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Abstract Crude glycerol obtained as a by-product of bio-
diesel production is a reliable feedstock with the potential
to be converted into reduced chemicals with high yields. It
has been previously shown that ethanol is the primary prod-
uct of glycerol fermentation by Escherichia coli. However,
few efforts were made to enhance this conversion by means
of the expression of heterologous genes with the potential
to improve glycerol transport or metabolism. In this study,
a fosmid-based metagenomic library constructed from an
anaerobic reactor purge sludge was screened for genetic
elements that promote the use and fermentation of crude
glycerol by E. coli. One clone was selected based on its
improved growth rate on this feedstock. The corresponding
fosmid, named G1, was fully sequenced (41 kbp long) and
the gene responsible for the observed phenotype was pin-
pointed by in vitro insertion mutagenesis. Ethanol produc-
tion from both pure and crude glycerol was evaluated using
the parental G1 clone harboring the ethanologenic plasmid
pLOI297 or the industrial strain LY 180 complemented with
G1. In mineral salts media containing 50 % (v/v) pure glyc-
erol, ethanol concentrations increased two-fold on average
when G1 was present in the cells reaching up to 20 g/L
after 24 h fermentation. Similar fermentation experiments
were done using crude instead of pure glycerol. With an
initial ODyg,, of 8.0, final ethanol concentrations after 24 h
were much higher reaching 67 and 75 g/L with LY 180 cells
carrying the control fosmid or the G1 fosmid, respectively.

P4 Francisco Noya
fnoya@iibce.edu.uy

Departamento de Bioquimica y Genémica Microbianas,

Instituto de Investigaciones Bioldgicas Clemente Estable,
Av. Italia 3318, 11600 Montevideo, Uruguay

Published online: 13 August 2016

This translates into a specific ethanol production rate of
039gh 'OD 'L

Keywords Crude glycerol - Biodiesel - Ethanol -
Functional metagenomics

Introduction

Biodiesel is one of the best alternative liquid fuels. It is an
energy efficient renewable fuel made from vegetable oil
and animal fats [24]. It is also environmentally friendly,
biodegradable and the only alternative fuel with the poten-
tial to completely displace its petroleum counterpart. Con-
ventional diesel engines can use 100 % biodiesel with only
minor modifications to fuel system and little impact on per-
formance [22]. Biodiesel is produced by transesterification
or alcoholysis of triacylglycerol with methanol or ethanol
in a process that generates about 10 % (w/w) glycerol as
a by-product. As a result of its worldwide production, 2
million tons of glycerol per year consistently reached the
market for the past 10 years [8] driving down glycerol mar-
ket prices and increasing disposal costs [55]. Finding ways
to extract more value from this by-product is essential for
balancing the economic equation of the biodiesel industry
and increasing the competitiveness of this biofuel against
its fossil counterpart [53].

Many commercially important compounds are currently
produced from sugars, such as glucose and xylose, obtained
from starch, sucrose or lignocellulose. When compared to
these sugars, glycerol is a more reduced substrate, better
suited to achieve higher yields in those situations where
production of the final product is limited by the availabil-
ity of reducing equivalents [9, 12]. Several previous works
have evaluated the utilization of glycerol to produce diverse

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10295-016-1818-7&domain=pdf

J Ind Microbiol Biotechnol

value-added chemicals such as 1,3-propanediol, hydrogen
or amino acids [30, 39, 45]. The finding that ethanol is
the main product of glycerol fermentation by E. coli [32],
together with its reported ability to grow on glycerol as the
sole carbon source [28], opened up the possibility to use
this industrial workhorse to also produce ethanol from bio-
diesel production main by-product.

Many improvements and modifications were done in
glycerol fermentation conditions and E. coli metabolic
pathways, looking for better ethanol yields [10, 11, 19, 29,
36, 37, 49, 51, 54]. In one study, mutations in many seem-
ingly unrelated pathways (amino acids, pentose phosphate,
TCA cycle, gluconeogenesis, amino sugar and nucleotides)
showed positive effects in glycerol to ethanol conver-
sion [50]. However, none of the work done so far aimed
at identifying novel heterologous genes that could enhance
this process in a strain already optimized for ethanol
production.

Metagenomics is the analysis of all the genomes that
compose a microbial community [18]. It involves the
extraction of the genomic DNA directly from the envi-
ronmental sample without cultivation. This DNA can be
either sequenced, or fragmented, cloned into a vector
and introduced into a host to construct a metagenomic
library. Functional metagenomics implies the screen-
ing of this library for phenotypes or functions of interest
that are newly expressed in the host cells [1]. One major
advantage of this approach is that no previous informa-
tion on the target genes is required. Thus, this strategy has
allowed the identification of entirely new classes of genes
[4, 14, 44].

In this study, a functional metagenomic approach was
used to identify environmental DNA fragments that were
able to improve both the growth of E.coli with crude glyc-
erol as the sole carbon source, as well as ethanol produc-
tion by an ethanologenic strain.

