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Abstract

Aims Plant growth promoting bacteria (PGPB) have
been used on crops for years, but inoculants that are
efficient in some locations may not be efficient in others.
Here, we applied classical invasion ecology theory to
PGPB inoculation in order to identify patterns that can
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be used to predict plant growth promoting (PGP) effi-
ciency. The hypotheses that the inoculant that causes
most impact will be the most efficient PGPB, and that
the most invasible locations would have higher PGP
efficiency, were tested. We also aim to present our
statistical approach to analyze SIMPER results.

K. M. L. Milani - A. L. M. de Oliveira
Department of Biochemistry and Biotechnology, State University
of Londrina, Londrina, PR 10011-000, Brazil

R. M. Etto
Department of Chemistry, State University of Ponta Grossa, Ponta
Grossa, PR 84010-919, Brazil

A. G. Battistus - V. F. Guimaraes
Agricultural Science Center, Estate University of Western Parana,
Marechal Candido Rondon, PR 85960-000, Brazil

A. C.P.R. da Costa
Department of Agricultural Sciences, State University of Maringa,
Umuarama, PR 87502-970, Brazil

C. W. Galvao

Department of Structural and Molecular Biology and Genetics,
State University of Ponta Grossa, Ponta Grossa, PR 84010-919,
Brazil

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11104-017-3492-6&domain=pdf
https://doi.org/10.1007/s11104-017-3492-6

Plant Soil

Methods Using next generation sequencing targeting
the 16S rDNA gene in metagenomics samples, we
analyzed samples of pre-planting bulk soil and rhizo-
sphere of inoculated maize plants. Bacterial communi-
ties of inoculated plants were compared to the non-
inoculated controls, in order to estimate the inoculant
invasion impact. Crop yield was compared to different
indexes, and a novel data exploration approach was
employed.

Results The most efficient inoculant was not the
most invasive, and a nutrient per diversity ratio was
unable to predict inoculant efficiency or invasion
impact. However, the efficient inoculation treatment
presented an enrichment of specific pre-planting
taxa.

Conclusions Invasion ecology frameworks could not
anticipate field results of inoculated plants. None-
theless, our data exploration approach, which is
explained in detail, can be useful to raise new hy-
pothesis and improve the visualization of dissimilar-
ity data.

Keywords Maize - Metagenomics - Next generation
sequencing - PGPB - Rhizosphere

Introduction

Plant growth promoting bacteria (PGPB) have al-
ready been used on crops at industrial scale for years
(Alves et al. 2003; Castro-Sowinski et al. 2007).
However, as plant-bacteria-environment interactions
are far from being completely understood, inocula-
tion might not be fully efficient at all times (Berg
et al. 2013; Owen et al. 2015). Even commercialized
preparations of PGPB might fail to improve crop
yield (Otieno et al. 2013; Owen et al. 2015), in part
due to interactions with the local microbial commu-
nity that probably will be competing with the inoc-
ulant for nutrients and niches (Bashan et al. 2014).
One way to achieve better predictability is the bio-
technological intensive construction of very effec-
tive and competitive strains (Ryan et al. 2008). Al-
ternatively, ecological interactions in the rhizosphere
have to be elucidated and manipulated to maximize
plant growth promoting (PGP) efficiency (Castro-
Sowinski et al. 2007).

Classical invasion ecology has already been applied
to bacteria (van Elsas et al. 2012), but picturing the plant
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inoculant itself as an invader to the local community had
not been considered until recently (Ambrosini et al.
2016). Accurate quantification of the invasion ability
can be very difficult (Forrest and Taylor 2002;
Margherita and Osborne 2009), as it includes detection
of multiple species over time and space, or subjective
concepts, like invasibility and invasiveness (Parker et al.
1999; Davis and Pelsor 2001). These will be even more
difficult to evaluate with bacterial species and microbial
invasions (Mallon et al. 2015). Still, in general, an
efficient invader must display a series of traits, such as
high dispersal, high reproduction rate, and will cause
heavy impact on the environment (Parker et al. 1999;
Mallon et al. 2015). Although dispersal and growth rates
of inoculants might be very difficult to measure in the
field; their impact on the native community is not,
thanks to the advancements of Next Generation Se-
quencing (NGS). Although NGS presents great chal-
lenges on appropriate analysis due to the sheer volume
of data, several novel evaluation methods are constantly
presented. There is no lack of papers describing the best
diversity indexes to be used (Haegeman et al. 2013),
appropriate multivariate approaches (Rees et al. 2004;
Ramette 2007; Thomas et al. 2012), or interactive visu-
alization methods (Ondov etal. 2011). Among these, the
Similarity Percentages (SIMPER) test is very powerful
(Clarke 1993), but currently underused as its results are
usually presented in shortened tables (Forrest and Taylor
2002; Mills et al. 2006; Margherita and Osborne 2009;
Gitipour et al. 2013; Purcell et al. 2014; Freedman et al.
2015) or text (Rees et al. 2004; Stevens and Olson
2013).

