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Abstract
In soilless culture, slow filtration is used to eliminate plant pathogenic microorganisms from nutrient solutions. The present study
focused on the characterization and the potential functions ofmicrobial communities colonizing the nutrient solutions recycled on
slow filters during a whole cultivation season of 7 months in a tomato growing system. Bacterial microflora colonizing the
solutions before and after they flew through the columns were studied. Two filters were amended with Pseudomonas putida (P-
filter) or Bacillus cereus strains (B-filter), and a third filter was a control (C-filter). Biological activation of filter unit through
bacterial amendment enhanced very significantly filter efficacy against plant potential pathogens Pythium spp. and Fusarium
oxysporum. However, numerous bacteria (103–104 CFU/mL) were detected in the effluent solutions. The community-level
physiological profiling indicated a temporal shift of bacterial microflora, and the metabolism of nutrient solutions originally
oriented towards carbohydrates progressively shifted towards degradation of amino acids and carboxylic acids over the 7-month
period of experiment. Single-strand conformation polymorphism fingerprinting profiles showed that a shift between bacterial
communities colonizing influent and effluent solutions of slow filters occurred. In comparison with influent, 16S rDNA sequenc-
ing revealed that phylotype diversity was low in the effluent of P- and C-filters, but no reduction was observed in the effluent of
the B-filter. Suppressive potential of solutions filtered on a natural filter (C-filter), where the proportion of Proteobacteria (α- and
β-) increased, whereas the proportion of uncultured candidate phyla rose in P- and B-filters, is discussed.
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Introduction

In hydroponic greenhouses, the soil is replaced by organic or
inorganic substrates in order to avoid root diseases caused

by soilborne pathogens. However, numerous bacteria, fungi,
and oomycetes generally colonize the water used for supply-
ing plants, and among them some are pathogenic to plants.
Oomycetes, e.g., Pythium and Phytophthora, and fungi, e.g.,
Olpidium, producing zoospores are particularly adapted to
this system of cultivation [1, 2]. Once introduced in the
greenhouse, these microorganisms spread easily over the
whole culture via the recirculation of solutions and cause
root diseases that are the major pathogenic problem in
greenhouses. Pathogenic bacteria, e.g., Clavibacter
michiganense, Pseudomonas solanacearum, are also respon-
sible for the bacterial canker and wilt of tomato in soilless
cultures [3–6]. Another factor that concomitantly increases
the risks of pathogen attacks is recycling. This technique is
done to minimize pollution by re-using the runoff solution, a
development driven by legislation and public concerns.
However, recycling of nutrient solutions contaminated by
pathogenic microorganisms induced risks for plants [2, 7,
8]. The use of methods dedicated to avoid the dispersal of
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root-infecting pathogens has therefore become a major
challenge.

Several active control methods have been developed to
disinfect the circulating water before re-use [5, 9]: heat treat-
ment, UV radiation, and chemical treatments (chlorination,
hydrogen peroxide, ozonization, etc.). They have been effi-
ciently used to control target pathogens, such as Pythium spp.,
from nutrient solutions of tomato and cucumber soilless cul-
tures [10, 11]. However, they have a side effect by eliminating
the non-pathogenic microorganisms. Tu et al. [12] reported
that resident bacteria of nutrient solutions were shown to re-
duce Pythium root rot in a closed soilless system. In the same
line, Zhang and Tu [11] impute the lack of control of
P. aphanidermatum on tomatoes roots to the reduction of bac-
terial communities caused by UV radiation. Chave et al. [13]
reported that chlorine disinfection has an effect on well-
established bacterial communities of the rhizosphere by reduc-
ing the microbial diversity. Thus, destruction or alteration of
non-target microflora is at concern for preservation of non-
pathogenic microorganisms occurring naturally in the rhizo-
sphere. Postma et al. [10, 14] have demonstrated that, under
certain cultural conditions, indigenous microflora have the
capacity to suppress P. aphanidermatum attacks. Disease sup-
pressiveness showed correlation with some specific commu-
nities such as the ones formed by filamentous actinomycetes
and sometimes by Trichoderma spp. The overall agreement
today is that active disinfecting methods negatively affect the
suppressive potential of natural microflora and that passive
methods which have a relative low impact on bacterial micro-
flora, such as slow filtration, have a better potential to achieve
this goal.

In the early 1990s, the slow filtration system originally
used for the purification of drinking water was successfully
adapted to greenhouses [15, 16]. This technique consists in
filtering the nutrient solutions through a substrate-filled filter
unit before their delivery to the root system. Slow filters were
demonstrated to be effective for the control of various plant
pathogens such as bacteria, fungi, nematodes, and viruses [9,
17, 18]. Pathogen elimination relies on a physical filtration but
also on a biological process. The colonization of filtering me-
dia by bacterial populations was shown to contribute to the
removal of plant pathogens [19, 20]. In order to promote the
installation of bacterial populations in filtering columns, some
filters have been amended with massive amount of bacteria
with suppressive traits (i.e., antagonistic and plant growth-
promoting bacteria) before the start of nutrient solution
recycling. As reported by Renault et al. [21], this type of
bacteria frequently colonizes the substrates of filters. Once
these bacteria, e.g., Pseudomonas putida and Bacillus cereus
group strains, were inoculated in a pozzolana biofilter, the
fungal elimination of Fusarium oxysporum from nutrient so-
lutions of a tomato soilless culture was successfully enhanced
over the whole cultural season of plants [22].