Materials and methods
Metagenomic library construction

Metagenomic DNA was isolated as previously described
[43] from the purge sludge of an anaerobic reactor fed with
ruminal digesta [total solids (TS) 19.3 % (w/w); volatile
solids (VS) 17.3 % (w/w)] and tannery fats (TS 25.1 %, VS
16.6 %), inoculated with an activated purge sludge of an
oil-wastewater treatment plant (TS 25.6 %, y VS 21.7 %).
DNA fragments ranging from 30 to 50 kbp were selected
and cloned into fosmid pCCIFOS and transduced into
EPI300-T1R cells (Epicentre Biotechnologies, Madison,
WI, US) as previously described [26].
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Table 1 Composition of crude glycerol

Component % (wt/wt)
Glycerol 78.6
Methanol 4.0

Ash 4.7

Water 2.8
OMNG* 13.9

pH 10-12

* OMNG organic matter non glycerol

Screening of metagenomic library

Crude glycerol was obtained as a by-product of the biodiesel
industry (ALUR, Montevideo, Uruguay) and its composi-
tion is detailed in Table 1. Agar-plates of minimal media M9
(2 mM MgSO,, 0.1 mM CaCl,, 50 mM Na,HPO,-7H,0,
20 mM KH,PO,, 0.05 % NaCl, 0.1 % NH,CI, thymine
50 pg/mL, leucine 200 wM) containing 4.0 % (v/v) crude
glycerol as the only carbon source were used for the screen-
ing of the metagenomic library. The library was grown
under aerobic conditions overnight on M9 agar-plates with
1 % (w/v) glucose and then replica plated onto screening
media. Positive clones were selected based on visually dis-
tinguishable growth after 16 h of incubation at 30 °C. For
growth assays in liquid media, crude glycerol was previ-
ously neutralized. For this purpose, a 50 % (v/v) crude glyc-
erol dilution was adjusted to pH 7.0 with 1 % HCI, filtered
through filter paper and the resulting liquid fraction was
sterilized by autoclaving. The growth of selected clones was
assessed in liquid M9 media with 4.0 % (v/v) neutralized
crude glycerol as the sole carbon source by measuring the
optical density at 620 nm (ODy,,) during 24 h in 96 well
plates using Varioskan Flash Multimode Reader (Thermo
Scientific, MA, US).

G1 fosmid sequencing and in silico analysis

Fosmid G1 was sequenced in an Ion Torrent PMG platform,
using Ion PGM TM Sequencing Kit (Life Technologies,
Invitrogen, CA, US) in Ion 314 ™ Chip (Life Technolo-
gies). The sequencing library was constructed using Ion
Xpress™ Plus commercial Kit (fragmentation of 200 bp)
(Life Technologies) and Ion PGM™ Template OT2 200 Kit
(Life Technologies) was used for the template preparation.
114,683 reads were obtained, with a mean read length of
206 bp. E. coli genomic DNA contamination was filtered
out by the Mirabait software using the genome of K12 as
template. The reads obtained were assembled using the
software Mira 4.0 rc5, with a coverage of 40X (7500 reads
of 235 bp on average were randomly selected). Manual
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curation was made with Gap5 program. Open reading
frames (ORFs) were predicted from the assembled contigs
using MetaGene [38] hosted on the WebMGA online server
[52]. The translated protein sequences of the predicted
genes were subjected to Blastp comparison [59] with the
non-redundant protein database (NR) and the CDD domain
database (including Clusters of Orthologous Groups clas-
sification, COG). The PhyloPythiaS server [40] was used
to infer the phylogenetic origin of the environmental DNA
sequence.

ORF G1_23 sequence was compared to the Pfam data-
base [41] at http://pfam.xfam.org/. Complementary domain
analysis was made with HMMER [15] using profile Hidden
Markov Model (HMMs). The prediction of transmembrane
motifs was performed by TMHMM 2.0 server [23], and
protein subcellular location prediction was determined by
PSORTbD v.3.0 [33]. The prediction of signal peptides was
performed using SignalP 4.1 [35].

Closest homologs to ORF G1_23 were selected and
multiple sequences alignments were computed with MEGA
6 [48] by Muscle method. MEGA 6 was also used for the
construction of phylogenetic trees using the Maximum
likelihood method.

The DNA sequence of G1 is available in the GenBank
database under the accession number KU952095.

Gene identification by mutagenesis

G1 fosmid was in vitro mutagenized using EZ-TnS5 Inser-
tion Kit (Epicentre Biotechnologies) according to the
manufacturer’s instructions. The mutagenized mixture
was used to transform fresh electrocompetent EPI300-
TIR cells and Tn5-mutant fosmids were selected in LB
plates supplemented with chloramphenicol 12.5 pg/
ml and kanamycin 50 pg/ml. Transformants were rep-
lica plated onto M9 plates containing 4 % (v/v) crude
glycerol and incubated at 30 °C for 16 h. Colonies dis-
playing growth impairment regarding the parental strain
EPI300 (Gl) were selected. Single Tn5 insertion was
confirmed by restriction analysis. DNA flanking the
Tn5 was sequenced by conventional Sanger method
(Macrogen, Seoul, Korea) using primer KAN-2 FP-1
(5’-ACCTACAACAAAGCTCTCATCAACC-3').

Ethanol production assays

For ethanol production assays two strains were used: (1)
EPI300-T1R complemented with both fosmid G1 and the eth-
anol production enhancer plasmid pLOI297 (carrying adhB
and pdc from Zymomonas mobilis CP4; ATCC 68239) [2]; (2)
the ethanologenic strain LY 180 [AfirdBC::(Zm frg celYEc)
AldhA::(Zm frg casA BKo) adhE::(Zm frg estZPp FRT)
AackA::FRT rrlE::(pdc adhA adhB FRT) AmgsA::FRT], a

derivative of LY 168 [21, 31], complemented with G1 fosmid.
All the strains were conserved at —80 °C.

