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Abstract “Masseiras” is an ancient Portuguese
agriculture system, where soil was developed from
sand dunes enriched with seaweeds over more than a
century. Due to the importance for the local economy,
this system evolved for greenhouse structures. In this
study we compared the bacterial community compo-
sition and structure of “Masseiras” soil, aiming at
assessing the potential impact of different agricultural
practices. The bulk soil of two greenhouses (following
or not the recommended agriculture good practices,
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FGP and NFGP, respectively) was compared based on
their physicochemical properties and bacterial com-
munity. In both FGP and NFGP, Proteobacteria,
Acidobacteria, Actinobacteria, Bacteroidetes, Firmi-
cutes, and Gemmatimonadetes were in a proportion of
5:1:1:1:1:1. However, the bacterial community of soil
FGP was richer and more diverse than that of soil
NFGP. Members of the classes Bacilli and Gemm-1,
with higher relative abundance in NFGP and FGP,
respectively, were those contributing most for distin-
guishing the bacterial communities of both soils. The
differences in the structure of the bacterial communi-
ties correlated (Mantel test) with some soil physico-
chemical properties, such as electrical conductivity
and nitrate and Zn contents, which were significantly
higher in soil NFGP than in soil FGP.

Keywords Agriculture - Pyrosequencing - Sand -
Horticultural crops - PCoA - Bacterial community
analysis

Introduction

“Masseiras” fields are ancient and unique agriculture
systems developed at the end of the XIX century in the
Northwest coast region of Portugal. These systems
were manually constructed in dug sand dunes, and
protected from the wind by cultures such as vineyards.
Soils became enriched in organic matter by using
seaweed-based soil amendments. Over the last three
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decades, this mode of intensive production evolved
and the natural wind protection system was substituted
by simple plastic greenhouse structures, while sea-
weed-based amendment was gradually replaced by
synthetic fertilizers (Fonseca 2010; Melo et al. 2012).
Yet, the intensive horticultural production of tomato,
lettuce, pepper, cucumber or melons is still a common
practice, involving the use of biological or chemical
fertilization and pest control (Melo et al. 2012). This
production system offers high yields, being an impor-
tant supplier of agricultural produce for local and
foreign markets and contributing to increase the
income of farmers. Although today the roots of the
original ancient system production can still be wit-
nessed, the agriculture practices differ among farmers,
from highly sustainable procedures to erratic soil
amendments. As a consequence, there are risks of soil
deterioration, in particular due to intensive fertiliza-
tion and soil salinization. Soils under intensive
agriculture production are known to be subjected to
strong human impacts, where land management
practices have significant and long-lasting effects on
physicochemical soil properties (e.g., Bronick and Lal
2005; Knops and Tilman 2000; van Diepeningen et al.
2006), and also on bacterial communities (Buckley
and Schmidt 2003; Lopes et al. 2014, 2015). Two
important drivers of properties of agricultural soils
include the parent materials, i.e. the initial geological
elements that by weathering originate a particular soil,
and the history of cultivation and management
(Acosta-Martinez et al. 2010; Ulrich and Becker
2006). In addition, soil properties are strongly depen-
dent on soil microbiome composition and structure
due to their role in soil biochemistry (Gadd 2010;
Huang et al. 2014; Oehl et al. 2001) and soil
aggregation (Bronick and Lal 2005; Mager and
Thomas 2011), among others. However, soil micro-
biome can be also influenced by properties such as pH,
organic carbon content, total nitrogen, minerals or
salinity (Fierer and Jackson 2006; Gadd 2010; Lauber
et al. 2009). The particular nature of Masseiras fields
suggested that it could hold a unique bacteriome. A
hypothesis that was behind the current study was that
agriculture practices that do not follow recommended
guidelines may contribute to disturb such a unique
microbiome. This hypothesis is supported by previous
descriptions, made for other microbiomes (Figuerola
et al. 2012). Also aware of the importance of an
adequate soil management, the European Union
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Common Agricultural Policy (CAP) guidelines were
created with the aim of sustaining the balance between
the conservation of the natural environment and
farming practices. These guidelines aim to mitigate
the adverse impacts that farming may have on natural
resources (pollution of soil, water and air; fragmen-
tation of habitats and loss of wildlife) and, thus, on the
farming sustainability =~ Monitoring  Agriculture
ResourceS (MARS) 2015 (http://ec.europa.eu/
agriculture/envir/index_en.htm). To test our hypothe-
sis, two Masseiras greenhouses differing in the
implementation and compliance with the recom-
mended good practices were selected for this study.
The aim was to assess whether the adoption of non-
recommended practices would be noticeable in the
bacteriome of these Masseiras soils, by comparing soil
physicochemical properties and bacterial community
structure.