Here, we tested several hypotheses that could predict
PGP efficiency at an early stage of plant growth: (i)
bacterial inoculants causing the most impact on the
rhizosphere will be the best PGPB. We consider that
the highest impact on the invaded microbial community
will be caused by the best invader, and use control-
treatment dissimilarities from NGS as a proxy for the
impact caused by the invader on this community; (ii)
environments with a higher nutrient per diversity ratio
will suffer more impact than an environment with a
lower nutrient per diversity ratio. For this, we consider
that an environment with a higher amount of nutrients
but lower bacterial diversity might have more available
niches, which is one of the factors that facilitates inva-
sion (Hierro et al. 2005); (iii) environments with a
higher nutrient per diversity ratio will allow a better
plant growth promoting (PGP) effect. Finally, we
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presented a novel approach to visualize metagenomic
NGS results with the SIMPER test, focusing on dissim-
ilarities to a standard. This approach can be useful on
microbiology research, and it is one of our objectives to
explain it in detail so it can be reproduced.

Materials and methods
Field trials design, sampling and soil chemical analysis

Maize (Zea mays) plants (hybrid variety 30F53HY,
Pioneer) were subjected to a PGPB trial in three
different locations in Parana state, Brazil. The field
crops were sown in Londrina (L) (23° 17" 34" S, 51°
10’ 24" W), Marechal Candido Rondon (M) (24° 33’
24" S, 54° 3’ 24" W), and Ponta Grossa (P) (25° 00’
50" S, 50° 09’ 18” W). All of these locations have
climate classified as humid subtropical (Koppen cli-
mate classification Cfa). Inoculation treatments were
as follow: a non-inoculated control (treatment 1),
Azospirillum brasilense Ab-V5 (treatment 2)
(Hungria et al. 2010), Achromobacter sp. VC36
(treatment 3) (Arruda et al. 2013), Pseudomonas
sp. 4311 (treatment 4), and Pseudomonas sp. 4312
(treatment 5) (André Oliveira, personal communica-
tion). In order to simplify the nomenclature, we will
refer each treatment with the first letter of location
followed by the number of inoculated strain. For
example: when condition “L3” is cited, we mean
Achromobacter sp. VC36 (treatment 3) inoculation
on Londrina (L) location. Bacteria were grown in
liquid LB medium at 28 °C under agitation
(200 rpm) for 16 h. Twenty mL of inoculants cul-
tures containing 10° cells mL ™" were used per kg of
seeds. The seeds were exposed to the inoculant
twelve to twenty-four hours before sowing. All
treatments and controls received 30 kg hectare ' of
N fertilizer, and randomized blocks were composed
of 4 lines of 10 m (length) x 3.2 m (width) with
0.8 m spacing between each line, following The
Brazilian Ministry of Agriculture and Livestock reg-
ulations for bacterial inoculant testing. Fields were
sown between November 2012 and January 2013.
All of the inoculated strains were isolated from
maize in previous works. The A. brasilense Ab-V5
strain is a well-known PGP bacterium that displays a
high N,-fixing ability in vitro, is able to produce
indolic compounds, and had increased the contents

of some nutrients in the leaves and grains of maize
and wheat, as P, K and Cu, and increased the N
contents in the leaves of these crops (Hungria et al.
2010). The Achromobacter sp. VC36 strain is able
to produce indolic compounds and increased con-
tents of some nutrients in leaves and grains of maize
and wheat (Arruda et al. 2013). The two Pseudomo-
nas strains have 97% and 95% similarity with the
16 s tDNA gene of P. koreensis (for 4311 and 4312,
respectively). Both produce indolic compounds but
only strain 4312 is able to solubilize P (André
Oliveira, personal communication).

