Arch Microbiol
DOI 10.1007/s00203-016-1250-4

@ CrossMark

ORIGINAL PAPER

Genome mining of lipolytic exoenzymes from Bacillus safensis
S9 and Pseudomonas alcaliphila ED1 isolated from a dairy

wastewater lagoon

Florencia A. Ficarra!? - Ignacio Santecchia!” - Sebastian H. Lagorio

Sergio Alarcén* - Christian Magni'*® - Martin Espariz'-

3

Received: 12 February 2016 / Revised: 9 May 2016 / Accepted: 27 May 2016

© Springer-Verlag Berlin Heidelberg 2016

Abstract Dairy production plants produce highly polluted
wastewaters rich in organic molecules such as lactose, pro-
teins and fats. Fats generally lead to low overall perfor-
mance of the treatment system. In this study, a wastewater
dairy lagoon was used as microbial source and different
screening strategies were conducted to select 58 lipolytic
microorganisms. Exoenzymes and RAPD analyses revealed
genetic and phenotypic diversity among isolates. Bacil-
lus safensis, Pseudomonas alcaliphila and the potential
pathogens, B. cereus, Aeromonas and Acinetobacter were
identified by 16S-TRNA, gyrA, oprl and/or oprL sequence
analyses. Five out of 10 selected isolates produced lipo-
lytic enzymes and grew in dairy wastewater. Based on
these abilities and their safety, B. safensis S9 and P. alca-
liphila ED1 were selected and their genome sequences
determined. The genome of strain S9 and EDI consisted
of 3,794,315 and 5,239,535 bp and encoded for 3990 and
4844 genes, respectively. Putative extracellular enzymes
with lipolytic (12 and 16), proteolytic (20) or hydrolytic
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(10 and 15) activity were identified for S9 and ED]1 strains,
respectively. These bacteria also encoded other techno-
logical relevant proteins such as amylases, proteases, glu-
canases, xylanases and pectate lyases.

Keywords Dairy wastewater - Bacillus safensis -
Pseudomonas alcaliphila - Lipases - Esterases

Introduction

The dairy industry is one of the most polluting of food
industries, and it is considered non-environment friendly
since up to 10 L of highly polluted wastewater are pro-
duced per liter of processed milk (Heaven et al. 2012). This
wastewater is characterized by being rich in biodegradable
organic molecules such as lactose, and it usually contains
high levels of fats and proteins as well (Cammarota and
Freire 2006; Heaven et al. 2012; Vidal et al. 2000). Numer-
ous aerobic or anaerobic treatment processes are used to
handle this sort of wastewater including anaerobic reac-
tors, activated sludge, trickling filters, aerated or anaerobic
lagoons, or a combination of them (Cammarota and Freire
2006; Loperena et al. 2009). However, the low biodegrada-
bility and bioavailability coefficient of fats usually result in
a low overall performance of the treatment system (Cam-
marota and Freire 2006; Loperena et al. 2000).
Bioaugmentation is a technique that improves the capac-
ity of a contaminated matrix to remove pollution by the
addition of specific competent strains or consortia of micro-
organisms (El Fantroussi and Agathos 2005). Bioaugmen-
tation has been used to improve the reactor start-up or its
performance, to protect the existing microbial community
against adverse effects, to accelerate the onset of degrada-
tion or to compensate for organic or hydraulic overloading
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(Venkata Mohan et al. 2009). Microorganisms used for
bioaugmentation should be (1) nonpathogenic, (2) capable
of degrading target pollutants under in situ conditions, (3)
competitive and persistent after inoculation, (4) compatible
with the indigenous microbial community and (5) comple-
mentary and/or synergic for the degradation of an effluent
type or specific compounds (Loperena et al. 2006, 2007).

Several commercial products based on bacteria from
different sources are currently available to improve the
overall performance of biological wastewater treatment
systems (Loperena et al. 2006). To overcome ecological
barriers, microorganisms isolated from dairy wastewater
treatment systems were recently proposed as a better alter-
native to treat such effluents. Thus, (Loperena et al. 2006,
2009) designed consortia composed of strains isolated from
dairy wastewaters that decrease chemical oxygen demand
(COD), proteins and fats in simulated dairy wastewater.
Likewise, Rajeshkumar and Jayachandran proposed the
use of Alcaligenes sp. MMRR7, strain isolated from a high
organic load dairy wastewater, for COD reduction (Rajesh-
kumar and Jayachandran 2004). However, in these studies
the pathogenic nature of the isolates was not considered,
though they belong to pathogenic or opportunistic genera
like Alcaligenes, Staphylococcus and Pseudomonas. This
may disfavor the approval or commercialization of the
inocula for their use in bioaugmentation processes.

Despite the fact that the contribution of bacteria to the
biodegradation of dairy wastewater content is well known,
a genome-wide approach to identify key enzymes respon-
sible for this process has not yet been conducted. On the
other hand, there are several studies investigating specific
hydrolytic enzymes with the attempt of optimizing the per-
formance of wastewater treatment (Cammarota and Freire
2006).