In that context, one may consider that biofilters can be
included in the global strategy of suppressive microflora man-
agement for controlling plant pathogens in soilless culture:
first, in inoculating bacteria with suppressive traits inside the
filter units; second, biofiltration is often considered as a reli-
able method in the maintenance of the disease suppression
because it is harmless to several bacteria. Several reports
[22, 23] demonstrated that after the biofiltration process, sig-
nificant natural bacterial microflora (103–104 CFU/mL) can
be detected in biofilter effluents. However, the main gap with
this microflora is that available information on the bacterial
communities colonizing effluent nutrient solutions is limited.
The main issue is that the pathogenic or suppressive potential
of this bacterial microflora is relatively unknown. Most of the
studies reported in the literature mainly dealt with the cultured
aerobic bacteria [22, 24, 25]. Van Os and Postma [8, 26] stud-
ied during 12 weeks the impact of a natural slow filter on the
metabolic behavior and the 16s rDNA structure of the natural
microflora of nutrient solutions. They showed that certain
bacterial groups were preserved. Additional experiments are
thus needed to understand more about the bacterial communi-
ties, their composition and shift, and the changes in trophic
behavior. Such baseline information could help in the man-
agement of suppressive microflora in soilless cultures.

Therefore, the present study focused on the characteriza-
tion of microbial communities colonizing the nutrient solu-
tions recycled on slow filters during a whole cultivation sea-
son of 7months in a tomato growing system. To this effect, the
polyphasic approaches used by Renault et al. [27] to study the
diversity of bacterial communities that colonize the filter units
was applied to characterize the bacterial communities of in-
fluent and effluent solutions of biofilters. To get a global in-
sight into the structure and the diversity of bacterial commu-
nities, microbial investigations, community-level carbon
source utilization profile assessment by Biolog®, and single-
strand conformation polymorphism analysis coupled to the
sequencing of clone libraries were used.

Materials and Methods

Filter Units and Bacterial Amendments

Three filter units were set at room temperature within the same
compartment of an experimental greenhouse (CATE, Saint-
Pol-de-Léon, France) used to grow tomato plants (cv.
Tradiro, DeRuiter Graines, France). Temperature in the green-
house was regularly measured and ranged from 18 °C (±2 °C)
during the night to 21 °C (±2 °C) during the day. Each filter
consisted of a plastic pipe (220 cm in length and 40 cm in
inner diameter) filled with a 100-cm-thick layer of pozzolana
particles (1–4 mm diameter) deposited above a 40-cm-thick
layer of different graded gravel stones (2–8, 8–16, 16–
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32mm). The upper water layer was regulated by a float switch
placed at a distance of 40–50 cm above the pozzolana surface.
The filtration rate ranged from 100 to 150 L/h/m2. The three
filter units were connected to three independent irrigation cir-
cuits. The nutrient solution (Kemira, France) was delivered to
each plant (136 tomato plants per condition) through a capil-
lary system. The pH was regularly monitored and found to be
between 5.5 and 6.2.

The three filters were flooded in March. The C-filter was
used as control (no bacteria added), whereas the two other
filters were inoculated with bacterial strains previously select-
ed for their antagonistic properties [22] and supplied by the
Brittany Microbial Collection (ESIAB, Plouzané, France).
The P-fil ter was inoculated with three strains of
Pseudomonas putida (LMSA3.06.045, LMSA3.06.046, and
LMSA3.06.047) and the B-filter with two strains of the
Bacillus cereus group (LMSA3.06.043, LMSA3.06.044).
Each bacteria-amended filter was inoculated twice, when the
filter was flooded and 2 weeks after. The total bacterial den-
sities poured out over the top of filtering columns were, each
time, between 2 and 4.1012 colony-forming units (CFU).

Quantification of Bacterial Populations, Pythium spp.,
and Fusarium Oxysporum in Nutrient Solutions

Samples of nutrient solution were collected in sterile con-
tainers from influent and effluent solutions in each filtration
unit, from April to September. To count bacterial colonies,
50 μL of nutrient solution was plated with a spiral plater on
PCA (plate count agar, AES, France). The number of bacterial
colonies was determined after a 48-h incubation in the dark at
30 °C (four replicates per modality). The concentration of
Pythium spp. and Fusarium oxysporum was determined on
150 and 100 mL, respectively, of nutrient solution samples
filtered through 0.45-μm cellulose acetate filters (Sartorius,
Germany). The filters were plated on selective media coded
CMA-PARP (Corn Meal Agar implemented with four antibi-
otics) [28] for Pythium spp. and Komada [29] for
F. oxysporum (four replicates per modality). Pythium propa-
gules were counted after a 48-h incubation at 25 °C in the
dark, whereas F. oxysporum propagules were counted 7 days
after incubation under the same conditions. Final results are
expressed as the percentage of eliminated microorganisms.

Assessment of Community-Level Physiological
Profiles

Nutrient solutions were monthly collected from May to
November upstream and downstream from each filter. Each
nutrient solution sample was distributed (150 μL/well) in two
96-well Biolog® GN2 microplates (AES, France).
Microplates contain one reference well (negative control)
and 95 different carbon sources. They were incubated at

30 °C for 48 h. The rate of conversion of tetrazolium violet
associated with the 95 Biolog®GN2 carbon sources was de-
termined by measurement of the optical density (OD) at
620 nm with a microplate reader (Titertek Multiskan®
MCC1340). To minimize the effect of difference in bacterial
mixture densities between plates, data were standardized as
follows: the average well color development (AWCD) corre-
sponding to the mean of the blanked absorbance values of the
95 wells was calculated for each plate; then, the blanked ab-
sorbance value of each well was divided by the AWCD of the
corresponding plate to get a corrected OD value [30, 31]. In
accordance with Grove et al. [32], all corrected OD values
were set to fall within 0 and 2 (boundary limits). The averages
of corrected OD values were subsequently calculated for each
community-level physiological profile.

