety of soils, allowing for variation
in physicochemical characteristics (Abiraami et al., 2019; Keiblinger
et al., 2012). Our results also indicated that each extraction method
enriched a different set of proteins, which we examined further by
comparing peptide chemistries and (predicted) protein functions for
each extraction method.

The differences in these two methods may explain the observed
differences in protein identifications. Humic acids are reported to
interfere with detection of the proteins by mass spectrometry (Qian and
Hettich, 2017), however, their removal runs run the risk of excluding
some proteins from identification. Therefore, we specifically selected
the surfactant and modified HTPC methods over others tested because
they were compatible per se with this soil (yielding quantifiable protein
at gel or mass spectrometry level) (Supplementary Fig. S3) and were
complementary with respect to removal or inclusion of humic acids.

Most importantly, our use of a compatible soil database which
incorporated Park Grass metagenome was key to successful protein
identification (Delmont et al., 2012, 2011; Tartaglia et al., 2020).
Interestingly, the soil proteins matched to many soil databases from
around the world (Delmont et al., 2012, 2011; Tartaglia et al., 2020;
Tringe et al., 2005). However, it is difficult to assess the wider appli-
cability of this database to other soils since our experiments were
confined to Park Grass Experiment soil.

2.2. Differences in peptides extracted by each technique

When we compared the peptide chemistries of the two protein ex-
tractions we found that the HTPC extracts contained longer peptides
than surfactant extracts (Supplementary Fig. S4a). Isoelectric point
analysis indicated that the HTPC extract contained more acidic peptides
in the pH region 3.66-4.75 and 5.21-6.90, and the surfactant extract
contained more peptides at higher pls in the range of 6.90-9.29 and
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Fig. 1. Functional categories of Park Grass Experiment soil proteins extracted
by surfactant and HTPC methods. Proteins quantified by normalised values
(NSAF) based on the identification of 715 proteins by surfactant extraction and
635 proteins by HTPC extraction. Segments of the outer rings represent low
stringency protein identification; inner segments represent high stringency
protein identification. Data based on the homogenised Park Grass soil sample
extracted in triplicate by HTPC and surfactant protein extraction methods.
Annotation based on level 1 SEED categorisation by MG-RAST.

9.29-12.0 (Supplementary Fig. S4b and Data S2). Analysis of peptide
amino acid “groups” (i.e. small, hydrophobic, hydrophilic, acidic, basic)
demonstrated that surfactant-extracted peptides contained more
aliphatic (13.1%) and basic amino acids (7.8%) whilst peptides from
HTPC extracts contained more aromatic (31.8%) and acidic (18.9%)
amino acids (Table S2). It may be that the longer peptide lengths in
HTPC extract arose from reduced protein cleavage (by trypsin) caused
by a greater number of acidic bases (Siepen et al., 2007) or a lower
number of lysine or arginine residues (both observed in HTPC peptides).
The more hydrophobic character of HTPC peptides may have been due
to the enrichment of hydrophobic proteins in the phenol layer during
phenol/chloroform partitioning. These observations suggested that the
extraction methods yielded a slightly different proteome based on
intrinsic protein properties, which could be exploited in further (tar-
geted) studies.

2.3. Difference in functional protein categories extracted by each
technique

The most abundant functional protein categories identified in our
soil protein extraction using low stringency soil protein identification
criteria were protein metabolism (10.77%), membrane transport
(8.71%), carbohydrates (7.23%), structural constituents of ribosomes
(5.14%) and RNA metabolism (3.99%) (Fig. 1, Supplementary Table S3
and Data S3a).

High stringency protein analysis revealed the most abundant protein
categories were protein metabolism (16.7%), membrane transport
(8.77%), respiration (5.96%), RNA metabolism (5.32%), DNA
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REC domain

metabolism (4.06%), structural constituents of ribosomes (3.90%) and
carbohydrates (3.30%) (Fig. 1, Table S3, Supplementary Data S3b).
Analysis of the differences in soil extraction methods by Bland-Altman
plots indicated that the surfactant and HTPC methods identified
different groups of proteins (Fig. S5). There were significantly more
proteins associated with ribosomal- and respiration-protein categories
identified in the surfactant extract in both the low and high stringency
protein identifications (Fig. S5 and Table S4). In contrast, the modified
HTPC method extracted significantly more “unclassified” proteins
(protein whose function was shared in several categories) in both high
and low stringency identification, and more proteins associated with
nitrogen metabolism in the high stringency identification (Supplemen-
tary Fig. S5, Table S4, Data S3c and S3d). Furthermore, protein
enrichment analysis of individual proteins using GO ontology revealed
that the surfactant protocol extracted more ribosomal- and nucleotide/
nucleoside related proteins, while the HTPC extracts were more
enriched in nitrogen-metabolism related proteins (Supplementary Table
S5, Data S4a, S4b and S4c).

