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Summary

Phosphorous is one of the most important macronu-
trients for plants. In agriculture, amending fertilizer
with phosphorus (P) is common practice. However,
natural phosphorus sources are finite, making
research for more sustainable management practices
necessary. We postulated that the addition of carbon
(C) and nitrogen (N) would stimulate phosphorus
mobilization by bacteria because of their desire to
maintain a stable intracellular C:N:P stoichiometry.
Therefore, we chose a metagenomic approach to
investigate two agricultural soils, which only received
mineral N fertilizer or mineral N and organic fertilizer
for more than 20 years. The most abundant genes
involved in the acquisition of external P sources in
our study were those involved in solubilization and
subsequent uptake of inorganic phosphorus. Inde-
pendent of site and season, the relative abundance of
genes involved in P turnover was not significantly
affected by the addition of fertilizers. However, the
type of fertilization had a significant impact on the
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diversity pattern of bacterial families harbouring
genes coding for the different P transformation pro-
cesses. This gives rise to the possibility that fertil-
izers can substantially change phosphorus turnover
efficiency by favouring different families. Addition-
ally, none of the families involved in phosphorus
turnover covered all investigated processes. There-
fore, promoting bacteria which play an essential role
specifically in mobilization of hardly accessible phos-
phorus could help to secure the phosphorus supply
of plants in soils with low P input.

Introduction

The availability of macronutrients in soil, especially nitro-
gen (N) and phosphorus (P), strongly influences crop
yield and quality (Schachtman et al., 1998; Marschner,
2011). Unlike N, P is a finite resource and P-fertilizers
mainly originate from rock sources (Walker and Syers,
1976; Chadwick et al, 1999). However, due to agricul-
tural practices P has accumulated in soil (Stutter et al.,
2015), but mostly in inaccessible forms. Thus, its remo-
bilization and future sustainable use is of major impor-
tance. In this regard bacteria play an important role. On
the one hand, they are able to catalyze the release of P
through solubilization of inorganic- and mineralization of
organic- P, increasing the concentration of free ortho-
phosphate in soil (Richardson and Simpson, 2011). On
the other hand, bacteria possess efficient P uptake sys-
tems, like the high-affinity phosphate-specific transporter
Pst and the low-affinity phosphate inorganic transporter
Pit. These allow them to efficiently compete for available
P sources (Willsky et al., 1973; Wanner, 1993).

Recent publications (Mooshammer et al., 2012; Spohn
and Kuzyakov, 2013; Heuck et al., 2015) demonstrated
the importance of the C:N:P stoichiometry for many pro-
cesses in soil. For example, Heuck et al. (2015) found
that the release of P is rather a result of the bacterial
need for C and N rather than the immediate need of P.
We proposed, that the addition of mineral N will increase
the bacterial demands for P and thus stimulate
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P mineralization from soil if the amount of easily degrad-
able organic carbon is not limiting microbial activities.

In order to test this hypothesis, we compared the
effects of mineral N fertilization (Npn), and mineral N
fertilization combined with organic fertilization (Npin-
organic) in two long-term field trials, located in Freising,
Bavaria and  Rostock, Mecklenburg  Western-
Pommerania, Germany. Here, none of the plots received
any mineral P fertilizer. The samples were taken in
spring and autumn to analyze how the presence and
absence of crops influences P turnover. We used a
metagenomics approach specifically targeting genes
involved in P transformation as described for forest soils
by Bergkemper et al. (2016) to (i) assess the relative
abundance of genes catalyzing key processes in P turn-
over and (i) to identify major bacterial families carrying
the genes of interest. We focused on the bacterial
potential to take up, solubilize and mineralize extracellu-
lar P and compared this to the actual incorporation of C,
N and P in the microbial biomass.