In this paper, the aim was to study bacterial strains with
potential use in dairy wastewater treatment at genome level.
Several screenings of lipolytic enzyme-producing bacteria
were performed, and as a result, 58 strains were isolated
from dairy wastewater and preliminary characterized.
Among them, the saprophytic bacteria B. safensis S9 and
P. alcaliphila ED1 showed to be capable of growing and
producing lipolytic enzymes in dairy wastewater. Finally,
their genome sequences were determined in an attempt to
identify novel fat-removing exoenzymes and other relevant
proteins.

Materials and methods
Source, screening and isolation of microorganisms

Bacteria were isolated from a facultative wastewater lagoon
(33.117359S 60.597047W) from an industrial dairy plant.
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Samples were obtained from suspended solids at the bot-
tom (sludge), paper-filtered liquid at the mid-depth and sol-
ids at the surface of the lagoon. The isolations were per-
formed following three different strategies:

1. Enrichment and selection: 300 ml of sterile enrich-
ment medium was inoculated with 30 ml of pooled
lagoon samples in a 500-ml flask where sterile air was
pumped. The enrichment medium was the minimum
R medium (67 mM KH,PO,, 10.5 mM (NH,),SO,,
1.6 mM MgSO,-7H,0, 3.7 uM FeSO,-7H,0) supple-
mented with 1 % (w/v) powdered milk and 0.15 %
(v/v) olive oil. The culture was grown for three days at
25 °C, and then, a sample of 30 ml was used to inocu-
late a new 500-ml reactor flask. This operation was
repeated three times. Then, bacteria were isolated by
sample dilution and plated onto egg yolk agar [LB con-
taining 5 % (v/v) egg yolk].

2. Selection by direct plating: Lagoon samples were
diluted in sterile PBS buffer and plated directly in egg
yolk agar or oil/Rhodamine B agar [LB containing
2.5 % (v/v) olive oil and 0.001 % (w/v) Rhodamine
B].

3. Spore-forming bacterium selection: Lagoon samples
were diluted in sterile PBS buffer and incubated for
20 min at 80 °C or in the presence of one volume of
chloroform before plating on egg yolk agar or oil/Rho-
damine B agar.

A commercial inoculum (Glensol 3901—Glensol SA,
Buenos Aires, Argentina) was used for comparative analy-
sis. In this case, bacteria were isolated by plating on LB
medium.

Chemical oxygen demand (COD), biochemical oxygen
demand (BOD), fat, oil and grease (FOG, as ether soluble
substances), and the pH of the wastewater were determined
by the Centro de Ingenieria Sanitaria (Riobamba 245 bis,
Facultad de Ciencias Exactas, Ingenieria y Agrimensura,
Rosario, Argentina).

Media and growth conditions

Cells were routinely grown in LB at 30 °C. Bacterial
growth in liquid media was monitored by determining the
optical density of the culture at wavelength 660 nm (ODyg;
Beckman DU640 spectrophotometer). Bacterial growth
profiles in dairy wastewater were performed in autoclaved
dairy wastewater from the lagoon mid-depth diluted with
one volume of a solution composed of 9.1 mM (NH,),SO,
and 67 mM KH,PO, (pH 7) and supplemented with 1 %
(v/v) olive oil or 0.5 % (w/v) glucose. Media were inocu-
lated with 0.025 vol of each culture grown in LB for 6 h at
30 °C.
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Exoenzyme activity assays

All activity assays were conducted by growing strains for
16 h at 30 °C. In order to detect lipolytic activity, isolates
were grown on egg yolk agar. Clearing zones around the
growing colonies evidenced lecithinase activity. Lipolytic
activities were also evaluated using oil/Rhodamine B agar
plates. Lipase-producing bacteria were detected by the
orange fluorescence under UV light at 350 nm (Kouker
and Jaeger 1987). Lipolytic activities in supernatants were
determined as previously described with minor changes
(Lonon and Hooke 1991). Briefly, the culture supernatant
was mixed with equal volume of PBS buffer supplemented
with 5 % (v/v) egg yolk and incubated for an hour at 37 °C.
Then, the OD,,,, of an appropriate dilution of each reaction
was determined.

In order to detect proteolytic activity, bacterial strains
were grown on skimmed milk agar [LB containing 2 %
(w/v) skimmed milk powder]. Protease activities were evi-
dent as a clearing zone around the growing colony. In order
to detect a-amylase activities, bacterial strains were grown
on starch agar [LB containing 1 % (w/v) starch]. The
a-amylase producing bacteria were detected by flooding
the plates with Lugol’s iodine solution [1 % (w/v) iodine
in 2 % potassium iodide]. The isolate showing a clear halo
zone was considered as a-amylase-positive strain (Kouker
and Jaeger 1987; Moreno Mde et al. 2009).