Again, the functional differences in the proteins extracted by these
two methods could be related to the chemistry of phenol/chloroform
which is known to partition nucleotides, carbohydrates and partially
denatured associated proteins into the upper polar layer of the separa-
tion process. Since this layer is removed in the separation process to
reduce humic acid contamination, it would deplete nucleic acids, car-
bohydrates, and associated proteinaceous material while enriching for
phenol-soluble hydrophobic proteins. In contrast, the surfactant protein
extraction method dissolves both hydrophobic and hydrophilic proteins
but it might not solubilize very hydrophobic regions that remain tightly
folded inside the protein unless acted upon by a strong chaotropic agent
like phenol. Similar observations have previously been documented by
the group of Bastida who found that different proteomes correlated to
different extraction methods (Bastida et al., 2018).

Surprisingly, the modified HTPC extraction method also enriched
proteins associated with the nitrogen cycle. There may be several
possible explanations for this. Although nitrogen cycle proteins are
generally cytoplasmic and soluble, nitrogen-fixing cells have very thick
peptidoglycan layers to protect proteins from atmospheric oxygen (and
Gram-negative bacteria have additional thick polysaccharide layers). It
may be that the modified HTPC method, which includes freeze/thaw
steps, is more lytic to these resistive compartments than the surfactant
method. An alternative possibility is that the HTPC method may
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Fig. 2. Snapshot of proteins involved in key biogeochem-
ical cycles in Park Grass Experiment soil.
Abbreviations: methanol dehydrogenase (Mdh), methane
monooxygenase (Mmo), carbon monoxide dehydrogenase
(Codh), carbonic anhydrase/carbonate dehydratase (Cdca),
glycosyl hydrolase/glycosidase (Gh), carbon storage regu-
Methane lator protein (CsrA), carbon starvation protein (CstA), ni-
PPP trate ABC transporter permease (NtrB), nitrogen regulatory
protein I (NtrC), nitrogen regulation protein Pii-1 (GInB),
glutamate synthase (Gs), nitrogen metabolite repression
protein A (NmrA), ATP synthase, phosphate ABC trans-
porter substrate-binding protein (PstS), protein chaperonin
(GroEL protein), glyceraldehyde-3-phosphate dehydroge-
nase (Gapdh), elongation factor Tu (Ef-Tu), GTPses,
response regulator with CheY-like receiver, AAA-type
ATPase, and DNA-binding domain (REC domain), arylsul-
fatase (Arsa), cystathionine gamma-synthase (Cgs), sulfate
ABC transporter periplasmic sulfate-binding protein (CysP),
aconitate hydratase (Acon), queuosine biosynthesis protein
(Q biosynth).

Calvin
TCA

preserve multi-protein conglomerates better than surfactant-based ex-
tractions (i.e., less sample loss). These findings may be related to the
predominance of the genus Bradyrhizobia (which plays an important role
in nitrogen fixation) in HTPC extracts identified at a ratio of 8:1 HTPC/
surfactant. These results suggest that a preferential extraction method
could be adopted for studies focussing on specific aspects of soil
ecosystem functions.

Although we assume that many of the proteins identified in the Park
Grass soil are from the soil microbiome, they can also be present in the
soil as extracellular enzymes or proteins or they could be derived from
dead or decaying material. However, the most abundant protein cate-
gories identified in our Park Grass metaproteome are similar to those
found in actively dividing bacteria namely protein synthesis (including
ribosomal proteins), energy metabolism and proteins with binding
function (Ishihama et al., 2008).

2.4. Identification of proteins involved in key biogeochemical cycles

We used protein enrichment analysis to create a snapshot of proteins
we identified in Park Grass soil that are involved in key biogeochemical
processes (Fig. 2, Supplementary Data S5a-S5d).

Surprisingly, we identified both biogeochemical process proteins as
well as proteins involved in regulatory and signalling networks. This was
exemplified by the identification of nitrate ABC transporter permease
(NtrB), nitrogen regulatory protein I (NtrC), nitrogen regulation protein
PII -1 (GInB), glutamate synthase (Gs) and nitrogen metabolite repres-
sion protein A (NmrA) in the nitrogen cycle. These results may coincide
with a rise in species richness (flora) that was noted in Park Grass which
was linked to a decrease in nitrogen input (Blake et al., 1999; Storkey
et al., 2015).