Batch fermentations were carried out in Fleakers mini-
fermenters (Corning, New York, USA) containing 200 mL
of M9 minimal media for EPI300-T1R cells, or NBS media
[58] for LY 180 cells, supplemented with different concen-
trations of neutralized glycerol and incubated without aera-
tion at 37 °C, and 150 rpm. pH was adjusted to 7.0 before
autoclaving and remained un-controlled during the fermen-
tations. Fleakers were inoculated with an initial ODy,, of 1
or 8, using the cellular pellet of overnight cultures grown in
LB media supplemented with 20 g/L of glucose. To provide
vitamins and additional nutrients in the experiments using
pure glycerol, tryptone and yeast extract at 1 % (w/v) final
concentration were added. 1 mM HCl-betaine was included
when glycerol content was above 20 %. LY 180 cells are
unable to growth on pure glycerol so 1 mM selenite was
added to the media.

For ethanol production kinetics assays, fermentations
were carried out in 1.2 L fermenters, instead of Fleak-
ers. Just after inoculation, oxygen was displaced from the
headspace with nitrogen and incubation proceeded without
aeration.

Quantitative determinations

Ethanol and oxygen were determined by gas phase detec-
tors BCP-EtOH and BCP-O2EC (BlueSens, Herten, Ger-
many). H, and CO, were determined by gas chromatog-
raphy using a 310 C gas chromatograph (SRI, CA, USA)
with argon as gas carrier.

Glycerol determinations were done as previously
described [6]. 0.5 mL of each sample was transferred into
a 10 mL test tube containing 1.5 mL of 50 % ethanol and
1.2 mL of 10 mM sodium periodate. The mixture was
shaken for 30 s. Then, 1.2 mL of 0.2 M acetylacetone was
added and the reaction was carried on at 70 °C for 1 min.
Glycerol concentration was determined by reading the
absorbance at 410 nm against a titration curve.

Volatile fatty acids (VFA) were determined by HPLC.
Samples were centrifuged at 15.000 rpm and 5 °C for
15 min, and 100 pL of the supernatant was injected in a
Waters modular HPLC system (Waters Associates, Milford,
MA, USA). The HPLC system consisted in a binary HPLC
pump (Waters 1525), an autosampler (Waters 717 plus),
an ion-exclusion column Rezex ROA-Organic Acid H+
(8 %) (300*7.8 mm) (Phenomenex, Torrance, CA, USA),
and a photodiode array detector (Waters 2998) linked to
Empower 2 (Waters) chromatography data software. The
temperature of the column was set at 30 °C. Mobile phase
was H,SO, 0.015 M at 0.3 mL/min isocratic elution. Quan-
tifications were performed using a standard solution con-
taining 5 mg/mL of each VFA.
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All assays were done in triplicates. Significance analysis
were made using a Tukey’s test (p value < 0.05) using the
Infostat software.

Results and discussion
Metagenomic library screening

Escherichia coli is naturally able to grow aerobically on
glycerol as the sole carbon source [28]. However, crude
glycerol obtained as a by-product of biodiesel production
has a very alkaline pH and is contaminated with organic
and inorganic compounds which hinders cell growth. The
impurities of the industrial feedstock were mainly com-
posed of ash, methanol, non-glycerol organic materials
and water (Table 1). The glycerol content was between 70
and 78 % (wt/wt). Therefore, we set to further improve the
growth of E.coli on crude glycerol by its complementation
with random environmental DNA. For this end, we used a
previously constructed metagenomic library to search for
clones eliciting an improved growth in crude glycerol when
compared with the parental strain EPI300-T1R.

The 100,000-clones metagenomic library was screened
on agar-plates of M9 minimal media with 4 % crude glyc-
erol as the sole carbon source. After 16 h of incubation at
30 °C under aerobic conditions the clones that grew faster
than the parental strain were selected. This advantage was
transient since after 48 h of incubation all colonies devel-
oped similar sizes.

Selected clones from the primary screen were confirmed
by growth assays in liquid media. Since crude glycerol con-
tains residual fatty acids that precipitate when mixed with
buffered M9 media and interfere optical measurements,
liquid assays were done with crude glycerol previously
neutralized and cleared by filtration. Liquid M9 media was
supplemented with 4 % neutralized crude glycerol and
inoculated with the clones selected in the primary screen.
Growth rate was measured by ODy,, and the assay was
repeated at least three times for each selected clone (data
not shown). One of these clones, named Gl, consistently
showed improved rates compared with the parental strain
and was selected for further characterization.

G1 fosmid sequence analysis

The G1 fosmid (41,312 bp long, including the pCC1FOS
backbone) was fully sequenced and assembled. Its nucle-
otide sequence did not show homology to any reference
genome in the NCBI database (refseq_genomic by Octo-
ber 2015). The PhyloPythiaS server [40] inferred that G1
was related to Alistipes. Thirty-eight putative ORFs were
predicted and their analysis showed homology to proteins
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from Phyla Bacteroidetes (Bacteroides, Hymenobacter,
Elizabethkingia, Alistipes sp. and Prevotella sp.) and Firmi-
cutes (Desulfitobacterium) (Table 2). From these results, no
OREF could be inferred responsible for the growth pheno-
type conferred by G1 fosmid.