Results and discussion
Microbial C, N and P pools

As several authors proposed stable Cpic:Nmic:Pmic ratios
in the soil microbial biomass in the past (e.g., Cleveland
and Liptzin, 2007), we investigated the role of different
fertilizers as modulators of the stoichiometry of C:N:P on
the microbiome (Table 1). Our data indicates both a high
stability of Cric, Nmic @and P, even between treatments,
where different fertilizers had been applied, and, in line
with this observation, almost constant Cpic:Nmic:Pmic
ratios in the microbial biomass. The mean ratios across
all treatments were 36:1.2:1 for Rostock and 25:1.2:1 for
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Freising. Although the observed ratios were constant,
they were lower as compared to the global values
(60:7:1) described by Cleveland and Liptzin (2007).
However, Cleveland and Liptzin (2007) only considered
unfertilized forest and grassland sites, whilst here we
investigated agricultural sites. Thus, a narrow Cpc:N-
mic:Pmic ratio is not surprising. The same fertilization
effect was observed by Heuck et al. (2015), where espe-
cially Nmic:Pmic were in the same range after fertilizer
addition irrespective whether P or N fertilizers were
added. In the frame of their study they could prove that
this was due to a change in microbial community struc-
ture. Furthermore, in our study the microbial Cpc:N-
mic:Pmic ratio nicely reflects the total C:N:P ratio of the
soils, which is 20:2:1. This underlines the adaptation
period of the microbial communities as a consequence
of the long term experimental settings.

Functional profiles of microbes triggering
P transformation

P-turnover was analyzed by comparing the relative
abundances of 40 bacterial genes encoding proteins
which are linked to regulation, mineralization, solubiliza-
tion and uptake of extracellular P sources; genes that
are involved in intracellular P turnover were excluded
from further analysis (Supporting Information Table S1;
Bergkemper et al., 2016). Therefore, the filtered reads
obtained by metagenomics sequencing were mapped
against sequences of the KEGG database [using BLAST
(Altschul et al, 1990)] for gene annotation (for details
see Supporting Information materials and methods).
After subsequent filtering, we obtained 52,654,918 reads
with an average read length of 296 bp after trimming.
Of these, genes linked to P turnover made up

Table 1. Mean values of microbial biomass of two agricultural soils located in Freising and Rostock in 2015. Samples were taken with a soil
auger of 3 cm diameter to a depth of 10 cm. Three cores were collected for each plot, pooled and subsequently homogenized on a 5mm sieve.
For the assessment of Cpic and N, the chloroform- fumigation-extraction method was used. Average values and standard deviations (*) are
calculated based on triplicates (n=3). Underlined are parameters which were significantly influenced by season (single line), fertilizer (double

lines) or interaction of both (dotted lines).

Season Spring Autumn
Treatment Nmin Nmin-organic Npin Npmin-organic
Freising
Crric (g g 1) 409.6 = 27.3 371.9+21.8 439.3+16.2 433.9+36.1
Nemic (2 g~ ) 221+28 18717 16.9+ 125 87+28
Pric (19 9 ") 15.1+12.1 11.8+43 275+6.9 145.4+79.4
Rostock
Cnic:Prmic 43.3+33.9 341+115 165+35 40+28
Nimic:Prmic 23+1.7 1.7+0.5 0.6+0.3 0.1+0.03
Cric 0 g 1) 304.2+34.8 3315375 304.1+34.8 322.3+23.2
Nimic (19 97 7) 10.1+2.1 149+33 7.7+17 13.8+4.2
Prmic (10 97 ") 10.7+9.7 257+4.8 7.4+58 17.6 +16.9
Cric:Pmic 20.7 £4.9% 13.4+3.5 73.7+67.5 37.8+35.3
Ninic:Prmic 0.7+0.12 06+02 20+22 14+11

“The mean of the C:P and N:P ratios is based on two field replicates only, as the P value was below the detection limit for the third plot.