We also identified phosphate ABC transporter substrate-binding
protein (PstS). This is typically induced upon phosphate limitation
which has been reported in Park Grass soil (McDowell et al., 2002).

We also identified sulfur cycle proteins including arylsulfatase
(Arsa), cystathionine gamma-synthase (Cgs), sulfate ABC transporter
periplasmic sulfate-binding proteins (Sbp and CysP). A very sharp local
and national decline in the deposition of sulfur from the atmosphere
since the 1980s has resulted in a decrease in soluble sulfate in the surface
soil at Park Grass (Blake et al., 1999). As Sbp and CysP expression is
repressed in the presence of external sulfur sources (Aguilar-Barajas
et al., 2011) these findings indicate low sulfate and/or cysteine (bio)
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Fig. 3. Community structure of Park Grass inferred from metaproteomes
compared to a previous metagenomic study. Soil proteins annotated with
phylum and genus information from NCBI and EBI. Phyla ratios derived from
976,268 sequences from the original soil metagenome (metasoil F1, Feb 2009)
and 1488 normalised weighted spectra for both the HTPC and surfactant
methods. Only the most abundant phyla are displayed. The proteomic data is
based on the homogenised Park Grass soil sample extracted in triplicate by the
HTPC and surfactant protein extraction methods.

availability in Park Grass soil.
2.5. Inferring the community structure from Park Grass metaproteome

The annotation of the Park Grass soil metaproteome was also used to
infer its community structure through the NCBI and EBI databases. The
proteome-derived community structures were compared at phylum and
genus levels to previous community structure based on metagenomic
analysis (Delmont et al., 2011) (Fig. 3).

The phyla inferred from the annotation of the metaproteomes were
similar to previous metagenomic analysis (Delmont et al., 2012, 2011)
being dominated by Proteobacteria (46.31%), unclassified bacteria
(16.44%), Actinobacteria (12.43%), and Acidobacteria (4.80%) (Supple-
mentary Table S6a and Supplementary Data S6a-S6c¢). The HTPC extract
displayed a significantly higher diversity (p = 0.0002) (Supplementary
information Table S6b). This was confirmed by ANOSIM analysis which
revealed a low correlation of the outputs between the two protein
extraction methods (R = —0.03) (Supplementary Information Table
S6c). This data suggests that each extraction protocol might have been
more effective on different groups of bacteria. Analysis of the micro-
biome at the genus level revealed that Park Grass soil was dominated by
rhizome-associated bacteria Bradyrhizobium (7.56%) followed by
Rhizobium (2.91%), uncultured bacteria (2.88%), Acidobacteria (2.53%),
Streptomyces (2.09%), Pseudolabrys (1.84%), Neorhizobium (1.53%) and
Candidatus Entotheonella (1.51%) (Supplementary Fig. S6 and Data S6b).

The differences between our two protein extractions were more
apparent at genus level especially for bacteria associated with the
rhizosphere. Bradyrhizobia (a slow growing bacteria), was by far the
most abundant genus identified primarily in HTPC extracts. However,
Rhizobium (a faster growing bacteria), was primarily found in surfactant
extracts. Other notable differences in soil microbiome extraction ratios
were Polaromonas which was in greater abundance in surfactant extracts
and Methylobacterium which was identified in greater abundance in
HTPC extracts. Interestingly, Bradyrhizobia are important in a wide
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range of biogeochemical functions especially nitrogen fixation.
3. Conclusions

This soil metaproteomic study of Park Grass Experiment soil com-
bined a modified phenol/chloroform method and an established sur-
factant method together with a compatible database to identify a broad
range of proteins that might not have been apparent using a single
extraction method. Further protein enrichment analyses linked active
biochemical pathway players with signalling and regulatory networks of
key biogeochemical cycles, which in turn, corresponded to nutrient
availability in Park Grass soil, directly connecting our metaproteome to
the Park Grass metadata repository. This metaproteome study may thus
provide a basis for future targeted studies of soil ecosystem functions
and their control processes.

Supplementary information is available for this paper. Methods for
this manuscript can be found in supplementary methods, additional data
in supplementary data and supplementary information.

All other data supporting the findings of this study are available
within the article and its supplementary information files. All supple-
mentary materials are publicly available at https://doi.org/10.1016/j.
apsoil.2022.104388.
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