Microbial DNA Extraction

Two hundred milliliters of each nutrient solution sample
monthly collected from May to November was filtered
through 0.45-μm cellulose acetate filters (Sartorius,
Germany), which were stored at − 80 °C. Total DNA was
extracted as reported by Godon et al. [33] with slight changes.
Briefly, the frozen filter was ground with a sterile plastic stick
and transferred to a 2-mL polypropylene microcentrifuge tube
kept frozen in a − 20 °C freezer rack. Then, 400 μL of 4 M
guanidine thiocyanate-0.1 M Tris (pH 7.5), 120 μL of 10% N-
lauroyl sarcosine, and 500 μL of 5%N-lauryl sarcosine-0.1 M
phosphate buffer (pH 8.0) were added and the sample heated
to 95 °C for 10 min. An aliquot of 500 μL of zirconium beads
(0.1 mm diameter), sterilized by autoclaving, was added, and
the mixture was shaken for 10 min at maximal speed in a
Vibro shaker (Retsch). Nucleic acids were precipitated with
1 volume of isopropanol added concomitantly with 5 μL of
Carrier RNA (Qiagen, Hilden, Germany) to enhance DNA
extraction yield. Finally, a QiaAmp DNA Micro Kit
(Qiagen) was used for purification of total DNA.

PCR-SSCP Analyses

The V3 region of the 16S rDNA genewas amplified from total
DNA with primers W49 (5 ′-ACGGTCCAGACTCC
TACGGG-3′) and W104 (5′-6-FAM-TTACCGCGGCTGCT
GGCAC-3′). PCR amplifications were performed with a ther-
mal cycler. The reaction mixtures contained 1× polymerase
buffer, 0.2 mM deoxynucleoside triphosphates (dNTPs),
200 ng of each primer, 1.25 U of Pfu Turbo DNA polymerase
(Stratagene, La Jolla, CA, USA), 1 μL of DNA extract, and
water added to obtain a final volume of 50 μL. The PCR
conditions were an initial denaturation step of 2 min at
94 °C; 25 cycles of a three-stage program of 30 s at 94 °C,
30 s at 61 °C, and 30 s at 72 °C; and a final elongation for
10 min at 72 °C. Amplification product sizes (about 200 pb)
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were confirmed by electrophoresis on a 2% (w/v) agarose gel.
PCR products were analyzed using capillary electrophoresis
single-strand conformation polymorphism (CE-SSCP) per-
formed on an ABI 310 Genetic Analyzer (Applied
Biosystems, France). The sample mixtures contained 1 μL
of PCR product, 18 μL of formamide, and 1 μL of internal
size standard 400 HD ROX (Applied Biosystems, Foster City,
CA, USA) and were denatured for 5 min at 95 °C and imme-
diately cooled on ice prior to CE-SSCP analysis. The migra-
tion was set at 15 kV, 32 °C, and 30min per sample. CE-SSCP
is based on the electrophoresis mobility of single-stranded
DNA fragments, which reflects their three-dimensional con-
formation. Profiles were aligned to the ROX standard internal
size marker with SAFUM [34] and normalized with
MATLAB 6.5 software (MathWorks).

Global Bacterial Communities Description by Multiple
Factor Analysis

The data of (i) CLPP assessment and (ii) SSCP structure de-
scription were analyzed by a multiple factor analysis (MFA)
with the Rcmdr R package [35]. The two quantitative variable
groups named Bmetabolism^ (95 carbon sources) and
Bstructure^ (650 SSCP scans) were defined as active, and their
variables were scaled. Six descriptive and qualitative variables
were added in the analysis to discriminate samples according
to the month of sampling (Btime^), the filter type (Bfilter^),
and the position of the nutrient solution upstream or down-
stream filters (Beffluent^) as well as all the combinations of
these factors (Btime.filter,^ Btime.effluent,^ Bfilter.effluent^).

Microbial Clone Library Construction, Screening,
and Sequencing

Six clone libraries were constructed from the DNA extracts of
the influent and effluent nutrient solutions sampled in July
from C-filter (iClib and eClib), B-filter (iBlib and eBlib),
and P-filter (iPlib and ePlib). Bacterial 16S rRNA genes were
amplified by PCR with the universal reverse primer W31 (5′-
TTACCGCGGCTGCTGGCAC-3′) and the forward primer
W18 (5′-GAGTTTGATCMTGGCTCAG-3′). The final PCR
mixture (50 μL) contained 1 μL of DNA template, 2 μL of
each primer (100 ng/μL), 4 μL of dNTP (2.5 mM), 5 μL of 1×
Taq reaction buffer, 1 μL of red Taq DNA polymerase
(Sigma), and 35 μL of water. An initial DNA denaturation
step at 94 °C for 2 min was followed by 25 cycles at 94 °C
for 1 min, 55 °C for 1 min, and 72 °C at 1 min before a final
10-min elongation step at 72 °C. PCR products were purified
with a QIAquick® PCR Purification Kit (Qiagen) in accor-
dance with the manufacturer’s instructions. The purified PCR
products were cloned and transformed using the pCR4-TOPO
plasmid and TOP10 Escherichia coli competent cells from the
TOPO TA Cloning Kit as indicated by the manufacturer