To identify the gene responsible for the improved growth
rate of the G1 clone in crude glycerol, fosmid G1 was sub-
jected to in vitro Tn5-mediated mutagenesis. After Tn5
insertion, over 200 km-resistant colonies were identified on
MO-crude glycerol plates. Only the smallest of these were
selected and the single insertion of the transposon was veri-
fied by DNA restriction analysis. Three colonies were iden-
tified in this way and were sequenced to map TnS5 insertion
inside fosmid G1 sequence (Fig. 1). In two of them, mt9
and mt34, TnS interrupted the sequence of ORF G1_23,
while in mt40, it was inserted 5’ of this ORF. Loss of func-
tion as a result of TnS insertion in the three mutants was
confirmed by growth assays (Fig. 2). As negative control,
EPI300 carrying a randomly selected fosmid was used. The
mutant whose growth rate was most affected was mt9. This
phenotype is consistent with the position of the Tn5 inser-
tion inside the coding region but close to the first codon
of the ORF. It is likely that no gene product is expressed
in this mutant. The mt34 mutant displayed an intermedi-
ate growth rate, slightly better than the negative control. In
this mutant Tn5 is inserted at about three quarters of the
coding region and a partially functional product could be
expressed from it. The least affected was the mt40 mutant.
In this case, the mutation is located upstream of the ORF
most likely inside the regulatory region of the gene. The
gene product is not affected and is likely that the observed
loss of function was due to an untimed or reduced gene
expression.

ORF G1_23 showed only modest amino acid sequence
homology with hypothetical proteins from Bacteroi-
detes and Prevotella (Fig. 3, Table 3). No Pfam or COG
conserved domains could be identified. A putative signal
peptide encompassing the first 23 residues of ORF G1_23
was identified by SignalP [5] and PSORTb V3.0 [33].
The cleavage site was predicted between amino acids 23
and 24 (VSC-QS D = 0.715 D-cutoff = 0.570, data not
shown). A transmembrane domain was predicted on the
first 25 aminoacids of ORF G1_23 with 40 % probability
and the remainder of the protein was located extracellu-
larly with high probability (100 %). Since G1_23 is only
homologous to hypothetical proteins, no function could
be assigned to it. Taking into account that the fosmid G1
was identified as a growth enhancer in crude glycerol, one
may speculate that G1_23 could function as a detoxifier of
one or more growth inhibitors present in the crude glycerol
(Table 1). For example, it has been shown an improvement
in tolerance to crude glycerol when overexpressing treha-
lose biosynthetic genes in E. coli [34]. It is also possible
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Table 2 ORFs assigned to G1 sequence

#ORF* Start End  Strand Length (aa) Closest homolog using BLASTP®
Description [org.emism]c’d E-value® Identity (%)° Gene bank ID®

Gl_1 41040 255 — 175 4-hydroxy-3-methylbut-2-en-1-yl diphosphate 1.00E—40 75 WP_021928565.1
synthase [Alistipes sp. CAG:831]

Gl1_2 249 932 — 227 Outer membrane protein beta-barrel domain 6.00E—38 39 WP_021928564.1
protein [Alistipes sp. CAG:831]

G1_.3 929 1345 — 138 Lipoprotein [Bacteroidales bacterium CF50] 2.00E-31 46 AGY53676.1

Gl_4 1464 2723 — 419 Putative uncharacterized protein [Bacteroides sp. 2.00E—114 45 WP_022285662.1
CAG:770]

Gl1_5 2720 3589 — 289 GTP pyrophosphokinase [Bacteroidales bacte- 8.00E—-78 47 AGY53675.1
rium CF50]

GI_6 3568 4956 — 462 relA/SpoT family protein [Bacteroides sp. 0 66 WP_022017717.1
CAG:545]

G1_7 4966 5211 — 81 Ribonuclease BN [Alistipes sp. CAG:514] 4.00E—11 44 WP_021839834.1

G1_8 5232 5954 — 240 Ribonuclease BN [Bacteroides sp. CAG:545] 2.00E—45 37 WP_022017716.1

GI_9 5959 6954 — 331 NAD-dependent DNA ligase LigA [Alistipes sp. 3.00E—144 65 WP_021928558.1
CAG:831]

G1_10 6869 7987 — 372 NAD-dependent DNA ligase LigA [Alistipes sp. 2.00E—153 64 WP_021928558.1
CAG:831

G1_11 8079 9311 + 410 6-phosphofructokinase [Alistipes timonensis] 0 67 WP_010260254.1

Gl_12 9376 9615 + 79 Alpha-amylase [Hymenobacter norwichensis] 0.007 34 WP_022825614.1

G1_13 9882 10928 + 348 Alpha-amylase [Bacteroides barnesiae] 9.00E—97 48 WP_018709950.1

Gl_14 11163 11564 + 133 Multispecies: RNA polymerase subunit sigma-24 7.00E—04 40 WP_014794121.1
[Desulfitobacterium]

Gl_15 11561 11779 + 72 RNA polymerase sigma factor, sigma-70 family  0.002 35 WP_015538795.1
[Gordonibacter pamelaeae]