© 2018 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology Reports, 00, 00-00
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approximately 0.34% at both sites. Rarefaction analysis
(Supporting Information Fig. S2) revealed sufficient cov-
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Goldstein et al. (2003). However, it is important to men- 166
tion that also other organic acids might be important for 167

erage in all samples. For further analysis, 27 genes the solubilization of inorganic P such as malic-, lactic-, 168
were processed. The analysis of the relative abundan- citric- and oxalic acids, being the most prominent 169
ces of the targeted genes indicated a strong similarity of (Sharma et al., 2013). The aforementioned organic acids 170
the two sites in Rostock and Freising. Further the data are also part of intracellular metabolic processes such 171
indicated, that neither season nor the fertilization treat- as the tricarboxylic acid (TCA) cycle and fermentation, 172
ment had a significant effect on the relative abundance making the distinction between intracellular and extracel- 173
of the analyzed genes. lular usage impossible on the gene level. 174
Bergkemper et al. (2016) proposed that solubilization In agreement with the high abundance of genes 175
processes are the main drivers for microbial P turnover encoding for enzymes involved in catalyzing P solubiliza- 176
in soils which are rich in mineral P. Therefore, not sur- tion, those encoding for proteins involved in the uptake 177
prisingly, the most abundant gene of the 27 genes ana- of inorganic P (Fig. 1), such as the multimeric ABC- 178F1
lyzed in this study was encoding for a glucose type phosphorus specific transporter (pst) and the inor- 179
dehydrogenase (gecd). Ged is a membrane bound ganic phosphorus transporter (pit), were the second 180
enzyme which can oxidize aldose sugars (i.e., glucose most abundant genes in our datasets. Of the two, Pit is 181
to gluconic acid). Gluconic acid further solubilize inor- a constitutively expressed low affinity transporter, which 1s2
ganically bound fractions of P. Here a co-factor, namely is able to transport metallic cations complexed with 183
pyrroloquinone (PQQ), is required to form the active phosphate (Willsky et al., 1973; Wanner, 1993). The Pst 184
enzyme. Together both genes form the PQQGDH holo- transporter is induced under P starvation through tight 185
enzyme (Goldstein, 1995). In our study, genes linked to regulation and is additionally involved in regulation and 186
the PQQ cofactor were lower in abundance than the P-signaling. It has been reported to transport inorganic 187
genes coding for the glucose dehydrogenase. This sug- P and likely phosphonates (Yuan et al, 2006). Genes 188
gests at least a partly PQQ independent activation of involved in the mineralization of organic P sources were 189
the GDH enzyme, which has also been described by also found in our datasets; however, they were far less 190
Rostock Freising
Regulatory genes R i+ | Regulatory genes ‘
Transporters Transporters
R, v RS
==
A v ——
+ o R »
e e e |
Solubilization T, e e Solubilization—
3 s B
'x._m-lﬁ'
Ao ey
A e B
Mineralization . ' o .‘" | Mineralization
S — e =
R
= oo [
e |
o 005 ogcs 007 0.06 005 008 ooy 002 001 o 0 0.01 o0 0,03 00t 008 006 007 008 0.0 01
relative es (%) = Autumn, Nmin-organic

Fig. 1. Barplot showing relative abundances of genes for proteins, wh

= Autumn, Nmin
® Spring, Nmin-organic
w Spring, Nmin

ich are involved in P turnover in Freising and Rostock. Metagenomic

data presented is of both test sites, over the change of the season, as well as two treatments. The quality filtered reads were blasted against
the KEGG database and assigned with a KO number by means of MEGAN. Significant differences in the number of annotated reads among

both were calculated by two-way ANOVA (n= 3, P< 0.05). Error bars
season (+), organic fertilizer (#) or interaction (*) respectively.

represent standard deviations. Significant influence is symbolized for
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abundant. Their low abundance could be surprising,
considering that organic fertilizers contain large amounts
of organically bound P.

It has to be taken into account that the addition of
organic fertilizer had been performed two years before
sampling. However, our focus was on the long-term
effects of a triennial application of organic matter rather
than short term fertilizer effects. The low abundances of
genes encoding for mineralizing enzymes could there-
fore be the result of the depletion of the organically
bound P in the organic fertilizer over time. Interestingly
the amount SOM did not differ between the different
treatments at both sides. However, most likely the qual-
ity of SOM is affected by the different fertilizer quality.
Differences in SOM quality might be the reason for shifts
in the major bacterial families triggering the investigated
processes related to P transformation. Constant SOM
contents in contrast might explain that no differences in
the overall abundance of genes coding for a particular
transformation step were found.