(Invitrogen, Groningen, the Netherlands). Recombinant cells
were selected by kanamycin resistance and ccd gene killer
inactivation before cultivation at 37 °C for 24 h in LB2X
medium (tryptone 20 g/L, yeast extract 10 g/L, NaCl 10 g/
L). Finally, the plasmid DNA was purified with a Montage
SEQ96 Sequencing Reaction Cleanup Kit (Millipore). The
sequence reaction was performed in a GeneAmp® PCR
System 9700 thermocycler (Applied Biosystems) under the
following conditions: a DNA denaturation step at 96 °C for
5 min followed by 50 cycles at 96 °C for 30 s, 57 °C for 30 s,
and 60 °C for 4 min. Each 5-μL reaction mixture was com-
posed of 1 μL purified DNA template, 1 μL sequencing prim-
er T7 (5′-TAATACGACTCACTATAGGG-3′), 0.5 μL
BigDye Terminator V3.1, 0.75 μL 5× buffer, and 1.75 μL
sterile water. DNA sequences were obtained with an
Applied Biosystems 3130xl Genetic Analyzer (GIS Ouest
Génopole—GENOMER, Roscoff, France). They were
trimmed and cleaned with Phred [36] and SeqClean (TGIR,
the Institute for Genomic Research, Rockville, MP, USA
[http://www.tigr.org/tdb/tgi/software]) softwares and
subsequently compared to GenBank databases (www.ncbi.
nlm.nih.gov/blast) using the Blast program [37]. Thresholds
used to assign sequences to the different taxonomic levels, i.e.,
phylum, family (order), and genus, were, respectively, 78, 87,
and 95% of similarity [38]. For each phylotype affiliation, the
closest described relative from the GenBank database with its
accession number is provided.

Various diversity indexes were estimated. Coverage per-
centage was determined with Good’s coverage estimator
(CGOOD). This non-parametric estimator of the proportion of
phylotypes within a library of infinite size that would be rep-
resented in a smaller library is calculated from the relation
CGood = 1 − (n1 / N) where n1 is the number of phylotypes
appearing only once in the clone library, and N is the total
number of analyzed clones [39]. Other diversity and similarity
estimators were produced by the EstimateS software package
[40]. The total number of phylotypes was estimated by calcu-
lating the Chao1 richness estimator (Chao1) and its 95% con-
fidence interval. The phylogenetic compositions of libraries
were compared using Chao’s Sorensen abundance-based sim-
ilarity index being corrected for unseen species [41].

Results

Efficacy of Biofiltration to Eliminate Pythium spp.
and Fusarium oxysporum

Pythium spp. and Fusarium oxysporum were regularly de-
tected in nutritive solutions before biofiltration. Density av-
erages were respectively 1.102 and 8.103 propagules/L, and
F. oxysporum was particularly more abundant in August
and September.
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The three filters always reduced the fungal densities, what-
ever the sampling month (Table 1). Bacteria-amended filters
had elimination rates always equal to or greater than the C-
filter. According to the Kruskal-Wallis test (α = 0.05), the P-
filter and, even more, the B-filter significantly enhanced the
removal of Pythium spp. the first month of filtration and of
F. oxysporum in July. The P-filter was statistically more effi-
cient than the C-filter in F. oxysporum removal during all the
cultivation seasons except in August.

The removal of fungal risks by the C-filter was minimal at
the beginning of filtration: 57% for Pythium spp. and 76.5%
for F. oxysporum. It reached its maximum efficacy only after 3
−5 months of filtration whereas bacteria-amended filters were
optimized from the start of utilization. For instance, the P-filter
removed from 99.2 to 99.9% of F. oxysporum populations
from April and during all the cultivation season.

Impact of Biofiltration on the Bacterial Density
of Nutrient Solutions

The sampling of April was not included in the data compari-
son because the effluent solutions of the two amended filters
were more bacteria-colonized than the influent ones. This phe-
nomenon was attributed to the leaching of inoculated bacteria
that did not colonize the filtering substrates of columns. This
bacterial leaching was never detected after the 2nd month of
stabilization inMay until September. The biofiltration process
always reduced the bacterial density of the nutrient solution
(Fig. 1). The average density of bacteria in the influent solu-
tions was 4.104 ± 2.104 CFU/mL. This density was reduced to
an average of 5.103 ± 4.103 CFU/mL in the effluent solutions.
The reduction rate of bacterial densities in nutrient solutions
was clearly higher and more homogeneous with the bacteria-
amended filters (90.3 ± 4.8%with the P-filter and 91.1 ± 3.8%
with the B-filter) than with the C-filter (67.1 ± 17.5%). The C-
filter reached its maximum reduction rate at the end of the
cultivable season in September (88.1%) but lost efficacy in
June and July (53.1 and 47.1%). P- and B-filters maintained
high reduction levels throughout the cultivation season (85–

97%) and were always more efficient than the C-filter accord-
ing to the Kruskal-Wallis test (α = 0.05).

Bacterial Communities Analysis from their Metabolic
and Molecular Fingerprints

MFA eigenvalues indicated that the first two axes, PC1 and
PC2, explained 29% of the total data variance and gave a
sufficient description of the two groups of active variables
(Fig. 2). The first axis was more related to the structure group
(68% of contribution), while the second axis was more related
to the metabolism group (75% of contribution).