Ten days after plant emergence the rhizospheric soil
directly attached to the plant roots was scraped from
three independent plants and pooled to compose a com-
posite sample. Very young plants were sampled because
the effect of inoculation on rhizosphere community
composition might be transient or even undetectable
after some time (Castro-Sowinski et al. 2007;
Chowdhury et al. 2013), and also because PGP efficien-
cy prediction at this early stage could have an important
agricultural application. Two independent composite
samples (a and b) were used per treatment, allowing us
to include all three maize fields in our sequencing effort,
which was essential for the experimental design of this
collaborative project. Two additional independent com-
posite samples consisting of bulk soil were taken imme-
diately before planting to characterize the pre-planting
conditions. The bulk soil samples (treatment 0) were
also used for soil chemical analysis, using standard
methods (Sparks et al. 1996).

DNA extraction, amplification and sequencing

Rhizospheric and bulk soil DNAs were extracted
from 0.3 g of each soil sample using the Nucleo Spin
Soil™ kit (Macherey-Nagel). DNA amplification of
the V4 region of the bacterial 16S rRNA was per-
formed using the primers F515 and R806 (Caporaso
et al. 2011) and purified using MinElute (Qiagen).
The protocol for barcoded Illumina pyrosequencing
was described by Caporaso et al. (2011). TruSeq
DNA protocol (Illumina) was followed for library
preparation, starting with the end repair of the frag-
ments. Libraries were sequenced on the MiSeq se-
quencer (Illumina) with a read length of 2 X300 nt.
MiSeq Control Software v 2.3.0 was used for se-
quencing and MiSeq Reporter Software v 2.3.32 for
demultiplexing and generation of FASTQ files.
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Bioinformatics analyses

All sequence analyses were done using QIIME 1.8.0.
Read quality control was performed with the FastQC
tool, and merging of sequences was performed with the
paired end overlap tool, available at the Bioinformatics
Resource Facility of the CeBiTec computer cluster (Bie-
lefeld, Germany). QIIME defaults were used for filter-
ing of raw and merged Illumina data, OTUs picking and
clustering at 97% identity. Representative sequence
alignments were performed with the PyNAST tool,
and the greengenes database was used for comparisons
through the RDP classifier. The final OTU table was
generated in the BIOM format. All sequences are avail-
able at NCBI Accession number PRINA340246.

Statistical analysis

For analysis of metagenomes, OTUs under 200 occur-
rences were removed from the analysis. Read counts
were transformed to relative abundances to normalize
the number of valid reads, and then square-root trans-
formed. The SIMPER test produces direct comparisons
of 2 or more groups of samples, returning the dissimi-
larities each taxon is responsible for as percentages of
total dissimilarity. Here, SIMPER comparisons were
made with the 2 independent samples from the inocu-
lated treatments and the appropriate non-inoculated con-
trol from each location. The total SIMPER difference on
the treatment-control pairs was used as a proxy for
impact of invasion. Before using the SIMPER-PCA
approach, all taxa dissimilarities from the SIMPER test
were signal-transformed to show if each treatment had
more or less of a particular OTU than the appropriate
control (explained in supplementary material). The sig-
nal-transformed, Bray-Curtis based SIMPER dissimilar-
ities were then processed in a within-group PCA (Prin-
cipal Component Analysis), grouping per location.
Within-group PCA minimizes the differences between
groups, and was used to reduce the clustering by loca-
tion effect, highlighting the control-treatment differ-
ences. All tests were performed on Paleontological Sta-
tistics (PAST) software (Hammer et al. 2001).

Field trial crop yield was tested with randomized
block analysis of variance (ANOVA) for each location.
Fold increases in yield where calculated by dividing
each treatment yield by the average control yield for
each location. Crop yield was calculated considering
number of grains per stalk, 100 grain weight and grain
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humidity. Data from soil nutrient analysis (clay content,
P, K, Organic matter, Ca, Mg, S, Cu, B, and Mn) were
divided by the pre-planting Shannon diversity index of
respective soils. The Shannon index has been chosen as
it is considered appropriate to evaluate microbial taxo-
nomic diversity (Haegeman et al. 2013). These values
were then transformed to relative percentages per loca-
tion and averaged, generating a normalized nutrient per
diversity ratio. All correlations (nutrient per diversity
ratio, SIMPER values and crop yield) were calculated
with Pearson test.