Random amplified polymorphic DNA (RAPD) analysis

DNA preparation and RAPD reactions were performed as
previously described (Sudrez et al. 2012). Briefly, reac-
tions were carried out in a final volume of 25 pl, using
1 ul of DNA sample as template, 2.5 pwmol 17! of the
RAPD19 primer (5 GGTCGACYTTNGYNGGRTC
3’), 1U of Tag DNA polymerase, 200 wmol 17! of each
dNTP, 1.5 mmol 1=! MgCl, in a buffer solution contain-
ing 10 mmol 17! Tris-HCI pH 8, and 50 mmol 1~! KCL
The mixture was subjected to 40 cycles at 93 °C for 60 s,
36 °C for 90 s and 72 °C for 120 s in a Techne thermo-
cycler (Techgene). PCR products were run on a 2 % (w/v)
agarose gel and stained with GelGreen nucleic acid stain
(Biotium Inc., CA). The molecular weight of each band
was estimated using the Gel-Pro analysis software and 100-
bp DNA ladder (Invitrogen).

Genotypic identification of the isolates

The isolates were identified by 16S rRNA or GyrA cod-
ing gene sequencing. For this to be possible, gyrA and 16S
rRNA genes were amplified by PCR using primers gyrA-
Fwd (5" GCDGCRGCNATGCGTTAYAC 3') and gyrA-Rev
(5" AVRATYTCCATRCCKACRAC 3’), and 16S-341-Fwd

(5" CCTACGGGAGGCAGCAG 3’) and 16S-1389-Rev (5’
ACGGGCGGTGTGTACAAG 3'), respectively. The reac-
tion mixtures were subjected to 30 cycles at 94 °C for 45 s,
50 °C for 45 s and 72 °C for 120 s. The reaction products
were resolved by electrophoresis in a 0.8 % (w/v) agarose
gel and purified with GFX PCR DNA and gel band purifi-
cation kit (GE Healthcare). The sequences of the purified
PCR products were obtained at the University of Maine
DNA sequencing facility.

Average nucleotide identity (ANI) calculation
and phylogenomic tree construction

ANI value was calculated as described by Repizo et al.
(2014). In this case, the ANI calculator Web interface
available at EzGenome was used (http://www.ezbiocloud.
net/ezgenome/ani). Evolutionary analyses
ducted using gyrA or oprl and oprL gene sequences. gyrA
sequences were obtained using TBLASTN tool (Zhang
et al. 2000), all Bacillus-type strains available at EzGe-
nome and WP_013350726.1 sequence as query. oprl and
oprL sequences described in Matthijs et al. (2013) were
obtained from Genbank, individually aligned and concat-
enated using the Perl script catfasta2phyml.pl (http://www.
abc.se/~nylander/catfasta2phyml/). The best substitution
pattern was computed based on Bayesian information cri-
terion scores and the evolutionary histories inferred in
MEGAG6 (Tamura et al. 2013).

were con-

Genotypic clustering

Genotypic clustering of the isolates was implemented by
the R package pvcluster (Suzuki and Shimodaira 2013). For
the hierarchical cluster analysis, the presence or absence of
each polymorphic band in the RAPD patterns was used as
binary variable. The distance measurement was taken by
Manhattan distance function, and the average option was
used as agglomerative method.

Genome annotation and protein secretion prediction

B. safensis S9 and P. alcaliphila ED1 genomic sequences
were determined with Illumina HiSeq System technology at
Molecular Research LP (USA) and INDEAR (Argentina),
respectively. B. safensis S9 sequence assembly was per-
formed with SeqMan NGen 11.1.0, and an average coverage
of 134. P. alcaliphila ED1 sequence assembly was performed
with A5 pipeline software v2014-11-20 and an average cover-
age of 296. Sequences have been deposited at DDBJ/EMBL/
GenBank under the accession numbers LIHFO0000000 and
LLXP00000000, respectively. The versions described in this
paper are versions LIHF01000000 and LLXP01000000,
respectively. Coding sequences (CDS) were identified and
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Table 1 Exoenzyme patterns of the isolates

Exoenzyme activities Number of strains Strains

Amylase, lecithinase protease and lipase 14

EFA3, EFA4, EFAS, EFY3, FBAS, FBA12, FBA15, GSA3, GSAS, GSA13,

GSA32, SAA10, SAY3 and SAY4

Amylase lecithinase protease 20 EF7, EFY1, EFY14, FB10, GS12, GSY1, GSY2, GSY7, S1, S2, S3, S4, S5, S6,
S8, SA12, SA7, SA9, SAY1 and SAY2