The third most abundant genes in our dataset were
the alkaline phosphatase genes (ALP) phoA, phoD and
a class C acid phosphatase olpA. The OlpA acid phos-
phatase belongs to a group classified as nonspecific
acid phosphohydrolases (NSAPs). These enzymes
hydrolyze a broad array of structurally unrelated sub-
strates. They are known to exhibit optimal catalytic activ-
ity at acidic to neutral pH values (Rossolini et al., 1998).
Nannipieri et al. (2011) described ALPs as being typical
for neutral to alkaline environments, which is in agree-
ment with our findings considering the pH of the soil at
the two sites.

In contrast, the abundance of enzymes that specifi-
cally target substrates, which are more difficult to access
or lower in concentration, such as phosphonate or phy-
tate respectively, were rare in our study. This underlines
the fact that P pools in arable soils are dominated by
inorganic orthophosphate (Stutter et al., 2015) despite
the organic fertilization two years before the sampling
for this study. The majority of the aforementioned genes
are tightly regulated by means of a two-component sys-
tem, namely phoR, phoB, phoU. These are involved of
several phosphate starvation inducible genes (PSI) of
the phosphate (Pho) regulon, specifically detecting P
starvation (Hsieh and Wanner, 2010). The relatively high
abundance of P signaling genes in our datasets empha-
sized the importance of effective PSI gene regulation for
microbial communities, to efficiently use alternative
phosphorus sources in times of P starvation. Taken into
account the high conservation of gene abundances
across seasons and sites, which was also confirmed by
by two-factorial ANOVA, a regulation on transcription
level seems to be the mode of action rather than a shift
in community composition.

Stage:  Page: 4

This is consistent with the theory about functional
redundancy and underlines the importance of these
genes in agricultural ecosystems (Allison and Martiny,
2008). These findings are based on the relative abun-
dances of genes. However, at our sites microbial bio-
mass (as indicated by Cp. values) was not significantly
affected by any of the analyzed factors. Therefore, abso-
lute abundance pattern between the sites might not be
differing compared to the relative abundance values
described in this study.

Structure of bacterial communities triggering P
transformation

Both sites showed a strong similarity in the functional pro-
files of P turnover. These findings are in line with the find-
ings described by Allison and Martiny (2008). They
argued that important ecosystem functions are preserved
even if the microbial community structure changes. For
this reason, we compared microbial communities involved
in P transformation at both sites and linked our data to
total bacterial community structure, which was compara-
ble between both sites at the family level as indicated by
NMDS analysis (Supporting Information Fig. S1A). There-
fore the extracted sequences of genes involved in P turn-
over were blasted against the NCBI-nr database (http:/
ftp.ncbi.nim.nih.gov/blast/db/FASTA/nr.gz) and the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database
(June 2011) (Kanehisa and Goto, 2000) using DIAMOND
(0.5.2.32) on sensitive settings (Buchfink et al., 2015).
Subsequently taxonomic and functional assignment was
performed by using MEGAN5 v 5.10.6 (Huson et al,
2011). For further details, we refer to Supporting Informa-
tion materials and methods.

Overall, 295 bacterial families were identified, of which
292 families were present at both sites. The most abun-
dant families were Acidobacteriaceae, Bradyrhizobia-
ceae, Verrucomicrobia subd. 3, Planctomycetaceae and
Chitinophagaceae. This is not surprising because they
are known to be widely spread throughout terrestrial
ecosystems (Rosenberg, 2014). The effect of season
was much stronger than that of the fertilizer addition as
indicated by means of a two-way blocked ANOVA. Of
the 295 families, 36 were influenced by season, 14 by
fertilizer and 18 by the interaction of both (Supporting
Information Table S2).

Of the 295 total families, 258 harboured genes encod-
ing for proteins involved in extracellular P turnover. Of
these, 85 families comprised a core microbiome (as
defined by Shade and Handelsman, 2012), which was
present at both sites, independent from seasons and
treatments. 91% of all filtered reads could be assigned
to these families (Supporting Information Fig. S2). Inter-
estingly, NMDS analysis on the distribution of genes

© 2018 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology Reports, 00, 00-00
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involved in P turnover amongst bacterial families (Sup-
porting Information Fig. S1B) indicated a stronger influ-
ence of the fertilizer addition as compared to the total
bacterial community structure (Supporting Information
Fig. S1A). Moreover, the effect of season was strongly
connected to the fertilizer effect. Subsequent ANOVA
analysis revealed that 7 of the families involved in P
turnover were influenced by season, 38 by fertilizer and
37 by the interaction of season and fertilizer (Supporting
Information Table S3).