Gl_16 11837 12070 — 77 ADP-ribosylglycohydrolase family protein 1.00E—-04 41 WP_013063668.1
[Prevotella ruminicola]

G1_17 12034 12333 — 99 Hypothetical protein [prevotella sp. fd3004] 1.00E—19 57 WP_036911212.1

G1_22 20459 20749 + 96 Hypothetical protein brdcf_p399 [bacteroidales  1.00E—22 58 AGY53026.1
bacterium cf50]

G1_23 21400 22734 -— 444 Hypothetical protein [Prevotella ruminicola] 8.00E—-28 33 WP_013064512.1

G1_24 23124 24230 + 368 Transcriptional regulator [Prevotella fusca] 1.00E—44 30 WP_025077699.1

G1_25 24227 24547 — 106 Phosphonate metabolism protein PhnP [uncul- 2.00E-34 56 EKD31793.1
tured bacterium]

G1_26 24493 24999 — 168 Beta-lactamase domain-containing protein [Bac- 2.00E—62 66 WP_022015881.1
teroides sp. CAG:545]

G1_28 26416 26763 — 115 Dihydroneopterin aldolase [Alistipes sp. 2.00E-32 46 WP_022324543.1
cag:435]

G1_29 26872 27588 — 238 Uroporphyrin-iii c/tetrapyrrole methyltransferase 3.00E—93 57 WP_022324546.1
[Alistipes sp. cag:435]

G1_30 27530 29476 — 648 Hypothetical protein BRDCF_p1264 [Bacteroi- 9.00E—179 44 AGY53891.1
dales bacterium CF50]

G1_31 29632 31986 — 784 Hypothetical protein BRDCF_p1264 [Bacteroi- 4.00E—55 25 AGY53891.1
dales bacterium CF50]

G1_32 32050 33078 + 342 tRNA threonylcarbamoyladenosine modification 0 73 ‘WP_004328979.1
protein TsaD [Alistipes]

G1_33 33176 34621 + 481 Oxidoreductase [Bacteroides sp. CAG:770] 0 62 WP_022285915.1

G1_34 35079 36149 + 356 Putative PD-(D/E)XK nuclease family protein 4.00E—24 28 CDN76750.1
[Elizabethkingia anophelis]

G1_35 36306 36833 — 175 Peptidyl-prolyl cis—trans isomerase [Alistipes sp. 4.00E—72 70 WP_021927072.1
cag:831]

G1_36 36830 37420 — 196 Uncharacterized protein [Alistipes sp. cag:831]  1.00E—66 54 WP_021927077.1
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Table 2 continued

#ORF* Start End

Strand Length (aa) Closest homolog using BLASTP®

Description [organism]>¢ E-value® Identity (%)° Gene bank ID®
G1_37 37503 37754 — 83 508 ribosomal protein L31 [Alistipes sp. 4.00E—47 87 WP_021927126.1
CAG:831]
G1_38 37823 38455 — 210 Hypothetical protein [Bacteroides fragilis] 4.00E—-28 36 WP_032568461.1
G1_39 38961 39902 + 313 Phosphomannomutase [Bacteroides sp. 5.00E—-137 63 AGY53846.1
CAG:770]
G1_40 39937 40383 + 148 Hypothetical protein BRDCF_p1220 [Bacteroi- 1.00E—43 52 AGY53847.1
dales bacterium CF50]
G1_41 40395 41036 + 213 Hypothetical protein BRDCF_p1220 [Bacteroi- 1.00E—71 47 AGY53847.1
dales bacterium CF50]
% ORFs identified by MetaGene
b Assigned by RPS Blast
¢ Closest homolog identified by BlastP 2.2.30+ using non-redundant protein sequences
4 ORF interrupted by Tn5 is shown in bold. ORFs belonging to pCC1FOS backbone are omitted
mt3a mt9
V v mt40
1 | PCC1FOS G1_23 v
I - J
I
0 10,000 20,000 30,000 40,000

Fig. 1 Relative positions of transposon Tn5 insertion sites on Gl
fosmid (41,312 bp). The arrowheads indicate the Tn5 insertion sites
on each G1 mutant (mt34 at position 22,285; mt9 at 22,332; mt40 at

Cell Growth (ODGZOnm)

0 5 10 15 20 25
Time (h)

Fig. 2 Growth (as ODyg,y) in M9 4 % (v/v) crude glycerol of EPI300
(G1) (filled diamond), selected Tn5 mutants: mt9 (multiplication
sign), mt 34 (filled square), mt40 (open triangle) and EPI300 car-
rying a randomly picked fosmid as negative control (open square).
Incubation at 37 °C during 24 h. Experiments were conducted in trip-
licates, and averages were plotted. Error bars indicate standard devia-
tions

that G1_23 function is related to glycerol transport and/
or metabolism. For example, the expression of glycerol
dehydrogenase (Gcey) and dihydroxyacetone kinase (Dak)
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22,826). The location of ORF G1_23 (21,400-22,734) is indicated by
an arrow, and the pCC1FOS backbone, between positions 12,510 and
20,519, by a grey box

— WP_028913135.1
L wp_031540335.1

ORF_G1_23

WP_033149883.1

| ADE82526.1
WP_041385930.1

0.2

Fig. 3 Phylogenetic relationship of ORF GI1_23 and its closest
homologs identified using NCBI BlastP. Multiple sequences align-
ments were computed with MEGA 6 using the Muscle method. Phy-
logenetic tree was constructed using the Maximum likelihood method
also implemented in MEGA 6

in Saccharomyces cerevisiae improved growth on glycerol
[57].