Results

The maize field experiments consisted of one non-
inoculated control and four inoculated bacterial strains,
tested in three different locations in Parana state, Brazil.
Rhizospheric DNA extractions from two independent
biological replicates, taken 10 days after plant emer-
gence, were used for 16S rDNA sequencing.

Crop yield

Fold changes in grain yield due to the inoculation of the
four different strains in three different locations
depended on trial location. Randomized block ANOVA
shows that inoculation affected grain yield at location L
(»<0.001), but not at M (p=0.11) or P locations (p =

0.51) (Fig. 1). At Londrina location, inoculation of
maize plants with treatment 5 increased grain yield
compared to control by 37.4 +9.8%, while the inocula-
tion with treatments 2, 3 and 4 did not affect grain yield
significantly. Controls yielded 7.292 +521, 10.433 +

2.723, and 10.481+1.201 kg ha™! for locations L, M
and P, respectively.The full dataset regarding crop pro-
ductivity is available in Online Resource 1.

16S rRNA gene sequencing

Sequencing of amplicons from the V4 region of the
bacterial 16S rDNA with the MiSeq platform returned
12.1 million reads, with 5.6 million of unique sequences
clustered in 1.3 million OTUs. The 36 sequenced sam-
ples provided about 844 thousand singleton sequences,
composing 15.1% of sequences and 64% of OTUs.
Reads assembling was of 95 £ 4%, except for samples
P2b and M3b that resulted in only 37% and 50% as-
sembled reads, respectively. The average number of
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valid reads was 313,984, ranging from 49,623 (P2b) to
1,711,823 (M5a). Two samples (P4a and MOb) were
entirely removed from analysis because of a large dom-
inance (60 and 40%, respectively) of Shewanellaceae
sp., a marine bacterium associated to fish spoilage
(Satomi 2014).The presence of Shewanellaceae was
inconsistent with the replicates, and the samples were
standing as clear outliers on all tests even when all the
Shewanellaceae OTUs were removed (data not shown).
After cut-offs, a total of 6,457,333 reads distributed in
3179 OTUS was available for analysis. Total reads for
each taxon level can be found in Online Resource 2.

The most common phyla found was Proteobacteria
(39.32% of reads), followed by Actinobacteria
(30.69%), Firmicutes (12.83%), and Acidobacteria
(5.55%). Other phyla were less prevalent, together
amounting to 11.59% of the reads (Fig. S1). The three
different sampling locations could easily be discriminat-
ed at the phylum level, with Londrina showing a higher
proportion of Actinobacteria, Ponta Grossa showing
more Proteobacteria, and Marechal Candido Rondon
presenting more Firmicutes representatives.

Multivariate ordination and SIMPER tests

The Non-Metric Multidimensional Scaling (NMDS)
plot at the OTU level (Fig. 2) shows a clear clus-
tering according to location, but no patterns due to
the inoculation treatments were observed. Using the
Similarity Percentage (SIMPER) test, we quantified
the differences on community composition in each
treatment-control comparison, easily sorting taxas
that would be the most dissimilar (Clarke 1993).
The SIMPER value dissimilarity, a percentage of
the differences in taxa composition from the

ElmE2m3 =4 5

aaa:"ﬂia a aa
I 12°

Marechal
Candido Rondon

i

b b
bIbT

Londrina

Ponta Grossa

treatment-control pair, was used as an indicative
of the impact of inoculation, and thus as a snapshot
of the invasion process by the strain. Treatment L3
presented the highest SIMPER value at both Phyla
(34.68%) and OTU level (59.89%), while condition
P4 presented the lowest SIMPER value at Phyla
level (11.26%) and condition M4 the lowest SIM-
PER value at OTU level (26.96%) (Fig. S2). The
highest SIMPER values were not always presented
by the same inoculant, suggesting that the extent of
their impact on the environment depends on the
local community. There were no correlations be-
tween SIMPER dissimilarities and increases in
grain yield due to inoculation (Fig. 3), rejecting
one of our hypothesis. The OTUs that were most
impacted by inoculation belong to the Bacillus,
Burkholderia, Pseudomonas, and Pseudonocardia
genera, and also to the Enterobacteriaceae family
(Online Resource 3).