Amylase protease 2 G13 and G24

Protease lipase 2 S7 and S9

Amylase lecithinase 3 FB8, GS13 and SA1

Lecithinase lipase 8 EFAS, EFA11, EFA13, EFA19, GSY9, ID9, ID10 and ID15

Lecithinase 7 El, E2, E3, E4, E5, FBY1 and ID16

Lipase 4 EDI, GDI, Q1 and Q2

None 2 G20 and G21

Lecithinase, lipase, protease and amylase activities are detected growing strains for 16 h at 30 °C on egg yolk, oil/Rhodamine B, skimmed milk
and starch agar plates, respectively. All activities are evaluated at least by triplicate. In Online Resource 1, exoenzyme patterns are indicated by

strains

assigned using RAST (Aziz et al. 2008) and handled using
the R package seqinR (Charif and Lobry 2007). CDS encod-
ing features of interest were selected based on its annotation
using grep and one of the following search patterns: acetolac-
tate decarboxylase, amylase, azoreductase, catalase, cellulase,
esterase, glucanase, glucose isomerase, glucose oxidase, glu-
cosyltransferase, hydrolase, laccase, ligninase, lipase, man-
nanase, pectate lyase, pectinase, phytase, protease, proteinase,
pullulanase or xylanase. Those CDS encoding for putative
esterase, lipase, hydrolase, protease or proteinase were trans-
lated to amino acid sequences and their secretion fate pre-
dicted using SignalP 4.1, tatP 1.0 and secretomeP 2.0 tools
(Bendtsen et al. 2004, 2005; Petersen et al. 2011).

Statistical analyses

The uncertainty of the hierarchical cluster analysis was
assessed via AU (approximately unbiased) p value, which
was computed by multiscale bootstrap resampling with
100,000 replications using the R package pvcluster (Suzuki
and Shimodaira 2013).

Results
Isolation of lipolytic strains from dairy wastewater

In an attempt to isolate strains with the capability of
degrading fats from dairy wastewater, samples from a treat-
ment lagoon of an industrial dairy plant were collected. At
the moment of sampling, the COD, BOD, FOG and pH of
the wastewater were 760 mg O, ml~!, 700 mg O, ml~},
1900 mg ml~! and 6.7, respectively. Three different screen-
ing strategies were conducted to isolate bacteria with lipo-
lytic activity.
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First, an enrichment procedure in mineral medium sup-
plemented with milk powder and oil was performed as
described in Materials and methods. Once the enrichment
operation was repeated three times, the resulting culture
was diluted and plated onto egg yolk agar plates. All result-
ing colonies (~2500) showed lipolytic activity as well as
similar morphology and color. Five strains were selected
(E1-5) for further characterization.

Secondly, direct isolations of strains by plating differ-
ent lagoon samples on egg yolk and oil/Rhodamine B agar
plates were performed. Sixteen out of 77 strains (EFY1,
EFY3, EFY14, FBY1, GSY1, GSY2, GSY7, GSY9, ID9,
ID10, ID15, ID16, SAY1, SAY2, SAY3 and SAY4) had
lipolytic activity in an egg yolk agar plate. On the other
hand, when olive oil was used as a source of low rate biode-
gradable fats (olive oil has approximately twice the amount
of triglycerides with long chain fatty acid as milk fat),
17 out of 166 isolated strains (ED1, EFA3, EFA4, EFAS,
EFA8, EFA1l1, EFA13, EFA19, FBAS, FBA12, FBAIS,
GD1, GSA3, GSAS, GSA13, GSA32 and SAA10) showed
lipolytic activity.

Spores represent an advantage in terms of handling,
transportation and storage, and are suitable for bioaug-
mentation processes. Therefore, spore-forming bacteria
were selected. In order to achieve that a pretreatment of
the dairy wastewater samples was carried out by incubating
them with one vol of chloroform or for 20 min at 80 °C.
Nine and seven strains (EF7, FB8, FB10, GS12, GS13,
SA1, SA7, SA9 and SA12; S1, S2, S3, S4, S5, S6 and S8),
obtained from chloroform and heat treatments, respectively,
were selected for their lipolytic activity in egg yolk agar,
and four strains (Q1, Q2, S7 and S9) obtained from heat
treatment were selected in oil/Rhodamine B agar.

Bacterium isolation from a commercial product (Glen-
sol 3901) was also performed by plating onto LB agar.
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Fig. 1 Genetic clustering, source and selection method of isolates.
Hierarchical cluster of the isolates are performed based on their poly-
morphic band pattern. AU p value is computed by multiscale bootstrap
resampling with 100,000 replications. Those strains that cluster together
with an AU p value >99 % are highlighted by boxes. Bacteria sources
[paper-filtered liquid (L), sludge (S) and superficial solids (F) of the
lagoon and a commercial product (C)] as well as the selection method
used are indicated. Enrichment and plating on egg yolk (E-Y), direct
plating on egg yolk (Y), or oil/Rhodamine B agar (O), chloroform treat-
ment and plating on egg yolk (Ch-Y) and heat treatment and plating on
egg yolk (H-Y) or oil/Rhodamine B agar (H-O)]. Strains selected for
wastewater growth and lipolytic enzyme production studies are high-
lighted. ns, strains isolated in non-selective medium; Acin, Acineto-
bacter sp.; Aero, Aeromonas sp.; Bamy, B. amyloliquefaciens; Beer, B.
cereus; Blic, B. licheniformis; Bsaf, B. safensis; and Bson, B. sonorensis