All the time-related variables were significantly correlated
with PC1, both for time, time.effluent (p = 0.001), and
time.filter (p = 0.05). They were even more correlated with
PC2 (p = 0.001). The distribution of time-correlated variables
close to the metabolism group (Fig. 2) indicated that the time
of sampling strongly and mainly defined the metabolic finger-
prints of communities. Indeed, individuals grouped by sam-
pling month (Fig. 3a) progressively shifted from positive co-
ordinates (May, June, July) to negative coordinates (August,
October, November) along the PC2 axis. May and November
groups were very strongly correlated with this axis (p =
0.001). The close examination of carbon sources describing
this dimension (Table 2) showed that, in the first month of
cultivation season, microbial populations had a metabolic pro-
file mainly oriented towards carbohydrates (55%), i.e., xylitol,
D-sorbitol, α-D-lactose, D-fructose, D-raffinose, and L-rham-
nose, whereas, at the end, they metabolized especially carbox-
ylic acids (35%), i.e., citric acid, succinic acid, D-gluconic
acid, D,L-lactic acid, α-ketoglutaric acid, cis-aconitic acid,
and quinic acid, or amino acids (25%), i.e., γ-amino butyric
acid, L-serine, L-asparagine, L-alanine, and L-aspartic acid.

The molecular structure was also time-dependent, but no
linear shift appeared during the cultivation season (Fig. 3a).
For example, SSCP patterns ofMay and November were pos-
itively correlated to PC1while June and August had a negative
correlation on this axis (p = 0.05). These changes in the mo-
lecular structure at the community level were related to the

Table 1 Reduction rates (%) of the nutritive solutions colonization by
Pythium spp. and Fusarium oxysporum after transit in the control filter
(C-filter) and the bacteria-amended filters (P- and B-filter). For a given

date and a fungal target, values with the same letters are not significantly
different according to the Kruskal-Wallis test (α = 0.05)

Fungal target Filter April May June July August September

Pythium spp. C-filter 57.0%a 98.5%a 90.8%a 100%aa 96.9%a 100%aa

P-filter 82.9%b 100%aa 100%aa 99.4%a 100%aa 100%aa

B-filter 100%ca 98.7%a 94.7%a 100%aa 100%aa 100%aa

F. oxysporum C-filter 76.5%a 97.2%a 89.9%a 96.1%a 95.2%a 99.4%a

P-filter 99.2%b 100%ba 99.7%b 99.3%b 99.6%a 99.9%b

B-filter 80.8%a 97.7%a 90.7%a 99.8%c 99.8%a 99.3%a

aNo fungal target detected in nutrient solutions after filtration
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presence of specific SSCP domains (Table 2). Individuals
positively correlated to PC1 were characterized by SSCP
scans all located in the first half of the entire profile, whereas
samples with a negative correlation had SSCP scans mainly
located (79%) in the second half.

The high coordinates of the time.effluent variable both on
PC1 and PC2 supported that, on a given date, the molecular
and metabolic fingerprints of bacterial populations depended
also on the effluent type, i.e., nutrient solutions upstream or
downstream filters (Fig. 2). Time.effluentwas the best descrip-
tive variable associated with PC1 (R2 = 0.79). This observa-
tion supported that, on a given date, the filtration process
changed the molecular structure of bacterial populations

colonizing the nutritive solutions. The distribution of individ-
uals grouped by sampling month and effluent type (Fig. 3b)
confirmed this result: for each month, excluding July, the av-
erage profile of solutions after filtration had, on PC1, higher
coordinate than solutions coming to filters, whatever the filter.
Moreover, from July to November, the filter output solutions
were significantly distinct from the input ones (p = 0.05).

The descriptive variable filter did not discriminate the bac-
terial communities (Fig. 2), but the time.filter variable was
significantly more correlated with PC1 (R2 = 0.70) and PC2
(R2 = 0.85) than the time variable (respectively 0.57 and 0.77).
Thus, on a fixed date, bacterial communities differed also
according to the filter type (C-, P-, or B-filter). Mapping of
sample groups according to the filter type did not reveal a clear
trend about these differences (data not shown).

Analysis of the 16S rDNA Clone Libraries

Description of the Global Database

A total of 537 16S ribosomal RNA genes from the nutrient
solutions collected upstream and downstream the three filters
were sequenced and analyzed. They were grouped into 228
different phylotypes according to phylogenetic uniqueness of
the closest describe relative. The majority of them (71%) were
related to uncultured bacterial taxa (Supplementary Table 1).

Bacterial clones were successfully assigned to the phylum
taxonomic level (percentage of similarities up to 82 to 100%).
Twenty of the phyla described [42, 43] were detected and half
were candidate divisions for which new etymology has been
proposed [44–46]. The most represented phyla were
Proteobacteria (35% of sequences), mainly α-Proteo (23%)
and γ-Proteo (7%); Parcubacteria (OD1) (24%);
Microgenomates (OP11) (12%); and Bacteroidetes (8%). The
remaining minor phyla accounting each less than 5% of se-
quences were Verrucomicrobia , Act inobacter ia ,
Saccharibacteria (TM7), Cyanobacteria, Dependentiae (TM6),
Armatimonadetes (OP10), Chloroflexi, Planctobacteria,
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Acidobacteria, Firmicutes, Spirochaetes, Gracilibacteria (BD),
and Latescibacteria (WS3) and candidate divisions SR1, WS6,
and TG1.

Among sequences having up to 95% of similarity with a
closest described relative, 92 were affiliated with a bacterial
genus. The two most abundant genera present in the nutrient
solution circulation systems of the three filters were identified
as Sphingomonas (24 sequences) and Rhizobium (13 se-
quences) representatives isolated from plant roots [47–49].