Materials and methods
Site description and sampling

Soil samples were collected from two private Mas-
seiras-type greenhouses (FGP and NFGP) located in
Northwest Portugal (41°25’'N; 8°45'W). In both
greenhouses it is practiced conventional agriculture,
although both differ in the frequency, doses, rotation
and sequence of phytochemicals used. In greenhouse
FGP (ca. 60 x 8 m), the recommended procedures for
soil amendments (manure, mushroom growing sub-
strates, N-P—K fertilizers) and pest control (biological
insect control and fungicides) are in compliance with
the Good Agricultural and Environmental Practices
(i.e. supplying of nutritional compounds based on a
previous professional assessment of the requirements
of the crops versus their availability in soil through
periodic analysis of the soil physicochemical param-
eters; minimize the use of synthetic plant protection
products, which, when necessary, are supplied accord-
ing to recommended guidelines and adequate for the
horticultural sector in the region) (https://marswiki.
jrc.ec.europa.eu/wikicap/index.php/Main_Page). In
contrast, in greenhouse NFGP (ca. 50 x 10 m), these
good practices were not observed, being the nutritional
and phytosanitary compounds supplied on the basis of
trial-and-error methods. In greenhouse FGP different
crops (i.e. tomato, lettuce, etc.) are rotated in
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monoculture. In greenhouse NFGP distinct crops are
grown in different windrows (polyculture). These
greenhouses were selected because among those giv-
ing permission for sampling i) they differed in the
management practices and ii) at the sampling period
were being cultivated with the same crop. Samples
were collected in the area dedicated to tomato (Sola-
num lycopersicum L.) crops. In each greenhouse three
composite samples were collected from three different
windrows at 20th July of 2014. Each composite sam-
ple consisted of six individual bulk soil cores collected
from the upper 0-30 cm of a given windrow at inter-
vals of ca. 2 m, pooled and homogenized.

Soil samples were characterised for physicochem-
ical properties (pHy»0, pHkcl, electrical conductivity,
organic matter, humic substances and water-ex-
tractable (relation of 1:5 w/v) and nutrients content
at the Laboratério de Solos e Plantas from the
University of Tras-os-Montes. Soil texture was deter-
mined according to Guitian Ojea and Carballas (1976).
Heavy metals content (Cd, Cr, Cd, Ni, Pb and Zn) were
analysed by flame atomic absorption spectrophotom-
etry (AAS) (Perkin Elmer Atomic Absorption Spec-
trophotometer) after sample digestion with aqua regia
(mixture of 65% nitric acid and 37% hydrochloric acid
in a ratio of 1:3), followed by filtration. The exchange-
able fraction was performed using the first step of the
BCR (Community Bureau of Reference) extraction
procedure (Rauret et al. 2000), as follows: 1 g of dry
soil was introduced into a polypropylene centrifuge
tube containing 40 mL of 0.11 M CH;COOH and then
shaken for 16 h at room temperature. The aqueous
phase, corresponding to the acid soluble/exchangeable
fraction, was separated by centrifugation at 3000 rpm
for 20 min. Exchangeable metals (Cd, Cr, Cd, Ni, Pb
and Zn) were determined by AAS as described above.

Enumeration of bacteria and DNA extraction

In order to determine the load of bacteria in each
sampled soil and not only the bacterial diversity and
composition, the abundance of bacteria was estimated
based on culture-dependent and 16S rRNA gene-based
quantitative PCR (qPCR) methods. Fast growing
cultivable microorganisms were enumerated based
on the membrane filtration method as described by
Lopes et al. (2011). Briefly, 5 g of soil was suspended
in 45ml of a sterile solution of sodium

hexametaphosphate (1%, w/v) and stirred for 30 min.
Serial dilutions of the soil suspensions were filtered
through cellulose nitrate membranes (0.22 pm pore
size, 47 mm membrane, Sartorius Stedim Biotech,
Goettingen, Germany), which were placed onto Plate
Count Agar (Merck) and incubated 3 days at 30 °C.
Data from triplicates was expressed as colony forming
units (CFU) per g of dry soil (oven dried at 105 °C).