Table 2 Growth rates and lipolytic activity of selected isolates

Strain U (7D Lipolytic activity
(min~1)
Glu 0il Glu 0Oil

El 0.012 0.068 1.87 0.95
E5 0.116 0.004 1.27 1.07
EDI 0.111 0.112 5.73 5.73
EFY1 0.110 0.069 25.21 6.81
FBS 0.126 0.071 14.97 2.49
S1 0.124 0.065 18.37 4.77
S2 0.018 0.008 1.97 0.43
S5 0.001 0.010 1.99 0.81
S9 0.093 0.087 2.69 4.81
SAY4 0.007 0.004 1.05 0.81

Strains are grown in the WW medium supplemented with the indi-
cated carbon source and with agitation at 30 °C for seven days. Maxi-
mum bacterial growth rate (u,,,,) and maximal lipolytic activity pre-
sent in supernatant are indicated. Values are the mean of at least three
determinations with no more than 5 % SD among them

Remarkably, none of the strains isolated (G13, G20, G21,
G24) showed lipolytic activity on egg yolk or oil/Rhoda-
mine B agar plates.

Finally, exoenzyme profiles were performed for the 58
lipolytic enzyme-producing strains (Table 1 and Online
Resource 1). Thirty-four strains were found to have proteo-
lytic, amylase and lipolytic activities. Twenty of them had
lecithinase activity but did not hydrolyze oil.

Genetic and physiological characterization of the
isolates

RAPD analyses were performed to evaluate the pres-
ence of different genotypes among 49 isolates from which
adequate DNA quality and quantity could be obtained. As
shown in Fig. 1, six pairs and a quartet of isolates belong
to the same genotype (p < 0.95). Based on their morphol-
ogy (not shown), RAPD and exoenzyme profiles, ten
strains were selected to evaluate their capability to adapt to
wastewater-specific environmental conditions. In order to
do this, isolates were grown individually in a sterile waste-
water medium (WW) supplemented with different carbon
sources [0.5 % (w/v) Glucose (WW + Glu) or 1 % (v/v)
Oil (WW 4 Oil)]. Lipolytic activities in supernatants and
bacterial growth rate (1) were monitored for seven days as
described in Materials and methods. Isolates ED1, EFY1,
FB8, S1 and S9 showed the highest u,,. in both media
(Table 2). In turn, these strains also showed the highest lipo-
lytic activities among the strains under study. Interestingly,
while all strains showed a higher activity in WW + Glu, the
highest activity for strain S9 was observed in WW + Oil.

@ Springer
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Fig. 2 Evolutionary analyses of
Bacillus strains using gyrA gene
sequence. The evolutionary
history of the strains is inferred
using the neighbor-joining

method in MEGAG6 (Tamura 98
et al. 2013). The percentage
of replicate trees in which 57
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the associated taxa clustered
together in the bootstrap test
(10,000 replicates) is shown
next to the branches. The
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Taxonomic identification of selected isolates

Economic, regulatory and safety restrictions for the pro-
duction of bacteria at high-scale levels and their application
in industrial wastewater treatment require that those strains
belong to nonpathogenic species (El Fantroussi and Aga-
thos 2005). Therefore, 16S-rRNA sequences from selected
isolates were determined and compared to NCBI databases
using BLAST (Zhang et al. 2000). Isolates EFY1, FBS,
FB10, GS12, SA7, SA12 and S9 were found to belong to
the Bacillus genera. While the latter isolate shared 99 %
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B. manliponensis JCM 15802
B. cytotoxicus NVH 391 98
B. gaemokensis JCM 15801
B. pseudomycoides DSM 12442
99, B. mycoides DSM 2048
B. weihenstephanensis NBRC 101238
B. thuringiensis ATCC 10792
B. cereus ATCC 14579

95— B. toyonensis BCT 7112

48

identity with 16S rRNA gene of B. safensis and B. pumi-
lus strains, the remaining six shared >99 % identity with
B. cereus group strains. Interestingly, S9 was selected by
its lipolytic activity in oil/Rhodamine B, whereas strains
EFY1, FBS8, FB10, GS12, SA7 and SA12 were selected in
egg yolk agar plates, indicating that such procedure may
favor the selection of B. cereus group strains. It has previ-
ously been reported that the sequence of gyrase A encod-
ing gene (gyrA) enables a more accurately identification
among Bacillus species (Reva et al. 2004). Therefore, gyrA
sequences of G13, G20, G21, G24 and S9 were determined
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Fig. 3 Evolutionary analyses of Pseudomonas EDI strain using
the concatenated sequence of oprl and oprL genes. The evolution-
ary history of the strains is inferred by using the maximum likeli-
hood method based on the general time reversible model in MEGA6
(Tamura et al. 2013). The tree with the highest log likelihood