The others minor genera affiliated were Bosea (8),
Pseudomonas (8), Burkholderia (6), Mycobacterium (5),
Flavobacterium (4), Aquaspirillum (2), Clostridium (2),
Haliscomenobacter (2), Hyphomicrobium (2), Legionella
(2), Mesorhizobium (2), Acidovorax , Caedibacter,
Cytophaga, Chromobacterium, Dyadobacter, Fluviicola,
Hydrogenophaga, Merismopedia, Micrococcus, Microvirga,
Spirochaetes, and Zoogloea.

Comparison of the Different Libraries

Firstly, the percentage of similarity between libraries, as given
by the Chao Sorensen abundance-based index, indicated that
influent solutions of P- and B-filters were closer on each other
than with the C-filter (61% against 52 and 48%, respectively)
and the same observation was made for effluent solutions
(51% against 45 and 32%) (Table 3).

Secondly, the bacteria-amended filters drastically reduced
the biodiversity of effluents comparatively to influents: the
phylotype diversity, as measured by the ChaoI phylotype rich-
ness estimator, was reduced by 81% in the P-filter and by 53%
in the B-filter whereas biodiversity was increased by 14% in
the control filter (Table 3).

Lastly, the phylogenetic distribution of libraries was clearly
distinct in the bacteria-amended filters compared to those of
the control filter (Fig. 4). Proteobacteria were more abundant
in influent solutions of B- and P-filters than in the C-filter (40
and 41% against 30% of sequences). B- and P-filters reduced
the proportion of Proteobacteria in effluent solutions (31 and
21%) whereas the C-filter increased it (42%), especially for α-
andβ-Proteobacteria. The proportion of candidate phyla with-
out cultivated representatives (candidate division) was strong-
ly enhanced in effluent solutions from bacteria-amended fil-
ters, (from 33 to 52% in the B-filter and from 37 to 62% in the
P-filter) whereas it decreased in the effluent of the C-filter
(from 39 to 28%). If proportions of candidate division OD1
were similar in influent of the three filters (from 27 to 29%),
the importance of this phylum was increased in effluent solu-
tions of B- and P-filters whereas it decreased in the C-filter (43
and 41% against 20%, respectively).

Discussion

In soilless cultivation, the disinfection of recycled water is
crucial for the control of plant pathogens. Active sterilizing
tools such as heat treatment, ozonization, ultraviolet radiation,
or chlorination [5, 9, 50, 51] constitute effective methods but
destroy both the target pathogens and the non-target microor-
ganisms [2, 11]. On the contrary, several authors reported that
slow filtration control targeted pathogens while preserving
part of the endogenous microflora [22, 26]. A large part of
the slow filtration efficiency was dependent on the formation

Fig. 3 Distribution of individual groups on the principal plan designed by
the multiple factor analysis. Points represent microbial community
profiles. Boxes indicate average positions of sample groups, and
ellipses surround the confidence interval (p = 0.05). Samples are
grouped according to the time (a) and time.effluent (b) variables. The
second graph discriminates samples upstream of filters (full line) from
samples downstream (dotted line)
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of bacterial biofilms on filtering substrates [19]. Amendments
of filtering columns with bacteria with antagonistic and plant

growth-promoting traits were described as a useful method to
increase the efficiency of the pathogenic fungi control [22].

Table 2 Description of the first two dimensions from the multiple factor analysis. SSCP variables are correlated with PC1 (p = 0.05) and the Biolog®
GN variables with PC2 (p = 0.001)

Designation Class R2 correlation

Negative correlation with PC1 Scan 23 to scan 117 SSCP domain 1 [− 0.629; − 0.355]
Scan 120 to scan 145 SSCP domain 2 [− 0.664; − 0.372]
Scan 152 to scan 205 SSCP domain 3 [− 0.764; − 0.353]
Scan 208 to scan 213 SSCP domain 4 [− 0.446; − 0.359]
Scan 222 to scan 226 SSCP domain 5 [− 0.440; − 0.353]
Scan 232 to scan 237 SSCP domain 6 [− 0.499; − 0.353]
Scan 401 to scan 407 SSCP domain 7 [− 0.486; − 0.394]

Positive correlation with PC1 Scan 265 SSCP domain 8 + 0.332

Scan 283 to scan 326 SSCP domain 9 [+ 0.351; + 0.668]

Scan 329 to scan 341 SSCP domain 10 [+ 0.331; + 0.480]

Scan 343 to scan 349 SSCP domain 11 [+ 0.349; + 0.470]

Scan 364 to scan 367 SSCP domain 12 [+ 0.356; + 0.389]

Scan 462 to scan 473 SSCP domain 13 [+ 0.375; + 0.557]

Scan 509 to scan 638 SSCP domain 14 [+ 0.369; + 0.845]

Negative correlation with PC2 Citric acid Carboxylic acid − 0.765
Succinic acid Carboxylic acid − 0.747
D-Gluconic acid Carboxylic acid − 0.719
D,L-Lactic acid Carboxylic acid − 0.708
α-Ketoglutaric acid Carboxylic acid − 0.668
cis-Aconitic acid Carboxylic acid − 0.610
Quinic acid Carboxylic acid − 0.593
γ-Amino butyric acid Amino acid − 0.683
L-Serine Amino acid − 0.615
L-Asparagine Amino acid − 0.561
L-Alanine Amino acid − 0.561
L-Aspartic acid Amino acid − 0.556
D-Glucose-6-phosphate Phosphorylated compound − 0.678
D-L-α-Glycerol phosphate Phosphorylated compound − 0.554
Urocanic acid Aromatic compound − 0.579
Uridine Aromatic compound − 0.575
Bromosuccinic acid Bromed compound − 0.706
α-D-glucose Carbohydrate − 0.664
Glycerol Alcohol − 0.646
Glucuronamide Amide − 0.531