To summarize, the similarity of total bacterial commu-
nities at both sites concurs with observations that the
diversity and richness of bacterial communities are
shaped primarily by ecosystem type rather than location
(Fierer and Jackson, 2006; Cao et al., 2016). According
to Fierer and Jackson (2006) and Fierer (2017), the
major determining factor for the community structure is
pH, which was similar at both sites. In contrast, fertilizer
application has a minor role in shaping the total soil
microbiome in the above mentioned study. In our experi-
mental setting fertilizer had a strong influence on how
the genes are distributed amongst the families. This
again, coincides with the theory of functional redundancy
as suggested by Allison and Martiny (2008). However,
metagenomics only gives information on microbial
potential, and not their actual activity. The fact that
genes necessary for P turnover were harboured by dif-
ferent families gives rise to the possibility that these
could perform the same function with a different effi-
ciency. Indeed, it has been shown by Ragot et al. (2016)
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that for some taxa there are significant differences
between the presence and expression of genes involved
in P turnover. Therefore, the observed influence of fertil-
izer on the gene distribution pattern in different bacterial
families could cause substantial changes in activity pat-
tern. This hypothesis could be strengthened by the high
abundance of regulatory genes that could influence the
efficiency of P turnover.

Our analysis revealed that none of the families cov-
ered all processes. Therefore, we pooled genes involved
in P turnover based on their functions into regulation (3
genes), mineralization (23 genes), solubilization (1
gene), organic P uptake (7 genes) and inorganic P
uptake (6 genes), and assigned their taxonomic affilia-
tion for a more detailed analysis of the distribution of
functional traits (Fig. 2). In fact, certain families exhibited
a more ‘universal’ spectrum of functions, while others
were considered as specialists for single processes. The
‘universal’ group included Verrucomicrobia subdivision 3,
Sphingomonadaceae, Anaerolinaceae, Planctomyceta-
ceae, Chitinophagaceae, Acidobacteriaceae and Bradyr-
hizobiaceae harboring genes coding for enzymes of four
of the five investigated processes.

The ‘specific’ group included families which harboured
genes only for one of the investigated process. Some of
them appeared to be involved only in organic and inor-
ganic P uptake, pursuing a rather copiotrophic lifestyle by
favouring the use of easily available nutrients instead of
investing energy into P solubilization, mineralization or
regulation. These entail Rhodocyclaceae, Chlorobiaceae,

Freising 2015 Rostock 2015
Verrucomicrobia subdivision 3 Sphingomonadaceae
Sphingomonadacea  — | Acidobacteriaceae
Anaerolineaceae Planctomycetaceae
Planctomycetaceae Verrucomicrobia subdivision 3
Chitinophagaceae | ] Solibacteraceae
Acidobacteriaceae [— | — Bradyrhizobiaceae
Solibacteraceae 4 Chitinophagaceae
Chilorabi Xanthomonadaceae
Bradyrhize Anaerolineaceae
Verrucomicrobiaceae Nitrospiraceae
Cytophagaceae Opitutaceae
Xanthomonadaceae Chlorobiaceae
Nitrospiraceae Oxalobacteraceae
Rhodocyclaceae Geobacteraceae
‘ 8p\tutaceae gytophagac:ae
eobacteraceae omamonadaceae
Flavobacteriaceae Verrucomicrobiaceae
Comamonadaceae Rhodocyclaceae
E 5§ 5 ¢ &£ T 5 £ & 2
g £ 2 = EF g 2 £ =T = Color key
© ] @ a o @ © ] a 2
= N N ) 5 5 R o 3 3
o o = a a o © B a a
& ] E| g y & ] | u g
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= w1 = 2 = [ 3 3 0 0002 0064
5 5 6 5 Relative abundance [%]
= &

Fig. 2. Visualization of mean relative abundances of genes harboured by different families in Freising and Rostock independent of season and
fertilizer, by means of a heatmap. Genes involved in P turnover were selected by their KO numbers and grouped depending on their function.