and their phylogenomic relationship inferred. As shown in
Fig. 2, G13 and G24 clustered with B. amyloliquefaciens
strains and were more related to the amyloliquefaciens sub-
species. G20 and G21 grouped together with members of
B. sonorensis and B. licheniformis species, respectively.
On the other hand, S9 clustered with strains of the B. pumi-
lus group and was more related to the B. safensis FO-36b.
B. pumilus group is composed of seven species that share
over 99.5 % of 16S tRNA gene identity. The selection of
marker genes that provide prokaryotic species boundaries
at a resolution higher than 16S rRNA or gyrA is a challeng-
ing but necessary task to reconstruct the genealogy of this
group of bacteria (Rossello-Mora 2012; Sunagawa et al.
2013). On the other hand, the average nucleotide identity
(ANI) among shared genes was recently proposed for spe-
cies circumscription (Richter and Rossello-Mora 20009).
As expected, the ANI value between S9 and FO-36b was
96.1 %, which is slightly higher than the 95-96 % cutoff
for species boundary (Richter and Rossello-Mora 2009).
The genes coding for 16S rRNA were also analyzed in
isolates SAY4, E1, E5 and ED1. The former shared 99 %
identity with Aeromonas spp. On the other hand, 16S
rRNA encoding genes of E1 and ES5 shared 99 % identity
with Acinetobacter strains and ED1 shared 100 % iden-
tity with Pseudomonas spp. The sequence of oprl and
oprL, coding for the outer membrane lipoprotein I (Oprl)

P. citronellolis LMG 18378

94 P. knackmussii LMG 23759
4|7—{ - P multiresinivorans LMG 20221

99 P. nitroreducens LMG 21614

(—6882.9545) is shown. The percentage of trees in which the associ-
ated taxa clustered together is shown next to the branches. The sub-
tree is drawn to scale, with branch lengths measured in the number
of substitutions per site. The complete phylogenetic tree is shown in
Online Resource 3

and the peptidoglycan-associated lipoprotein L (OprL),
respectively, were proposed as specific molecular mark-
ers of the genera (Matthijs et al. 2013). Then, 89 oprl and
oprL sequences from Pseudomonas spp. were aligned
with the respective sequences of EDI1 strain and their
phylogenomic relationship inferred. This analysis indi-
cated that ED1 is closely related to Pseudomonas alcal-
iphila species (Fig. 3), which is consistent with the fact
that the ANI value between ED1 and P. alcaliphila 34 was
96.9 %.

Prospective exoenzymes identification in B. safensis S9
and P. alcaliphila ED1

In order to identify enzymes that contribute to the deg-
radation of dairy wastewater components, the genome
sequences of S9 and EDI strains were determined. The
draft genome sequences obtained consist of 3,794,315
and 5,239,535 bp and were assembled into 22 and 19 con-
tigs, respectively. Genome sequences were automatically
annotated using the RAST server (Aziz et al. 2008). The
genome of strain S9 encoded a total of 3900 CDS and 90
structural RNAs (74 tRNAs), whereas ED1 encoded a total
of 4781 CDS and 63 structural RNAs (58 tRNAs). A total
of 1747 (45 %) and 2562 (54 %) genes were assigned to
specific subsystem categories by RAST for S9 and EDI,

@ Springer



Arch Microbiol

Table 3 Features encoded in S9 and ED1 genomes

Feature Strains

S9 EDI1
Cofactors, vitamins, prosthetic groups, pigments 204 318
Cell wall and capsule 140 193
Virulence, disease and defense 57 138
Potassium metabolism 7 21
Miscellaneous 30 29
Phages, prophages, transposable elements, plasmids 4 16
Membrane transport 76 242
Iron acquisition and metabolism 31 46
RNA metabolism 151 209
Nucleosides and nucleotides 111 112
Protein metabolism 158 293
Cell division and cell cycle 40 33
Motility and chemotaxis 93 177
Regulation and cell signaling 59 105
Secondary metabolism 4 5
DNA metabolism 97 132
Fatty acids, lipids and isoprenoids 102 172
Nitrogen metabolism 13 43
Dormancy and sporulation 109 4
Respiration 56 139
Stress response 86 197
Metabolism of aromatic compounds 6 56
Amino acids and derivatives 360 588
Sulfur metabolism 43 67
Phosphorus metabolism 24 50
Carbohydrates 446 368

The most noteworthy differences between ED1 and S9 cellular fea-
tures are in bold

respectively. An overview of the genome features found in
S9 and ED1 strains is provided in Table 3.

In accordance with the evidence of lipolytic activities
found in plaque and in the presence of dairy wastewater
(Tables 1, 2), both S9 and EDI genome sequences con-
tained several candidates for esterases or lipases (Fig. 4).
SignalP (Petersen et al. 2011), tatP (Bendtsen et al. 2005)
and secretomeP (Bendtsen et al. 2004) tools were used to
predict which of these enzymes have secretion fate. Even-
tually, 12 out of 31 and 16 out of 66 lipolytic enzymes
were predicted to be secreted for S9 and ED1, respectively
(Fig. 4).