Positive correlation with PC2 Xylitol Carbohydrate + 0.698

D-Sorbitol Carbohydrate + 0.669

α-D-Lactose Carbohydrate + 0.630

D-Fructose Carbohydrate + 0.616

D-Raffinose Carbohydrate + 0.611

L-Rhamnose Carbohydrate + 0.534

L-Phenylalanine Amino acid + 0.687

L-Leucine Amino acid + 0.662

Sebacic acid Carboxylic acid + 0.658

Mono-methyl succinate Ester + 0.824

α-Cyclodextrin Polymer + 0.602
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However, if the preservation of a natural and non-pathogenic
microflora in nutrient solutions is a key point to guarantee a
safe microbial ecosystem in closed irrigation systems, little is
known about the bacterial population status in these nutrient
solutions. The present study is focused on the characterization
and comparison of the whole bacterial populations colonizing
the nutrient solutions flowing through natural and bacteria-
amended filters.

This study confirmed the benefit of bacteria amendment of
slow filters, mainly Pseudomonas amendments, for enhancing
the plant pathogen elimination [22]. Plate counting ofPythium
spp. and Fusarium oxysporum communities revealed their
presence in nutrient solutions over the cultivation season.
The low amount of Pythium spp. found in influent solution
ecosystems (< 102 prop/L) is congruent with the literature [23,
52]. With respect to the control filter that reduced from 56 to
99% the Pythium spp. and Fusarium oxysporum communities,
we proved the superior effectiveness of bacteria-amended fil-
ters (82–99%), especially at the beginning of filtration. As
colonization of filtering media by bacterial populations is
known to contribute to the removal of plant pathogens [19,
20], we assume that bacterial amendments stimulate a more
rapid bacterial colonization of filtering columns that lead to a
more rapid control of pathogenic fungi or oomycetes in the
nutrient solutions.

In agreement with Déniel et al. [22], the total bacteria com-
munities flowing in effluents were estimated in the present
work at 3–4.104 CFU/mL. This amount of bacteria is relative-
ly low, compared to the average of 105–106 CFU/mL reported
in circulating solutions of other tomato-closed soilless systems
[24, 25, 52]. In the present experiment, except for the first
month of filtration where amended filters released large
amounts of bacteria, we showed that the slow filtration re-
duced the density of the cultivable bacterial population from
approximately 1 Log. In comparison with the control filter,
bacteria-amended filters induced a stronger and more stable

reduction of mesophyllic aerobic bacteria in effluent solutions
(68 ± 16 against 91 ± 5%). A slow pozzolana filtration seemed
to be more efficient in reducing bacterial communities from
nutrient solution than a slow-sand filtration. In the latter, van
Os and Postma [26] detected relatively similar numbers of
aerobic bacteria communities in the influent and effluent
solutions.

The community-level physiological profiling indicated a
temporal shift of bacterial populations from nutrient solutions
from the beginning to the end of the cultivation season (here a
7-month period). At the beginning of recycling, the metabo-
lism of nutrient solutions was mainly oriented towards carbo-
hydrates. It progressively shifted to degradation of several
specific amino acids and carboxylic acids, several of whom
are known to be components of root exudates: γ-amino bu-
tyric acid, L-alanine, L-aspartic acid, L-serine, L-asparagine,
hydroxylproline, citric acid, succinic acid, and malonic acid
[53]. In the literature, the addition of maize rhizodeposits in
the soil was proved to shift the physiological structure of bac-
terial microflora [54]. In the same extent, we may assume that
the physiological shift observed along months in our study is
due to the accumulation in the nutrient solutions of some
amino and carboxylic acids released by tomato roots. As
Alsanius et al. [55] reported a strong metabolization of amino
acids by Pythium spp., the existence of a time-increased com-
petition for amino acids by microbial communities of nutrient
solutions likely took place. Moreover, in agreement with van
Os and Postma and Postma et al. [10, 26], we recorded dis-
tinctive carbon utilization profiles between effluent and influ-
ent solutions of slow filters. Our result underlined that these
differences were time-dependent, i.e., stronger in autumn than
in summer.

The bacterial diversity of nutrient solutions was studied by
16S rDNA PCR-SSCP, and a progressive temporal shift was
also recorded in the SSCP patterns of microbial ecosystems.
Bacterial populations also proved to be diverse. In their study,
Calvo-Bado et al. [52] described that DGGE microbial pro-
files in nutrient solutions of a small-scale circulating tomato
growing system did not vary significantly over their 2 months
of analysis. As our study was conducted over a longer period
of time (7 months), that can explain the substantial variations
we observed.

Another major finding of this SSCP study was the shift
between influent and effluent solutions of slow filters ob-
served each month of sampling. Effluent microflora were all
the more different from the influent ones when slow filters
were bacteria-amended. Thus, bacterial populations of nutri-
ent solution were not only more quantitatively reduced but
also more modified in their SSCP structure for amended filters
than for the control one.