These were then assigned to taxa by means of MEGAN.
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Geobacteraceae, Flavobacteriaceae and Opitutaceae.
Others, such as Verrucomicrobiaceae and Solibactera-
ceae, exhibited preferences either for mineralization or sol-
ubilization of P. Intriguingly, we did not detect genes
necessary for P uptake from organic or inorganic sources
in these families. Thus it is possible that these genes were
present only in a very few taxa and relative abundance
was too low to be detected in the analyzed metagenomes.
A further explanation could be the existence of so far
unknown alternative uptake mechanisms, which makes
the detection in the metagenomes impossible, especially
because a slightly divergent organic phosphate transporter
might show strong similarities to sulfate transporters, or
even carboxylate transporters, depending on the organic
backbone. Nevertheless, it is possible that these microbes
release P as a byproduct during C turnover, which coin-
cides with the theory proposed by Heuck et al. (2015).

In conclusion, although no mineral P fertilizer was
added to the investigated fields, Cmic:Nmic:Pmic ratios
were narrow and the most abundant gene triggering P
transformation was affiliated to the solubilization of inor-
ganic P, both indicate that sufficient amounts of P are
stored in the analyzed soils and that the addition of min-
eral N fertilizer and organic fertilizer stimulated P acqui-
sition. While gene abundance patterns were not affected
by season, fertilization or site, the bacterial families
involved in the different processes differed. The conse-
quences might be that (i) shifts in microbial community
structure strongly influence the potential to use extracel-
lular P sources and (ii) the regulation of P acquisition
rather takes place on the expression level. Accordingly,
future work should address the conditions under which
the different P acquiring strategies are prevalent and
under which conditions the genetic potential for P trans-
formation is activated by implementing metatranscrip-
tomic analysis.

Overall our study focused on bacteria and their role in
P transformation processes in soil, although it is well
accepted that fungi also play an important role in plant
P nutrition, including the transport of P by mycorrhizal
fungi. However most of the public data bases so far lack
of sequences belonging to fungi. Thus most reads linked
to fungal sequences are considered as unknowns and
excluded from further analysis. Therefore current meta-
genomics approach do not allow a sound analysis of
functional traits of fungi, which hopefully changes when
the data from the analysis of 1000 genomes has
been finalized (https://genome.jgi.doe.gov/programs/
fungi/1000fungalgenomes.jsf).

Experimental procedures

Samples were taken from two long term field trials in
Germany. The first site is located in Freising, Bavaria
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(48°24'13.38” N, 11°41’32.93"” E), having a split plot
design where two treatments were analyzed in the frame
of this study: (i) N fertilization (2015) 150 kg ha ', no
additional organic fertilization (Nmin); (i) N fertilization
(2015) 150 kg ha ', organic fertilization with straw and
catch crops as green manure (Nmi,-organic). The sec-
ond site is located in Rostock, Mecklenburg Western-
Pomerania (54°03'42.44" N, 12°05'07.32"” E) and has a
split plot design with four replicates, where two treat-
ments were analyzed in the frame of this study: (i) N fer-
tilization 120 kg ha ', no additional organic fertilization
(Nmin); (if) N fertilization 120 kg ha ™', organic fertilization
with biowaste compost (30 t ha ') (Npn-organic).

Samples were taken from both sites in April and Sep-
tember of 2015 using a soil auger of 3 cm diameter to a
depth of 10 cm. As suggested by Vestergaard et al.
(2017), three cores were collected for each plot, pooled
and subsequently homogenized on a 5 mm sieve. A
total of twenty-four (24) samples were taken (6 per site,
in three replicates, per season). Despite the different fer-
tilization regimes, no significant differences in SOM con-
tents were found at the time of sampling and only
differences between the two different sites were found.
For Freising, TOC ranged between 11.61 and 12.30 g
kg ', TN between 1.36 and 1.42 g kg ' and TP
between 0.61 und 0.69 g kg '; for Rostock overall val-
ues were lower (TOC 7.15 — 10.40 g kg~', TN 0.82 —
1.05gkg '; TP 0.54 - 0.62 gkg ')