Total DNA was extracted from each composite
sample using the Power Soil’™ DNA Isolation Kit
(MO BIO) as described before (Lopes et al. 2011).
DNA extracts were stored at —20 °C until further
analysis. Quantification of the 16S rRNA gene was
performed through qPCR (StepOne™ Real-Time
PCR System; Life Technologies, USA) using the
primers 1114F (CGGCAACGAGCGCAACCC) and
1275R  (CCATTGTAGCACGTGTGTAGCC) as
described by Sousa et al. (2016). Briefly, a standard
curve was prepared using serial ten-fold dilutions of
genomic DNA of Escherichia coli ATCC 25992
extracted with QIAamp DNA Stool Kit (QIAGEN,
The Netherlands). The amplification conditions were
as follows: 95 °C for 10 min (1 cycle); 95 °C for 15 s,
55 °C for 20 s and 72 °C for 10 s (35 cycles). Melting
curves at increments of 0.3 °C from 60 to 95 °C were
used to assess the homogeneity of the amplification.
Under these conditions, the limit of quantification was
385 gene copies, and 100% efficiency was achieved.
Results were analysed using the StepOneTM v.2.3
software (Life Technologies). Data from triplicates
was expressed as copy number of 16S rRNA gene per
g of dry soil.

Bacterial community analysis

Bacterial community analyses were performed using
454-pyrosequencing, targeting the hypervariable
region V3/V4 of the 16S rRNA gene, using fusion
primers containing the Roche-454 A and B Titanium
sequencing adapters and an eight-base barcode
sequence in fusion primer B (V3F—5'-ACTCCTA
CGGGAGGCAG-3' and V4R 5'-TACNVRRGTHTC
TAATYC-3’; Wang and Qian 2009). PCR reactions
were performed as previously described (Lopes et al.
2014). Electrophoresis of the PCR products was
undertaken in a 1% (w/v) agarose gel and the
~525 bp amplified fragments were purified using
AMPure XP beads (Agencourt, Beckman Coulter,
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USA) according to manufacturer’s instructions. The
amplified DNA was quantified by fluorimetry with
PicoGreen dsDNA quantitation kit (Invitrogen, Life
Technologies, Carlsbad, California, USA), pooled at
equimolar concentrations and sequenced with GS 454
FLX Titanium chemistry, according to manufacturer’s
instructions (Roche, 454 Life Sciences, Brandford,
CT, USA) at Genoinseq (Cantanhede, Portugal). The
raw reads have been deposited into the NCBI short-
reads archive database (accession number:
SAMNO5196279-SAMNO05196284).

Sequences were assigned to samples by the 8-bp
barcode using QIIME pipeline (Caporaso et al. 2010b)
and sequences shorter than 300 bp, with quality scores
lower than 25 and with more than 1 undetermined base
were eliminated. Chimeric sequences were identified
and removed using USEARCH v6.0 (Edgar et al. 2011).
Free-chimeric sequences were further grouped into
operational taxonomic units (OTUs) using UCLUST
(Edgar 2010) with a phylotype threshold of >97%
sequence identity and were taxonomically assigned
using QIIME defaults. Sequences of each OTU were
aligned using PYNAST (Caporaso et al. 2010a) and were
classified at the 97% identity level using Ribosomal
Database Project (RDP) classifier (Wang et al. 2007)
trained on the GreenGenes 16S rRNA database (v13_8
release) (DeSantis et al. 2006). After excluding the
sequences not assigned to the domain Bacteria (about
0.5% of the sequences), a total of 47392 high-quality
sequences were obtained, distributed in 6064 OTUs.
From those, 3400 OTUs were represented by more than
one sequence. OTUs represented by only one sequence
(singletons) were excluded from further analysis. Since
a variable number of sequences per library (sample) was
obtained, the number of sequences per sample was
normalized according to the smallest library (3040
sequences). Alpha diversity metrics including Shannon
index, phylogenetic diversity (PD) whole tree, number
of OTUs, and Simpson index were calculated after
normalization according to smallest library (3040
sequences) (Faith 1992; Shannon and Weaver 1963;
Simpson 1949). Beta diversity patterns were assessed
using the weighted UniFrac metric (Lozupone and
Knight 2005), which considers both the abundance and
phylogenetic distance of each OTU, and the results
presented as Principal Coordinate Analysis (PCoA)
biplot that defined the position of the bacterial groups
contributing most to the variations among the six
datasets analysed.
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Statistical analysis