Multivariate ordination on SIMPER tests

As the intensity of the changes in the bacterial
rhizospheric community could not explain differences
regarding productivity and PGP efficiency (Fig. 3), we
considered that the identities of these changes might
explain such differences. However, as it was difficult to
extract meaningful information from such results (On-
line Resource 4) due to the multiple experimental factors
and taxa, we devised the SIMPER-Principal Component
Analysis (PCA) plot (Fig. 4) to facilitate such analysis.
The SIMPER-PCA plot does not show the composition
of the communities such as the NMDS (Fig. 2), but
instead it shows the differences each inoculant has to its
appropriate controls. Strictly speaking, it simply shows
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Fig. 2 Non-Metrical Multidimensional Scaling (NMDS) of
OTUs based on Bray-Curtis distance. The three different sampling
locations clustered together while the five different inoculation
treatments did not group. Different colors show samples from
different locations: dark grey =Londrina (L); light grey = Ponta
Grossa (P); black = Marechal Candido Rondon (M). Empty

the data from Online Resources 3 and 4 in a more
graphical way. As a regular PCA, it shows linear corre-
lations drawn from eigenvalues and eigenvectors of a
covariance matrix. Figure 4 shows the SIMPER-PCA
results at OTU level. Treatments L2, L4, and L5 from
Londrina location clustered very closely, showing that
most differences to control were associated to the

100
90
80
70
60

50
© Toge—2
30 [ |

O R2=0.1288
20 p=0.273
10

0

SIMPER OTU (% difference to control)

0.95 1.05 1.15 1.25 1.35 1.45

Average grain yield (fold differences to control)

Fig. 3 Fold changes in average crop yield due to inoculation
correlated to average treatment-control SIMPER dissimilarities at
OTU level. R? and p values of the correlation are shown next to
regression line, and the dashed line represents non-inoculated
control yield. Different colors show samples from different loca-
tions: dark grey =Londrina; light grey = Ponta Grossa; black =
Marechal Candido Rondon; full circle = Azospirillum brasilense
Ab-V5; empty circle = Achromobacter sp. VC36; empty square =
Pseudomonas sp. 4311; and full square = Pseudomonas sp. 4312
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Coordinate 1

triangle = bulk soil from pre-planting condition (0); X = non-inoc-
ulated control (1); full circle = Azospirillum brasilense Ab-VS5 (2);
empty circle = Achromobacter sp. VC36 (3); empty square =
Pseudomonas sp. 4311 (4); and full square = Pseudomonas sp.
4312 (5). a = first replicate; b = second replicate

presence of Comamonadaceae family OTU representa-
tives. Treatment L3, however, had different dissimilar-
ities to the control at Londrina, mostly associated to the
presence of Burkholderia and Enterobactereaceae OTU
representatives. Conditions P2, P3, and P5 from Ponta
Grossa location also clustered together, with differences
more associated to the presence of Betaproteobacteria,
Pseudonocardia, and Micrococcaceae OTU representa-
tives, and the absence of Enterobacteriaceae representa-
tives. Treatment P4, however, also had a different set of
differences, more highly associated to the presence of a
Pseudomonas sp. OTU. In the sense of impacting the
environment in a different manner than other inoculants
at the same location, condition P4 is similar to L3, but
with a lower SIMPER value (38.03%). Although data
points from Marechal Candido Rondon location were
more closely clustered than those from other locations,
conditions M2 and M5 were separated from conditions
M3 and M4 by the 2° Principal Component (PC). All this
information can also be extracted from Online Resource
4, but it is much more difficult to notice such correlations
and associations analyzing data from that Table directly.

Although the dataset was better explored with the
SIMPER-PCA plot, changes in the identities of the
bacterial rhizospheric community due to invasion could
not explain PGP efficiency. Treatment LS, that had
remarkable PGP efficiency, had no remarkable
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Fig.4 SIMPER-PCA approach based on OTU taxa level showing
differences in treatment-control pairs. In this plot, a cluster of
samples present a similar set of differences compared to the
control, while a sample far from the cluster have a different set
of differences to the control. Each line represents an OTU, with
dark grey explaining more variance than the light grey lines.
Objects plotted in the direction of the lines presented more repre-
sentatives of those particular taxa than the control, and those in the

positioning in the plot or association to taxa dissimilar-
ities in this plot.