The sequencing of the clone libraries constructed in this
study illustrated the modification of the nutrient solution mi-
croflora provided by slow filtration. When solutions were

Table 3 Size and estimators of the phylotype diversity of the libraries
constructed from influent and effluent nutrient-solutions of C-filter (iClib,
eClib), B-filter (iBlib, eBlib), and P-filter (iPlib, ePlib)

Library Number of
sequences

Number of
phylotypes

Coverage Phylotype richness

CGOOD Chao 1 Chao 1 95% CI

iClib 93 57 58% 133 [89–238]

eClib 88 50 60% 152 [88–325]

iBlib 88 62 41% 332 [164–779]

eBlib 94 53 60% 156 [93–317]

iPlib 95 54 57% 222 [115–515]

ePlib 79 35 82% 42 [37–58]

Percentage of coverage was assessed by Good’s coverage estimator
(CGOOD). Phylotype richness was given by the Chao1 richness estimator
(Chao1) expressed with its 95% confidence interval (Chao1 95% CI)
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Fig. 4 Phylogenetic distributions of the six clone libraries constructed from nutrient solutions sampled in July in the influents and effluents of C-filter
(iClib, eClib), B-filter (iBlib, eBlib), and P-filter (iPlib, ePlib)
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filtered on a natural filter (C-filter), the proportion of
Proteobacteria (α- and β-) increased but it decreased after
filtration with the two bacteria-amended filters. Conversely,
the proportion of uncultured candidate phyla, i.e., candidate
division OD1, was reduced in the effluent solutions of the C-
filter while it rose in those of P- and B-filters. These differ-
ences should be related to the bacterial communities coloniz-
ing the substrate of the biofilters. The bacterial communities
colonizing the three filters used in this study have already been
characterized [27]. The massive addition of bacteria in P- and
B-filters was shown to cause a significant microbial shift lead-
ing to the development of bacterial populations very different
comparing to the ones of the C-filter. Indeed, the microflora of
the C-filter mainly consisted of Proteobacteria representatives
(69% of sequences) whereas this phylum was considerably
less present in P- and B-filters (22 and 22%, respectively).
The bacteria-inoculated filters were mostly colonized by
Firmicutes representatives, mainly anaerobic strains of
Clostridium spp. [27]. We assumed that these differences in
microflora between biofilters should have influenced the bac-
terial communities of nutrient solutions drained out of the
filters. This assumption does not mean that the bacterial pop-
ulations colonizing filters will systematically be present in
effluent solution: indeed, if Proteobacteria were abundant both
in the C-filter and its effluents, the taxonomic group of
Firmicutes was not detected in the effluent of P- and B-filters.
The latter were strongly colonized (45 and 48%, respectively)
by the candidate division bacteria. The most abundant were
OD1: they represented 28% of the bacteria we analyzed in the
effluents of the control filter, and 62 and 52%were respective-
ly isolated in the effluents of P- and B-filters. The ecological
influence of candidate phylogenetic divisions on nutrient so-
lution ecosystems is still difficult to assess because they have
no cultivated members and their physiological properties is
unknown.

In a previous study, Berkelmann et al. [24] have biochem-
ically identified 160 bacterial strains isolated from nutrient
solutions of a hydroponic system of tomatoes. They were
distributed among five taxonomic groups: Actinobacteria,
Bacteroidetes, α-Proteobacteria, β-Proteobacteria, and γ-
Proteobacteria. We confirmed here the presence of all these
phyla in the microflora colonizing the nutrient solutions from
another soilless culture, but numerous additional taxonomic
groups were identified: Acidobacteria, Chlorobi, Chloroflexi,
Cyanobac ter ia , Fi rmicutes , Gemmat imonadetes ,
Lentisphaerae, Planctomycetes, δ-Proteobacteria,
Spirochaetes, and Verrucomicrobia, and candidate divisions
BRC1, OD1, OP10, OP11, OP3, SR1, TM6, TM7, and
BD1-5. The bacterial diversity described by the authors [24]
was certainly underestimated because of the use of culture
media for bacteria isolation. Indeed, cultured microorganisms
represented only a small fraction of the microbial diversity
compared to the abundance of environmental species.

Calvo-Bado et al. [20] pointed out that DGGE-dominating
bands present in slow filter ecosystems represented less than
2% of the cultivable population. In the present study, 86% of
sequences identified were affiliated to uncultured bacteria.
The status of these microorganisms regarding the plants, either
neutral, plant-protective, or plant-pathogen, is unknown. For
these bacteria, their usefulness to create a suppressive micro-
flora in nutrient solutions over time is unknown too, but the
absence of disease on the root of tomatoes suggests they are
not pathogenic and may be involved in the protection of root
systems. Further studies aimed at studying this key point for
plant protection in soilless culture has to be carried out.

To conclude, the occurrence of a diverse microflora in the
nutrient-solution effluents of biofilters raises the question of
their impact on the microbial ecosystems of the tomato rhizo-
sphere. As the solutions irrigate the root systems, part of their
bacterial microflora has the opportunity to colonize the roots;
consequently, shifts in the microflora of the circulating solu-
tions may induce shifts in the rhizospheric microflora. As
suggested by Vallance et al. [56], a relationship between mi-
croflora from either roots or solutions exists even if the links
between the two are difficult to determine. Regarding the sup-
pressiveness activity of this microflora, the shift in the bacte-
rial communities over time suggests that its management is
difficult to achieve by using biofilters. For instance, it will be
not be possible to promote a specific bacterial species, e.g.,
Pseudomonas, by using biofiltration. However, as the diver-
sity of the bacterial species in the effluent is high, the presum-
ably non-pathogenic activity of most of them and the interac-
tions that occur between them suggest that it will be difficult
for a plant pathogenic bacteria or fungi to settle and become
predominant in the effluent solutions. In that sense, the bacte-
rial diversity observed in the various effluents is likely useful
for the management of a potentially suppressive microflora.
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