Differences between soil physicochemical properties,
bacterial abundance and alpha-diversity metrics were
achieved by the Student’s ¢ test for independent means
using the SPSS software (version 20.0, IBM Software,
Chicago, Illinois). Differences of bacterial taxon
relative abundance between soils were achieved using
a pairwise z-test with the Storey FDR correction for
multiple comparisons as implemented in the STAMP
software v.2.1.3 (Park et al. 2014). Cohen’s d effect
size (Ellis 2010), used to indicate the standardized
difference between the two means, was calculated
using the Microsoft Excel spreadsheet. Relationships
between soil physicochemical properties and bacterial
communities were evaluated through the Mantel test
(999 iterations), calculated upon the OTU weigthed
Unifrac distance matrix and the distance matrix of
each physicochemical parameter, obtained using the
QIIME pipeline. Significance of the clusters observed
in PCoA was assessed through Adonis test (permuta-
tional multivariate non-parametric analysis of vari-
ance) as implemented in QIIME software (Anderson
2001).

Results

Soil physicochemical properties, soil metal
content and bacterial abundance

Most of the physicochemical parameters of soil NFGP
were significantly different (p < 0.05) of those of soil
FGP (Table 1). Specifically, soil NFGP presented
significantly (p < 0.05) lower pH, and sixfold and
threefold higher NO; content and electrical conductivity
than soil FGP, respectively. Accordingly, soil NFGP
had higher content of soluble ions, such as Ca**, Mg**
(fourfold higher) and K* (1.5-fold higher) than FGP
soil. In addition, the total metal content was significantly
higher in soil NFGP than in FGP, except in the case of
Ni. In the analysis of the fraction of exchangeable
metals, only Zn was detected (6.4 & 0.8 mg kg™ in
FGP and 15.0 &+ 1.3 mg kg~' in NFGP), while the
others were below detection limit (Cu<2.0 mg kg~ ";Ni
<03 mgkg ' Cr <23 mg kg '; Cd <0.3 mg kg™ ";
Pb <3.7mgkg™"). In contrast, the abundance of
cultivable heterotrophic bacteria and the copy number
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Table 1 Soil

FGP NFGP Mantel correlation
physicochemical properties
bacterial abundfmce and Physicochemical properties
bMeigvféncgzr:tl::;;ns Soil texture Sand Loamy sand 0.999*
community structure and PHi20 75 +0.0° 7.0 £0.1° 0.795%
environmental variables pHkci 7.1 +£0.1* 6.3 +0.3° 0.989%*
OM (%) 1.8 £ 0.3" 24 402° 0.479*
Humic substances (g kg™") 43 £0.7% 32 +02° 0.235
EC (dSm™") 0.32 £ 0.10* 0.86 £ 0.26" 0.713%
SAR 6.0 + 0.2° 7.0 + 4.0° —0.140
N content (mg kg_l)
N-NH, 54 2% 7+ 5% 0.048
N-NO; 25 +£ 5% 165 £ 32° 0.845%
Soluble cations (mg kg™")
Ca 127 + 39* 517 + 76° 0.791*
Mg 40 £+ 122 152 + 18° 0.746%*
Na 300 + 48° 720 + 461° 0.180
K 250 + 44° 377 £ 93° 0.577*
P 17 +1* 20 + 1* 0.515
Different letters indicate Total metals (mg kg_l) b
statistically significant Cr 6.6 + 0.2° 221+ 1.3 0.788*
differences between soils Cu 323 £22°% 47.8 + 0.4° 0.696
(p <0.05) Ni 42 £02° 4.6 £ 0.4° 0.053
OM organic matter, EC Pb 57+£03° 184 £ 0.6” 0.776
:})Ziﬁga;bcs‘;ﬁgzﬁv:gé’SAR Zn 497 £ 7.1° 943 £ 97" 0.882%
N nitrogen Exchangeable Zn (mg kg™") 6.4 + 0.8 150 + 1.3° 0.908%*
Significant Mantel Bacterial abundance
correlations are indicated Heterotrophs (log CFU g™ ') 7.5 +0.1° 7.5 +£0.1° —0.209
with asterisks, * <0.05 and 16S rRNA gene (log copy g~ ) 9.6+ 0.1° 9.5+ 0.0° —0.208

** <0.01

of 16S rRNA gene per g of dry soil was similar in both
greenhouse soils (Table 1).