Analysis of pre-planting conditions

Soil chemical and nutrient analysis for each soil sam-
pling at pre-planting condition and the nutrient per
diversity ratio, are shown in Table 1. The nutrient per
diversity ratio, compared to SIMPER values (both at
OUT level), is shown on Fig. 5. It is clear that there was
no correlation, suggesting that higher control-treatment
SIMPER differences, our measure of inoculant invasion
impact, are independent of the nutrient per diversity
ratio. Similarly, the pre-planting nutrient per diversity
ratio was not correlated to fold increases in grain yield
due to inoculation (Fig. 6).

The SIMPER analysis was also used on pre-planting
conditions at OTU level (Online Resource 5), using
Londrina as a standard compared to Marechal Candido
Rondon and Ponta Grossa locations (39.05% and
38.43% dissimilarity, respectively). The 20 most dissim-
ilar OTUs from both comparisons showed that Londrina
had more Actinobacteria representatives, especially

Pseudomonas sp

= 05— Solirubrobacteraceae
% Comamonadaceae
L5

2.4
P4

32.99 %

opposite direction of the line presented less representatives of that
taxa than the non-inoculated control. Different colors show sam-
ples from different locations: dark grey =Londrina (L); light
grey = Ponta Grossa (P); black = Marechal Candido Rondon (M);
full circle = Azospirillum brasilense Ab-V5 (2); empty circle =
Achromobacter sp. VC36 (3); empty square = Pseudomonas sp.
4311 (4); and full square = Pseudomonas sp. 4312 (5)

from the Thermoleophilia Class, and less representa-
tives of the Bacillaceae family.

Discussion

The SIMPER-PCA approach: Visualizing
control-treatment dissimilarities

The clustering of the OTUs by location observed in
NMDS (Fig. 2) was largely expected, as geographic
distance is one of the key limiting factors for bacterial
composition in different environments (Hanson et al.
2012). Although we cannot take more conclusions from
these plots with our experimental design due to the
straightforwardness of clustering per community identi-
ty, the SIMPER results (Online Resource 3) provide an
extensive description of the treatment-control differ-
ences, which could be correlated to PGP effectiveness.
Several publications, including studies of invasions,
reported combined analysis of the tabled SIMPER re-
sults and ordination methods or permutation tests
(Kassen et al. 2000; Forrest and Taylor 2002; Rees

@ Springer



Plant Soil

Table 1 Pre-planting (0) soil chemical characterization, nutrients, and Shannon diversity for raw values (top), raw nutrient per diversity

ratios (middle) and normalized nutrient per diversity ratios (bottom)

Location Clay OM P K Ca Mg S

% mg.dm-> (nmolc.dm-)
Lo 59 33 6.4 339 6.7 2 11
MO 6 32 11 173 5 2.6 25
PO 22 7.2 7.9 292 53 3.6 15
Location  Soil Nutrients / Shannon
LO 1.00 056 1.08 5754 1.13 034 1.86
MO 096 051 176 27.68 0.80 041 4.00
PO 036 120 132 4885 088 0.60 2.50
Location = Normalized soil nutrient / Shannon (relative percentages)
LO 043 024 026 042 040 025 022
MO 041 022 042 020 028 030 047
PO 0.15 052 031 036 031 044 030

Zn Cu B Mn pH  Shannon diversity (OTU)
32 13 0.5 30 57 5.891
0.9 4.1 0.7 25 54 625
4.1 0.4 0.4 7 6.1 59775
054 220 0.08 509 -
0.14 0.65 0.11 4.00 -
068 0.06 0.06 1.17 -
Average per location
(nutrient per diversity ratio)
039 075 032 049 - 0.383
010 022 042 039 - 0.316
050 0.02 025 o011 - 0.301

et al. 2004; Mills et al. 2006; Margherita and Osborne
2009; Thomas et al. 2012; Gitipour et al. 2013; Wilkins
et al. 2013; Stevens and Olson 2013; Wang et al. 2014;
Purcell et al. 2014; Freedman et al. 2015). However, to
the best of our knowledge, this is the first attempt to
visualize SIMPER results on ordination methods.