Ethanol production using EPI300 strains

To determine whether fosmid G1 improves ethanol pro-
duction from glycerol by E.coli, EPI300 (G1) was com-
plemented with the ethanologenic plasmid pLOI297. This
plasmid carries the PET operon [2] [alcohol dehydroge-
nase (adh) and pyruvate decarboxylase (pdc) genes from
Zymomonas mobilis]. Due to the very low K,; of pdc for
pyruvate (0.4 mM) this operon confers E. coli the ability
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Table 3 Closest homologs of ORF G1_23 identified using NCBI BlastP

Related proteins (accession number) Origin Identity (%) Max score Query cover (%) E-value Reference
Hypothetical protein (WP_031540335.1) Bacteroidetes 38 126 62 1.00E—28
Hypothetical protein (WP_041385930.1) Prevotella ruminicola 32 125 90 4.00E—28
Hypothetical protein PRU_1480 (ADE82526.1) Prevotella ruminicola 23 33 124 87 9.00E—28 [42]
Hypothetical protein (WP_033149883.1) Prevotella sp. RM4 31 120 90 4.00E—26
Hypothetical protein (WP_028913135.1) Prevotella sp. MA2016 37 100 52 1.00E—19
12
b . *
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=z 3
® 3 :
S =6
o
© c
£ 5.
&
2 *
O 1—9—-
g 4 10 20 50
Time (h) Pure Glycerol (% v/v)
351 ¢ 35 d .
3.0 * 30
Z2s
39 = 25
5 20 B 20
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&5 8 15
o ©
ey
1.0 o 10 4
. i -m [
Epi (X, Epi300(G1  Epi300 (Gl  Epi300 (Gl Epi300
plOI257)  mtS, pLOI257) me34, pLOI297) mt40,pl01297) (G1,pLOI2S7) 4 10 20 50

Fig. 4 Ethanol production by EPI300 (pLOI297) strains, in M9 mini-
mum media with pure or crude glycerol as carbon source. a Kinet-
ics of glycerol (squares) and oxygen consumptions (/ines), and etha-
nol production (circles) from 10 % (v/v) pure glycerol during 48 h
at 37 °C and 150 rpm by EPI300 (X, pLOI297) (open symbols and
dashed line), EPI300 (G1, pLOI297) (solid symbols and continu-
ous line); b ethanol production with different concentrations of pure
glycerol added to media using EPI300 (X, pLOI297) (empty bars) or
EPI300 (G1, pLOI297) (full bars) after 24 h of incubation at 37 °C,

to produce ethanol as the principal fermentative product
[47] by outcompeting other acidogenic pathways. Cells
were grown under microaerophilic conditions in M9 media
supplemented with 10 % pure glycerol, 1 % tryptone and
1 % yeast extract since E. coli requires a rich-media to
effectively ferment glycerol [12]. Under these conditions
oxygen can act as the final electron acceptor for reducing
equivalents not eliminated by the pdc/adh pathway. Ethanol
and glycerol were measured over time. As negative control,
EPI300 carrying pLOI297 and a randomly selected fosmid
(X) was used. Ethanol rose sharply during 12 h for EPI300

Crude Glycerol (% v/v)

150 rpm; ¢ ethanol production from 10 % (v/v) pure glycerol using
EPI300 (X, pLOI297), EPI300 (G1, pLOI297) and selected Tn5
mutants; d ethanol production with different concentrations of crude
glycerol added to media (% v/v) using EPI300 (X, pLOI297) (empty
bars) or EPI300 (G1, pLOI297) (full bars) after 24 h of incubation
at 37 °C, 150 rpm. Experiments were done in triplicates, and aver-
ages were plotted. Error bars indicate standard deviations, (asterisk)
is present when statistical significant differences were found between
strains (¢ test, 95 % confidence level)

(X, pLOI297) and during 24 h for EPI300 (G1, pLOI297),
being the maximum ethanol concentrations 3.5 g/L and
5.2 g/L by 48 h, respectively (Fig. 4a). Glycerol consump-
tion after 48 h was 2.7 and 3.5 %, respectively, which repre-
sents an ethanol yield of 0.13 and 0.15 g per g of glycerol,
respectively. These data underline the fact that the presence
of G1 increased ethanol production rate (g/h) by 56 % and
glycerol consumption by 30 % but did not improve ethanol
yield much which was still far from its theoretical maxi-
mum of 0.50 g/g. Residual oxygen was 5 % by 48 h. One
can conclude that, in these conditions, the majority of the
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glycerol consumed is not being converted into ethanol (see
below).

Cell growth was not affected significantly by the pres-
ence of G1. The initial ODg,, was 1.0 and, by 48 h, ODy,,
was 1.2 for the control and 1.3 for the cells harboring G1
(data not shown). Although, G1 was selected by the better
growth rate on glycerol containing plates, under microaero-
biosis, better growth is no longer a dominant characteristic.
A plausible explanation might be that under these condi-
tions energy metabolism funnels the flux of carbon away
from anabolism and growth. From a practical point-of-
view, this is a desirable outcome.

As expected, increasing glycerol concentrations,
increased ethanol production. However, in the presence of
G1, ethanol concentrations were at least double of those
obtained with the control fosmid (X) (Fig. 4b).