Bacterial community structure and composition

After normalization, a total of 18,240 sequences were
obtained (3040 sequences per library), corresponding

Table 2 Alpha diversity metrics of bacterial 16S rRNA gene
fragment sequences in soil samples (n = 3) analysed by
454-pyrosequencing

FGP NFGP
No. OTUs 1121 + 122 1032 + 6°
Chaol 1920 + 4 1748 + 45°
Shannon index 9.37 £+ 0.06* 9.04 + 0.03°

to 2908 OTUs (Table 2). Out of these, 1340 OTUs
were observed in both soils, and 174 OTUs were
present in all the six libraries analysed. The relative
abundance (number of the sequences per OTU/total
number of normalized sequences) of these 174 core
OTUs was similar for both soils (44.2 and 40.3% for
soils NFGP and FGP, respectively).

The bacterial communities in both soils were
represented by sequences affiliated to 34 phyla, 10
of which with relative abundances >1%. In both FGP

0.995 + 0.000"

Simpson index 0.997 + 0.000*

PD 93.3 £ 0.9° 87.5 + 1.1°

Different letters indicate statistically significant differences
between soils (p < 0.05)

OTUs operational taxonomic units, PD phylogenetic diversity

and NFGP, Proteobacteria was the most abundant
phylum (average of about 51%) and Alphaproteobac-
teria was the dominant class (average of 23 and 26% in

@ Springer



670

Antonie van Leeuwenhoek (2017) 110:665-676

100

90

80

70

60

50

40

30

Relative abundance (% of sequences)

10

100

90 1

Relative abundance (% of sequences)

20 1

.
T

80
70
60
50
40 -
30 1
20

10 1

3
"

4

G

=

S |
' mn
~'ml e
SIEE
e R

[ .I!

FGP

NFGP

Classes Phyla

M PRR-12 | ws3

B Gammaproteobacteria
Deltaproteobacte;.*la Proteobacteria
Betaproteobacteria
Alphaproteobacteria

W Nitrospira | Nitrospirae

B Gemmatimonadetes

B Gemm-5 .

B Gemm-2 Gemmatimonadetes

B Gemm-1

W Bacilli Firmicutes
Anaerolineae Chloroflexi

o Cyrop hag}a Bacteroidetes
[Saprospirae)

B Thermoleophilia

W Actinobacteria Actinobacteria

Acidimicrobiia

W Sva0725

B Solibacteres

M Acidobacteria-6
[Chioracidobacteria)

1 Other classes with abundance < 1%
Unclassified at the class level

Acidobacteria

Families Classes
W Xanthomonadaceae
B Sinobacteraceae
m Piscirickettsiaceae
Pseudomonadaceae
m Syntrophobacteraceae | Deltaproteobacteria

Gammaproteobacteria

| Comamonadaceae | Betaproteobacteria
B Sphingomonadaceae
W Rhodospirillaceae
B Rhodobacteraceae

| Hyphomonadaceae

Hyphomicrobiaceae

Alphaproteobacteria

W Nitrospiraceae | Nitrospira

W Bacillaceae | Bacilii
Adb | Anaerolinae
m Cytophagaceae | Cytophagia
m Saprospiraceae [Saprospirae]
Chitinophagaceae
m Gaiellaceae | Thermoleophilia
m PAUC26f | Solibacteres

Ellin6075 | [Chioracidobacteria]
m Other families with abundance < 1%
Unclassified at the family level

Fig. 1 Relative abundance of different taxonomic levels in each replicate of soil FGP and NFGP: a classes and b families

soils FGP and NFGP, respectively). However, the
abundance of other bacterial groups differed in soils
FGP and NFGP (Fig. la). While in soil FGP
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Deltaproteobacteria (11.1%), Gammaproteobacteria
(9.7%) and Betaproteobacteria (7.6%) were the most
abundant classes (Fig. 1a), in soil NFGP Bacilli were
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dominant (12.0%), accompanied by Gammapro-
teobacteria (11.5%) and Deltaproteobacteria (8.4%).
Indeed, Firmicutes were 2.4 times more abundant in
soil NFGP (12.2%) than in soil FGP (p = 0.017;
Cohen’s d = 3.8), mainly due to members of the class
Bacilli (p = 0.045; Cohen’s d = 3.9) (Fig. la). In
contrast, Nitrospirae and Gemmatimonadetes, in par-
ticular members of the class Gemm-1, were more
abundant in soil FGP than in soil NFGP (p = 0.017;
Cohen’s d = 5.0 and p = 0.028; Cohen’s d = 6,
respectively) (Fig. 1a).