The SIMPER-PCA approach (Fig. 4) facilitated the
interpretation of the SIMPER results (Online Resources
3 and 4), and allowed formulating new hypotheses that
were not evident on NMDS (Fig. 2). Since this approach
can visualize the difference related to a defined standard

~
o

R?=0.008
p=0.09

D
o

w
o

]
o

i

N
o

SIMPER OTU (% difference to control)
[ w
S o

0
0.200 0.250 0.300 0.350 0.400 0.450

Nutrient per diversity ratio (normalized)

0.500
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(such as the control), potentially it may be applied to a
large number of studies that rely on cluster analysis from
ordination methods. Three issues must be addressed to
apply this approach: (i) the SIMPER test is based on the
Bray-Curtis distance, so for consistency it is appropriate
to use this distance on other tests (such as ANOSIM,
PERMANOVA or NMDS) (Wang et al. 2014); (ii) Taxa
frequency should be square root transformed to adjust
for weights of dominant taxa (Clarke and Warwick
2001); and (iii) the SIMPER dissimilarities per taxa

0.500
R?=0.211
0.450 p=0.13
0.400

0.350

B Oe

(normalized)

0.300

Nutrient per diversity ratio

0.250

0.200

0.95 1.05 1.15 1.25 1.35

Average crop yield (fold differences to control)

1.45

Fig. 6 Fold changes in average crop yield due to inoculation
correlated to nutrient per diversity ratio at OTU level. R and
p values of the correlation are shown next to regression line, and
the dashed line represents non-inoculated control yield. Different
colors show samples from different locations: dark grey =
Londrina; light grey =Ponta Grossa; black = Marechal Candido
Rondon; full circle = Azospirillum brasilense Ab-V5; empty cir-
cle = Achromobacter sp. VC36; empty square = Pseudomonas sp.
4311; and full square = Pseudomonas sp. 4312
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must be multiplied by —1 when the average taxa abun-
dance of the treatment is smaller than that of standard.
This is further explained in Supplementary Information.

The SIMPER data could potentially be used on other
ordination methods. Categorical Principal Component
Analysis (CatPCA) can evaluate non-linear correlations
with ordinal and nominal data (Linting et al. 2007); and
Canonical Correspondence Analysis (CCA) can include
explanatory environmental variables (Ramette 2007) —
or even use the SIMPER data as the explanatory vari-
ables. Care must be taken to avoid constructing dissim-
ilarity plots based on the dissimilarity data, like a Bray-
Curtis NMDS with the SIMPER data, because such
approach will generate artifacts (Fig. S3). Applying
our approach, the control samples will not appear on
the SIMPER-PCA plot, as they are used as the standard.

Impact on community does not predict PGP
effectiveness

The observed phyla distribution (Fig. S1) was typical for
rhizospheric soil (Berg et al. 2013), so we can assume
that the bacterial community composition was not un-
usual. The impact of inoculation on the rhizospheric
native bacterial community has already been studied to
some detail (Gilbert et al. 1996; Ambrosini et al. 2016).
This impact, and also PGP effectiveness, is known to
depend on many factors (Castro-Sowinski et al. 2007;
Owen et al. 2015). Evaluation of invasion ability as
observable community impact has also already been
considered (Parker et al. 1999), but, to the best of our
knowledge, SIMPER differences have not been used to
measure invasion impact.

Based on the SIMPER-PCA approach (Fig. 4), it can
be observed that no single inoculant induced the same
set of changes in the different locations, which would
characterize a consistent invasion effect. Also, based on
the SIMPER-PCA approach, we raised the hypothesis
that treatment L3 would have a higher agronomical
productivity, since it was the treatment with the highest
SIMPER value and also had a different set of differences
from the other inoculants at the same location. Since
treatment P4 also had a different set of alterations to
control when compared to other inoculation treatments
at the same location, we raised the hypothesis that
treatment P4 could also have a higher productivity,
compared to treatments in the same location. Finally,
since the samples from Marechal Candido Rondon lo-
cation were divided by the 2° PC, we raised the third

hypothesis that this division would be also noticed on
agronomical productivity.

None of the three hypotheses mentioned above was
supported by field data, as can be seen on Fig. 1. Only
treatment L5 had a significant plant growth promotion
effect, and it showed no remarkable features on the
SIMPER-PCA plot. This suggests that unique changes
in the bacterial rhizospheric communities due to inocu-
lation were not associated to grain yield. Likewise,
higher SIMPER values also did not correlate to higher
grain yield by inoculation, as seen on Fig. 3. While it can
be concluded that the inoculant that caused the highest
impact was not the best PGPB, we must also consider
that the invasion impact measurement in this work, the
SIMPER differences in control-treatment pairs, is
oversimplified. There is much active research on the
traits of invasive species and definitions of invisibility
(Davis et al. 2000; Davis and Pelsor 2001), that could be
applied to microbiological invasions, but were not ex-
plored here. It is also possible that all strains used as
inoculants had very poor survival in the fields,
preventing them from exerting more detectable impacts
in the community; this would explain why we could not
detect their genera in larger proportions in the NGS data
(Online Resource 2). In addition, crop yield improve-
ments of inoculant 5 at Londrina, but not at other loca-
tions, are not enough evidence to support inoculant 5 as
an efficient PGP in this work.