For the assessment of Cp,ic and Ny, the chloroform-
fumigation-extraction method as described by Vance
et al. (1987) was used. Analysis of microbial P (Pmic)
was performed also using the chloroform-fumigation-
extraction method but as described by Brookes et al.
(1982). For nucleic acid extraction and subsequent
sequencing, a phenol-chloroform based protocol modi-
fied according to Lueders et al. (2004) and Towe et al.
(2011) was used to extract total genomic DNA, which
was then prepared for sequencing using NEBNextR
Ultra™ DNA Library Prep Kit (New England Biolabs®,
Inc.). Sequencing was performed on an lllumina® Mis-
eq® (llumina®, USA) sequencing machine and using the
MiSeq® Reagent Kit v3 (600 cycles) (lllumina®) for
paired end sequencing. The raw sequencing data is
available at the sequencing read archive (SRA) under
the BioProject ID PRJNA385596 (SAMNO06894543-
SAMNO06894566). Taxonomic and functional annotations
of the sequences were accomplished by blasting against
the NCBI-nr database (http://ftp.ncbi.nim.nih.gov/blast/
db/FASTA/nr.gz) and the Kyoto Encyclopedia of Genes
and Genomes (KEGG) database (June 2011) (Kanehisa
and Goto, 2000) using DIAMOND (0.5.2.32). Taxonomic
and functional assignment was performed by using
MEGANS5 (5.10.6). Statistical analyses and visualization
was performed using Rstudio [Rstudio Team (2015)],
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based upon the relative abundance of reads. A two-way
blocked analysis of variance (ANOVA) was used to ana-
lyze the effects of season, fertilizer and interaction of
both, on taxonomic as well as the functional profiles of
the samples. For more detailed descriptions, please
refer to the Supporting Information (Text S1: Materials
and Methods).
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Supporting Information

Additional Supporting Information may be found in the
online version of this article at the publisher's web-site:

Text S1. Materials and Methods

Table S1. Detailed information of sequencing run. Summa-
rized are the number of reads and average length of reads
for metagenomics datasets obtained from Freising and Ros-
tock, before and after quality filtering. Samples were taken
from plots under different fertilization regimes, in spring and
autumn.

Table S2. All investigated enzymes related to the microbial
turnover of soil P with KO numbers corresponding genes
and references.

Table S3. Bacterial families whose relative abundances and
involvement in P turnover were significantly affected by sea-
son, fertilizer or interaction of both factors. Significant differ-
ences between the treatments were determined by a two-
way ANOVA (n =3, p <0.05)

Table S4. R packages used for data visualization.

Fig. S1. NMDS ordination plots depicting taxonomic profiles
on the family level for bacteria found at both sites. Shown in
(A) is the overall community, and depicted in (B) distribution
of genes involved in P turnover among bacterial families
(n=24). 95% confidence level is depicted as ellipses for
each of the triplicates. Taxonomic assignment was per-
formed against the National Center for Biotechnology Infor-
mation Non-Redundant (NCBI-NR) protein sequences
database. Functional genes were derived from the Kyoto
Encyclopedia of Genes and Genomes (KEGG) Orthology
database.

Fig. S2. Rarefaction curves of metagenomic datasets from
samples taken in spring and autumn from Freising and Ros-
tock. Depicted are the numbers of assigned genes involved
in P turnover as a function of sequencing depth. Genes
were assigned using the Kyoto Encyclopedia of Genes and
Genomes (KEGG) Orthology database. ‘S’ and ‘A’ at the
beginning of the sample names stand for ‘spring’ and
‘autumn’. The following ‘~ and ‘+’ stand for ‘N, and
‘Nmin-organic’. The numbers represent the replicate number,
1-3 respectively.

Fig. S3. Core microbiome for the comparison of the two fer-
tilization treatments Ny, fertilizer and Np,-organic fertilizer
by means of stacked barplots. Depicted are all genes
involved in P turnover. Percentages describe the total rela-
tive abundance of reads assigned to P turnover.
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