To determine whether the ORF G1_23 implicated on
growth improvement on crude glycerol was also involved
in the better ethanol yields obtained from the fermenta-
tion of pure glycerol, we repeated the fermentation experi-
ments with the Tn5-induced mutants described above.
The G1 fosmid mutants mt9, mt34 and mt40, introduced
into EPI300 cells and complemented with pLOI297, were
evaluated for ethanol production in 10 % of pure glycerol.
All the mutants in ORF G1_23 showed maximum levels
of ethanol production similar to the negative control strain
(Fig. 4c) and significantly lower (p < 0.05) than the strain
carrying the parental G1 fosmid. These results showed that
ORF G1_23 is involved not only in improving growth on
crude glycerol but also in better ethanol production from
pure glycerol. Since G1_23 did improve ethanol produc-
tion from pure glycerol it is less probable that its function
is related to detoxification of inhibitors present in crude
glycerol. Instead, it is more likely related to the transport or
metabolism of glycerol itself.

To assess the ability of G1 fosmid to improve the fer-
mentation of crude glycerol obtained from the industrial
production of biodiesel, neutralized crude glycerol instead
of pure glycerol was used in fermentation assays. Increas-
ing initial concentrations of crude glycerol were added to
minimal media, and ethanol production was evaluated. As
with pure glycerol, G1 enhanced ethanol production albeit
the improvements were not as large (Fig. 4d). In absolute
terms, maximum ethanol concentrations were on average
two- to three-fold higher with neutralized crude glycerol
than with pure glycerol (Fig. 4b, d).

Furthermore, in both pure and crude glycerol, produc-
tion of acetic, succinic, and propionic acids was detected
(Table 4). This is not surprising since, in E. coli, ethanol,
acetate and succinate are produced when glycerol is metab-
olized through the glycerol dehydrogenase and dihydroxy-
acetone kinase pathway [17, 58]. Interestingly, fermenta-
tions with crude glycerol showed a marked reduction in
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Table 4 Volatile acids co-produced during pure or crude glycerol
fermentation by EPI300 (X, pLOI297) or EPI300 (G1, pLOI297)
strains

Strain Volatile acid concentration (mg/mL)*

Epi (X, pLOI297) Epi (G1, pLOI297)
Glycerin Pure Crude Pure Crude
Acetic 2.572 0.072 4.627 0.110
Propionic 3.158 0.172 3.688 0.105
Succinic 1.657 ND 1.891 ND

# Concentrations of acids detected on supernatants of fermentation
assays of 50 % of corresponding carbon source

5 ND not detected

acetic, propionic and succinic accumulation and, at the
same time, much better ethanol yields suggesting that the
other components present in crude glycerol helped shift
the flux of carbon from pyruvate into the pdc/adh pathway
encoded by pLOI297 and away from the native routes. This
is similar to previous reports with pLOI297 in which etha-
nol conversion from xylose was over the theoretical yield
reflecting that pyruvate was also generated from the catabo-
lism of other complex nutrients [2].

Since it has been shown that only the synthesis of eth-
anol is required when using glycerol [12, 32], to obtain a
better yield it is viable to eliminate the by-products that
take carbon away from ethanol.

Ethanol production using LY180 strain

LY 180 strain was genetically modified to produce ethanol
as the main fermentation product and, at the same time, to
tolerate high ethanol and furfural concentrations [2, 31, 56].
Both acetate kinase (ack) and fumarate reductase (frd) were
interrupted to prevent acetate, succinic and propionic pro-
duction. LY180 converts pyruvate into ethanol mainly by
the expression of pyruvate decarboxylase (pdc) and alcohol
dehydrogenase (adh) from Z. mobilis. At low oxygen lev-
els, any redox imbalance resulting from the use of the pdc/
adh pathway is eliminated by respiration [16]. Also, LY 180
has a rebuilt pyruvate formate-lyase (pfl) pathway that can
be used to metabolize glycerol producing ethanol and for-
mate. Formate is later converted into CO, and hydrogen by
the enzymatic formate hydrogenlyase complex FHL [46].
To pursue better ethanol yields from glycerol by elimi-
nating the undesired by-products, we introduced fosmid
G1 and a control fosmid into LY 180 strain. We measured
ethanol production by LY 180 after 24 h under microaero-
philic conditions with increasing concentrations of pure
glycerol (Fig. 5a). As expected, LY180 led much better
ethanol yields than EPI300 (pLOI297). The effect of G1
was also very significant increasing ethanol production
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Fig. 5 Ethanol production by LY 180 strains in NBS minimum media
with pure or crude glycerol as carbon sources. a Ethanol production
with different concentrations of pure glycerol added to media by
LY 180 (X) (empty bars) or LY 180 (G1) (full bars); b ethanol produc-
tion from 10 % (v/v) crude glycerol after 24 h incubation at 37 °C,
150 rpm using LY 180 (X), LY 180 (G1) and selected Tn5 mutants;
¢ ethanol production on NBS media supplemented with crude glyc-
erol (% v/v) by LY 180 (X) (empty bars) or LY180 (G1) (full bars);