A total of 40.6% of the sequences could be affiliated
to a known family, being distributed in a total of 152
families. Of these, 20 families represented more than
1% of the total sequences in soil FGP or NFGP,
although a distinct pattern of distribution was
observed in both soils (Fig. 1b). The most abundant
families in soil FGP were Hyphomicrobiaceae, Rho-
dospirillaceae (both of class Alphaproteobacteria)
and Cytophagaceae (Bacteroidetes), each represent-
ing about 4% of the total number of sequences. In soil
NFGP, the most prevalent families were Bacillaceae
(Firmicutes), Hyphomicrobiaceae,  Sphingomon-
adaceae (both of class Alphaproteobacteria), Xan-
thomonadaceae (Gamaprotoeobacteria) and
Cytophagaceae, with relative abundances varying
between 6.5% and 3.8%. Among the most notorious
differences were the relative abundance of Bacil-
laceae and Sphingomonadaceae, 4.3- and 2.5-fold
higher in soil NFGP than in soil FGP (p = 0.041;
Cohen’s d = 4.2 and p = 0.033; Cohen’s d = 4.9,
respectively) (Fig. 1b).

Twenty two per cent of the total sequences could be
affiliated to a known genus, being distributed by 180
genera. Only 12 of these genera had a relative
abundance higher than 0.5% in at least one of the
soils. Figure 2 presents the distribution of genera for
the most prevalent families. Within the families
Cytophagaceae, Hyphomonadaceae and Rhodospiril-
laceae more than 80% of the sequences could not be
affiliated with any known genus (Fig. 2). On the
contrary, most of the reads affiliated to the families
Bacillaceae and Sphingomonadaceae had significant
identity with known genera (Fig. 2). Most of the
members of the family Bacillaceae belonged to the
genus Bacillus in both soils (89.7 and 80.8% in FGP
and NFGP, respectively). The dominant genus of the
family Sphingomonadaceae was Kaistobacter in both
soils, although with different relative abundance

values, 54.5 and 84.1% in FGP and NFGP soil,
respectively (Fig. 2). The abundance of reads affili-
ated to the genera Sphingobium and Sphingomonas
was also different, both more prevalent in soil FGP
than in NFGP (18.5 vs. 2.1% and 15.9 vs. 8.6%,
respectively). In contrast, soil NFGP had higher
prevalence of Luteimonas and Dokdonella, both of
the family Xanthomonadaceae, than soil FGP (10.3 vs
0.5% and 29.7 vs 15.1% respectively).

Comparison of the bacterial diversity in soils FGP
and NFGP and relationship with soil
physicochemical properties

In spite of presenting a similar bacterial density and
composition, the abundance of several taxonomic
groups differed in soils FGP and NFGP. These
differences coincided with significant differences in
the richness values, calculated as the average number
of OTUs as well as the Chaol estimator of richness.
Both richness metrics indicated a significantly higher
richness in soil FGP than in NFGP (Table 2). This was
in agreement with the observation of significantly
higher Shannon and Phylogenetic Diversity indices in
soil FGP than in NFGP (Table 2). Beta diversity
metrics evidenced also the differences between the
bacterial communities of soils FGP and NFGP, as
shown in the PCoA biplot based on the weighted
Unifrac distances metrics (Fig. 3). The abundance of
the taxonomic groups distributed along axis 1 of the
PCoA biplot, which explained 61% of the observed
variance, supported the distinction of the bacterial
communities of the studied soils (Fig. 3). Unclassified
bacteria of the order Bacillales, and of the families
Bacillaceae,  Sphingomonadaceae,  Xanthomon-
adaceae, and Cytophagaceae were more abundant in
soil NFGP than in soil FGP. In contrast, unclassified
the class Gemm-1 and the families Hyphomon-
adaceae, Rhodospirillaceae and Syntrophobacteri-
aceae were more abundant in soil FGP than in soil
NFGP. These were the differences that most con-
tributed to distinguish both soils (Fig. 3). The Adonis
test of significant grouping (p < 0.01) confirmed that
about 58% of the observed variation could be
attributed to differences in the bacterial communities
of the studied soils. As hypothesised, these differences
were significantly correlated (p < 0.05) with several
soil properties, as evidenced by the Mantel test based
on the weighted UniFrac values (Table 1). Significant
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Fig. 2 Relative abundance of genera from the more prevalent
families (as represented in the PCoA biplot, see Fig. 3). Grey
bars represent unclassified sequences at genera level. Percent-
ages presented in y-axis indicate the average abundance of each