More accessible niches do not predict PGP efficiency,
but specific antagonists may play a role

Our expectation was that a higher nutrient per diver-
sity ratio, which represent more available niches,
could facilitate inoculant survival, plant colonization
or display PGP traits due to a lower competition in
the rhizosphere (Compant et al. 2010), inducing a
higher crop yield. However, there were no correla-
tions between the pre-planting nutrient per diversity
ratio and higher SIMPER values or improved crop
yield (Fig. 6). This suggests that this ratio, as ob-
tained in this work, is not enough to predict inocu-
lant invasion impact or PGP efficiency. However,
our data is not sufficient to suggest that inoculant
addition in field trials will not be subjected to niche
and nutrient competitions constrains. The results that
we observed could be due to the fact that the inoc-
ulants were not very effective in promoting plant
growth overall, that native communities were well
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adapted and prevented invasion (Mallon et al. 2015),
or that existing biological effects were too subtle to
be detected with our sampling design.

Nonetheless, the Londrina location had the highest
nutrient per diversity ratio and was the single location
with PGP efficiency. Since we could see that these var-
iables are not correlated, another factor should be respon-
sible for this effect. The known PGP abilities of the
Pseudomonas sp. 4312 strain (production of indolic
compounds and P solubilization) are unlikely to be suf-
ficient for this effect. Strains 2 and 3 also present indolic
compounds production and P solubilization abilities, and
if such abilities were enough to provide improved crop
yield, it would be observable in other locations. Net-
works of microbial species can easily affect bacteria
survival and activity (Zelezniak et al. 2015), so interac-
tions of the inoculant with the local community should
have played a key role on PGP effectiveness. With the
SIMPER approach on pre-planting soils using Londrina
as a standard (Online Resource 5), we could argue that
the higher abundance of Actinobacteria from the
Thermoleophilia Class facilitated the display of plant
growth promotion by L5. Alternatively, (or in addition
to) it was the lower abundance of Bacillales that facili-
tated the plant growth effect, as it might have been acting
as a specific antagonist to the inoculant. Both
Actinobacteria and Bacillus can act as antagonist in soils
and produce antibiotics (van Elsas et al. 2012), so they
have the potential to largely influence rhizosphere inter-
actions. These synergic or antagonistic effects to inocu-
lant 5 (Pseudomonas sp. 4312) could be tested in green-
house trials, by enriching or suppressing these taxa.
While supported by the literature, limitation in our sam-
ple size limits the confidence we have to propose such
interactions, making additional tests necessary to provide
sufficient evidence for our suggestions.

Conclusions

With the results obtained in this work, the hypothesis
that the most impacting invader would be the best PGPB
was rejected. Inoculant invasion impact, measured as
dissimilarity of the inoculated treatments compared to
the control, was not correlated to an effective PGP effect
or to more invasible conditions. The pre-planting nutri-
ent per diversity ratio was unable to predict PGP field
efficiency or invasion impact. Thus, we were unable to
predict PGP efficiency by sampling very young plants
and pre-planting soils. We conclude that our invasion
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ecology approach could not anticipate field results of
inoculated plants. Despite rejecting our hypothesis, we
provide full raw data and extensive details of our statis-
tical approach, which might be useful for other authors
interested in focusing on treatment-control differences.

We urge that more attention is given to microbial
communities before planting, especially with NGS
tools. If the microbial community is to be manipulated
by inoculation, its structure cannot be ignored. Consid-
ering that NGS costs are reducing drastically over time,
and food prices and the need for food production in-
crease over time, NGS might be a standard tool for
farmers within less than 30 years. Just like today farmers
take pH measurements of their soils to calculate the right
inputs for optimal productivity, they could use NGS at
pre-planting stages or before addition of inputs to cal-
culate the proper microbial management strategy. This
would be a clear, long term goal that could help direct
applied research in the area.
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