As S9 showed proteolytic activity in skimmed milk agar
plates (Table 1), proteases and proteinases were also ana-
lyzed in its genome sequence. Thirty-five putative proteases
and proteinases were identified, 20 out of which were pre-
dicted to be secreted (Fig. 4). Remarkably, 20 out of 33
putative proteases and proteinases were also identified
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Fig. 4 Hydrolytic and biotechnological relevant enzyme repertories p-
of S9 and ED1 strains. CDS in LIHFO0000000 and LLXP00000000
sequences are identified and assigned using RAST. These assig-
nations are used to construct circular plots for S9 (a) and ED1 (b)
where the numbers of putative proteins with the depicted activities
are indicated (inner circles). The percentage of protein predict to be
secreted (Sec.) or cytoplasmic (Cyt.) is indicated in outer circles. For
this prediction, SignalP, tatP and secretomeP are used. The RAST
assignation of each putative lipolytic exoenzymes encoded in S9 or
ED1 is described (with minor changes) below its corresponding cir-
cle, and the most interesting enzymes are highlighted. Other activities
include amylase, glucanase, xylanase, pectate lyase, glucosyltrans-
ferase, azoreductase, catalase and acetolactate decarboxylase activi-
ties. See Online Resources 4 and 5 for further information

and predicted to be secreted in ED1 genome sequence,
though its protease activity was not detected in our in vivo
assays. To broaden our in silico study, hydrolase activity
was searched in S9 and ED1 genomes, and as a result, 10
and 15 extracellular hydrolases were found, respectively
(Fig. 4). The complete list of putative lipolytic, proteolytic
and hydrolytic exoenzymes identified, as well as the secre-
tion system involved, is described In Online Resource 4.
Finally, biotechnological relevant enzymes were included
in our analysis, and one amylase, three glucanases, two
xylanases, one pectate lyase, three glucosyltransferases,
seven azoreductases, eight catalases and one acetolactate
decarboxylase were found (Table 4).

Discussion

In this study, three screening strategies were followed to
isolate microorganisms that produce extracellular lipolytic
enzymes and that grow in wastewater media. Strains were
analyzed with respect to their RAPD and exoenzyme pro-
files finding diversity among the isolates. It is noteworthy
that four groups of isolates (Q1 and Q2; E1, E2, E3 and
E4; S2 and S3; and GSA13 and GSA32) that individually
showed identical exoenzyme and RAPD patterns were
selected by the same method and from the same sample
types (Fig. 1). This may indicate that they are organisms
with clonal origin. Conversely, strains ED1 and GDI,
which also showed identical patterns, were isolated from
different lagoon sample types (Fig. 1), suggesting that
some microorganisms could be present in more than one
lagoon section.

Regarding their taxonomy, strains from B. safensis, P.
alcaliphila, B. cereus, Aeromonas and Acinetobacter were
identified. Pseudomonas and Bacillus species with high-fat
degradation effectiveness had been isolated from waste-
water sources (Loperena et al. 2009). While the former
genera were mainly associated with xenobiotic cleanup of
industrial wastes (Golovleva et al. 1992), both were pro-
posed to be used to improve wastewater treatment process
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(A)

Protease

and

Other

proteinases,

esterases

Lipases

and

Hydrolases

(B)

Protease

Hydrolases

Lipases
and
esterases

CDs Description of putative lipolytic exoenzymes CDs Description of putative lipolytic exoenzymes
number | encoded in B. safensis S9 number | encoded in P. alcaliphila ED1
229 2',3'-Cyclic-nucleotide 2'-phosphodiesterase (EC 178 Lipase precursor (EC 3.1.1.3)
3.1.4.16) / 5'-nucleotidase (EC 3.1.3.5)
242 Patatin-like phospholipase
248 Carbohydrate esterase family 4 protein -
379 Lipase
415 Polysaccharide deacetylase, Carbohydrate -
esterase family 4 414 Lipase
1236 4-Hydroxybenzoyl-CoA thioesterase family active 506 Lipase (EC 3.1.1.3)
site containing protein 850 Diguanylate cyclase/phosphodiesterase with
1339 Rhamnogalacturonan acetylesterase PAS/PAC sensors
1714 Lysophospholipase-like family protein 985 Phospholipase A1 precursor (EC 3.‘_1.1.32, EC
3.1.1.4); Outer membrane phospholipase A
1869 para-Nitrobenzyl esterase 1030 Chemotaxis response regulator protein-glutamate
2156 Lipase precursor methylesterase CheB (EC 3.1.1.61)
2226 Lysophospholipase (EC 3.1.1.5); 1906 Lipase class 3 family protein
M | ide li EC 3.1.1.23
onoglyceride lipase ( ) 3326 Glycerophosphoryl diester phosphodiesterase
2726 Hypothetical lysophospholipase (EC 3.1.4.46)
3235 Phospholipase/carboxylesterase 3501 Diguanylate cyclase/phosphodiesterase with
PAS/PAC sensors
3640 Glycerophosphoryl diester phosphodiesterase
(EC 3.1.4.46) 3690 Esterase
3928 Lysophospholipase (EC 3.1.1.5)
3994 Diguanylate cyclase/phosphodiesterase with
PAS/PAC sensors
4267 Lipase precursor (EC 3.1.1.3)
4272 Arylesterase precursor (EC 3.1.1.2)
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Table 4 Putative
biotechnological relevant