correlation factors with values above 0.8 were
observed for soil texture, pH, NO3 and Zn content
(total and exchangeable values) and between 0.7 and
0.8 for electrical conductivity, soluble Ca and Mg and
total Cr content.

Discussion

One of the objectives of this study was the character-
ization of the bacterial community of Masseiras soil,
based on the analysis of two greenhouse soils. The six
most abundant phyla were Proteobacteria, Bacteroide-
tes, Firmicutes, Acidobacteria, Actinobacteria, and
Gemmatimonadetes, which have been reported in
different types of soil. However, the observed approx-
imate proportion of the relative abundance of members
of Proteobacteria, Bacteroidetes and Acidobacteria
(5:1:1) highlighted the difference between Masseiras
and other soils. Previous studies that characterized a
large number of soils from different origins such as
agricultural, forest soils and grasslands reported similar
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family relative to the total sequences for each soil (n = 3).
Syntrophobacteraceae was not included since none of the reads
belonging to this family were classified below family level

proportions of Proteobacteria and Acidobacteria, and
sometimes Bacteroidetes (Fay et al. 2016; Fierer et al.
2012; Lauber et al. 2009; Lopes et al. 2014). Members
of the phylum Firmicutes although often present in soils
of different origins are reported at low prevalence
values, typically less than 5% (Fay et al. 2016; Fierer
et al. 2012; Janssen 2006; Lauber et al. 2009; Lopes
etal. 2014). These contrasts may be related with the fact
that none of the previous studies included greenhouse
soils. Indeed, beside the fact that Masseiras is a man-
made agricultural system, supposedly with a unique
microbial community, intensive agriculture is carried
outin these greenhouses. The greenhouse environments
are known to create extremes conditions of tempera-
ture, among others. This argument is supported by
previous studies that show that members of the
Firmicutes, namely of family Bacillaceae, can survive
desiccation, extreme environmental variation and soil
use (Battistuzzi and Hedges 2009). The ability of some
Bacillaceae to form endospores that can endure
survival under stress conditions, is also part of the
explanation for the high abundance of Firmicutes in
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Fig. 3 Principal coordinates analysis (PCoA) biplot illustrating the weighted UniFrac distance between microbial communities of soil
samples and the position of the ten more prevalent bacterial families. R? and p referred to the results of the Adonis test of significant

grouping

Masseiras soil (Logan and De Vos 2009). However,
also the human intervention may explain the relative
high abundance of Firmicutes. Indeed, a significant
increase in the abundance of Firmicutes was reported in
case studies where forest soils were converted in
agricultural soil or pasture (Montecchia et al. 2015;
Rodrigues et al. 2013). In general, it seems adequate to
conclude that the stress imposed by the intensive
agriculture carried out in the studied greenhouses may
have contributed to explain the comparatively high
relative abundance of Firmicutes in Masseiras soil. In
contrast with Firmicutes, the relative abundance of
Acidobacteria in the Masseiras soils could be consid-
ered low when compared to other soils (Davis et al.
2011; Fierer et al. 2007; Lauber et al. 2009). Again, it
may be related with the soil properties, since favourable
conditions for Acidobacteria combine low soil pH, clay
texture and the advanced soil maturation (Lauber et al.
2009; Russo et al. 2012; Sun et al. 2015). Hence, it can
be argued that the physicochemical properties of
Masseiras soil may not favour the proliferation of
Acidobacteria, while other groups such as Proteobac-
teria and Firmicutes may gain advantage. Indeed,
Russoetal. (2012) suggested that Proteobacteria might
become dominant in relation to Acidobacteria in sandy
loam soils. Gemmatimonadetes was another phylum

with higher relative abundance than that commonly
reported in soils. In spite of the wide distribution of
members of this phylum, in pasture, crop agriculture
and forests (Chan et al. 2008; Lauber et al. 2009; Li et al.
2014; Montecchia et al. 2015), their relative abundance
is normally <5%. Although the biology of Gemmati-
monadetes is still poorly characterized since only a few
isolates were reported to date, their occurrence is
apparently associated to low-moisture environments
(DeBruynetal. 2011). Therefore, the low water holding
capacity of sandy soils, characteristic of Masseiras may
explain the high prevalence of members of this phylum.

A second objective of this study was to prelimi-
narily assess if different management practices,
specifically those that do not follow the recommended
good practices, could impact the bacterial communi-
ties and therefore, disturb the Masseiras soil bacteri-
ome. As hypothesised, the bacterial communities were
significantly different in soils FGP and NFGP.
Although statistical analyses cannot be used to prove
cause-effect relationships but rather to test the veracity
of hypotheses, we believe that the differences
observed between soil types were related with the
management practices. This conclusion is based not
only on the alpha diversity indicators (Table 2), which
show that soil NFGP is less rich and diverse than soil
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FGP, but also on the beta diversity comparison
(Fig. 3). Greenhouse NFGP has a poorly controlled
management, which may explain the significantly
higher nitrate content, as well as the high content in
soluble ions, including metals, and electrical conduc-
tivity of this soil, compared with the soil FGP. These
parameters may have influenced the structure and the
diversity of the bacterial community of the NFGP soil.
Indeed, previous studies have shown that mineral
fertilization (N/P/K) disturb the soil bacterial commu-
nities, with eventual loss of richness and diversity
(Ruppel et al. 2007; Allison and Martiny 2008). The
higher abundance of members of the family Bacil-
laceae as well as of unclassified members of the order
Bacillales in soil NFGP, compared with FGP, was one
of the most noticeable differences between both
greenhouse soils. As pointed out above, members of
the family Bacillaceae have been described as resis-
tant and/or tolerant to stressful conditions, including to
metals such as Cu, Cr and Zn (Faisal and Hasnain
2004; Sun et al. 2010; Taniguchi et al. 2000), and their
abundance has been positively related with metal
content in commercial composts (Silva et al. 2016).
Hence, the management of the greenhouse NFGP may
have imposed an increased stress (nitrates, electrical
conductivity, metals) on the microbial community,
which could explain, at least in part, the high
abundance of the phylum Firmicutes.

Despite the worldwide increasing greenhouse pro-
duction of vegetables, studies on the effect of this type
of intensive agricultural management on soil micro-
biota is still scarce. Further studies are necessary to
assess if the particular conditions of greenhouse
farming may contribute to the deterioration of the soil
microbial diversity, essential for soil fertility and
protection against pathogenic or otherwise adverse
microorganisms.

Conclusions

A unique pattern of bacterial phyla was observed for
the greenhouse soil of Masseiras, which comprised
Proteobacteria, Acidobacteria, Actinobacteria, Bac-
teroidetes, Firmicutes, and Gemmatimonadetes in a
proportion of 5:1:1:1:1:1. This composition is proba-
bly a result of the man-made nature of this sandy soil
combined with the fact that it represents a greenhouse
system.

@ Springer

The influence of fertilization procedures on the soil
microbiota was inferred from the comparative analyses of
two greenhouses soils with distinct management practices
while producing the same agricultural product. As could be
inferred from the Mantel test, specific physicochemical
parameters, such as nitrate and Zn content and electrical
conductivity were correlated with shifts of some bacterial
community members, e.g. Bacillaceae.

Although no general conclusions can be retrieved
from a single study, these are interesting results,
evidencing the relevance of studies to assess micro-
biome disturbances in greenhouse systems, mainly
when good agriculture practices are disregarded. An
interesting implication of this kind of studies is that by
demonstrating the disturbance of the microbial com-
munities it is possible to provide science-based
evidences of soil deterioration due to inadequate soil
fertilization and management, putting in cause soil
fertility and, eventually, the safety of the food
products. Both aspects with highly relevant societal
and economic implications.
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