Strain CDS number

Description

enzymes encoded in B. safensis S9
S9 and P. alcaliphila ED1

3056
2470
2732
1880
3511
394
816
1073
1074
2386
3013
3303
1275
1354
ED1 23
1176
1434
1439
1586
2931

3
4065
4662
681
1261
2205

Alpha-acetolactate decarboxylase (EC 4.1.1.5)
FMN-dependent NADH-azoreductase

FMN-dependent NADH-azoreductase

Catalase (EC 1.11.1.6)

Catalase (EC 1.11.1.6)

Catalase (EC 1.11.1.6)

Manganese catalase (EC 1.11.1.6)

Endoglucanase 4 precursor (EC 3.2.1.4)

Exoglucanase II precursor (EC 3.2.1.91)
Endo-beta-1,3-1,4 glucanase (Licheninase) (EC 3.2.1.73)
Poly(glycerol-phosphate) alpha-glucosyltransferase (EC 2.4.1.52)
Pectate lyase(EC:4.2.2.2)

Endo-1,4-beta-xylanase A precursor (EC 3.2.1.8)
Xylanase

Alpha-amylase (EC 3.2.1.1)

FMN-dependent NADH-Azoreductase

FMN-dependent NADH-Azoreductase

Azoreductase

FMN-dependent NADH-Azoreductase

FMN-dependent NADH-Azoreductase

Catalase (EC 1.11.1.6)

Catalase (EC 1.11.1.6)/Peroxidase (EC 1.11.1.7)
Catalase (EC 1.11.1.6)

Catalase (EC 1.11.1.6)

Glucans biosynthesis glucosyltransferase H (EC 2.4.1.-)
UDP-glucose:(heptosyl) LPS alphal,3-glucosyltransferase (EC 2.4.1.-)

Data correspond to sequences LIHF01000000 and LLXP01000000, respectively
CDS of B. safensis S9 and P. alcaliphila ED1 are identified and assigned using RAST

(Dhall et al. 2012; Loperena et al. 2006, 2009). Consist-
ently, strains G13, G20, G21 and G24, isolated from a com-
mercial product (Glensol 3901), belong to Bacillus genera.
Vrints et al. (2007) also studied bioaugmentation products
showing that Bacillus were the dominant cultivable genus
present in all 18 analyzed inoculants. However, none of
the strains isolated from the commercial inoculum used as
reference in this work showed lipolytic and/or proteolytic
activities, highlighting the importance of using bacterial
strains selected by its specific traits (i.e., lipolytic enzyme-
producing strains) for wastewater treatment of certain
industries.

While occasionally proposed to be used in waste-
water treatment process (Ahmad et al. 2010; Lee et al.
2008; Wang et al. 2013; Yao et al. 2013), some strains of
B. cereus, Aeromonas and Acinetobacter were shown to
be human pathogens (Janda and Abbott 2010; Juni 1978;
Panel 2005). Taking this into account, strains El1, E2,
EFY1, FBS, FB10, GS12, SA7, SA12 and SAY4 should be
carefully evaluated for their use. In general, caution should

@ Springer

be taken when non-identified bacteria are intended to be
used as inoculum in industrial processes. However, this
seems not to be a common practice since the presence of
B. cereus strains was detected in 16 out of the 18 products
analyzed by Vrints et al. (2007).

A common characteristic of Pseudomonas is their con-
siderable metabolic versatility (Rojo 2010). Concordantly,
EDI1 encodes for 166, 81, 30 and 50 more genes than S9
featured in membrane transport, defense (mainly metal
resistance and multirug efflux pumps), nitrogen metabo-
lism and aromatic compound metabolism, respectively
(Table 4). Moreover, ED1 encodes for approximately twice
as many genes for each cellular feature as S9. The excep-
tion was genes involved in dormancy and sporulation func-
tions, as expected, but also those involved in carbohydrate
metabolism (Table 4).

Finally, the whole-genome sequencing strategy per-
formed in this study allows us to identify a repertoire
of 68 technologically relevant putative proteins, includ-
ing 28 lipolytic exoenzymes (Fig. 4; Table 4). Proteolytic
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exoenzymes were identified in silico for ED1, whereas no
protease activity was detected in vivo. This may indicate
that these putative enzymes were not expressed or active at
assayed conditions or that they were involved in physiolog-
ical activities not related to extracellular protein hydrolysis.
Further studies will help to understand the biochemistry
and regulation of S9 and ED1 exoenzymes and, therefore,
comprehend their contribution to the removal of fats and
proteins from dairy wastewaters.
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