up to 94 % at 4 % glycerol. At 50 % glycerol, 20 g/L of
ethanol were obtained after 24 h incubation. To relate ORF
G1_23 with the observed improvement in ethanol produc-
tion, we evaluated the effect of the Tn5-induced mutants in
LY 180 cells. We measured ethanol concentration after 24 h
fermentation on minimal media containing 4 % pure glyc-
erol and LY 180 cells harboring the G1 fosmid, its mutants
or a randomly picked control fosmid (Fig. 5b). Both mt9
and mt34 performed similar to the negative control, as also
seen in EPI300 (pLOI297) cells. However, mt40 behaved
similar to fosmid G1 wild type suggesting that the mutation
on mt40 was complemented or suppressed by the LY 180
host genetic background. Tn5 insertion in mt40 mapped
upstream of the coding region of ORF G1_23 which could
indicate that it affected the promoter or other regulation
elements of the gene. LY 180 derives from E.coli W [21,
31] which is quite different from K-12, the parental linage
of most laboratory cloning strains. It has a larger genome
size, encodes more genes, and it grows on a much broader
range of carbon substrates [3]. Then, it is plausible to spec-
ulate that there are also differences that affect regulation of
gene expression which silence the mutation of mt40.

*
I

LY180 (C-) LY180 (G1muS) LY180 (G1 LY180 (G1 LY180 (G1)
mt34) mt40)

Ethanol (g/L)
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20

d kinetics of oxygen consumption (lines) and ethanol production
(symbols) during 50 h from 50 % (v/v) crude glycerol by LY180
(X) (dashed line, diamond) or LY 180 (G1) (solid line, filled square).
Experiments were done in triplicates, and averages were plotted.
Error bars indicate standard deviations, asterisk is present when
statistical significant differences were found between strains (¢ test,
95 % confidence level)

Since we wanted to test the conversion of crude glyc-
erol into ethanol, we performed the fermentations assays
with LY 180 cells harboring fosmid G1 or a control fosmid,
and increasing concentrations of neutralized crude glycerol
(Fig. 5¢). At concentrations of 10, 20 and 50 % of the car-
bon source, the yields of ethanol production obtained with
LY180 in crude glycerol (Fig. 5c) were higher than those
obtained with pure glycerol (Fig. 5a). At 50 % crude glyc-
erol, LY180 cells yielded 51 g/L of ethanol almost five-
fold more ethanol than when 50 % pure glycerol was used.
These results are in accordance with those obtained with
EPI300 cells confirming that neutralized crude glycerol is
a very interesting substrate for ethanol production. Simi-
larly to the observations in EPI300, G1 had a positive effect
on ethanol production. At 50 % crude glycerol, the pres-
ence of fosmid G1 yielded an additional 10 g/L of ethanol
(Fig. 5¢). As expected, in this case, no by-products such as
acetate, succinate, or propionate were produced (data not
shown).

To further improve ethanol yields, we increased the
initial cell density eight times (from ODg,, = 1.0 to an
ODy,, = 8.0). After 24 h, final ethanol concentration from
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50 % crude glycerol rose from 51 to 67 g/l with LY 180
cells carrying the control fosmid and from 60 to 75 g/L for
LY 180 harboring fosmid G1. This represents a specific eth-
anol production rate of 0.39 gh~! OD~! L1,

Ethanol production and oxygen consumption were con-
tinuously measured during LY 180 fermentation of 50 %
crude glycerol (Fig. 5d). After a lag phase of 7 h, oxygen
was rapidly consumed and leveled off at 6-8 %. Low oxy-
gen favored the production rate of ethanol and reached 67
and 82 g/L by 50 h of fermentation with LY180 (X) and
LY180 (Gl1), respectively. This ethanol concentration is
close to the limit that these cells can tolerate without com-
promising their integrity [20]. Still, this concentration of
ethanol is high enough to make economically feasible its
distillation for commercial purposes [27]. Trace amounts of
CO, and H, were detected in the headspace consistently to
the usage of the pfl/FHL pathway [32] (data not shown).

The fermentative conversion of glycerol to ethanol has
previously been reported by metabolically engineered E. coli
strains. Durnin et al. [13] reported the production of more
than 20 g/L of ethanol accompanied by hydrogen or for-
mate production from 60 g/L of crude glycerol by an E. coli
strain with dihydroxyacetone kinase (dhaKLM) and glycerol
dehydrogenase (gldA) genes under control of Py ;. Simi-
lar results were obtained from 50 g/L of crude glycerol after
96 h of fermentation by E. coli MG1655 (pZSKLMgldA)
strain [7]. An E. coli strain carrying a plasmid that overex-
pressed glycerol uptake genes dhaKLM, gldA, and gipK,
as well as the ethanol pathway gene adhE produced up to
41.9 g/L of ethanol by 72 h from 110 g/L glycerol [29].

Taken together the results obtained with both E. coli
strains confirm that neutralized crude glycerol is an excel-
lent carbon source for ethanol production and that the
presence of fosmid G1 enhances this production even fur-
ther. Crude glycerol contains about 80 % of glycerol. The
remaining 20 % is composed of contaminants (Table 1),
including micronutrients, fatty acids and proteins, that
might enhance cell metabolism and ethanol production [25,
51] explaining the significant larger yield observed.

Conclusions

The crude glycerol resulting from biodiesel production has
recently became an abundant low cost feedstock. In this
work, we intended to convert it to ethanol by looking for
novel genes that can improve microorganisms with genetic
backgrounds that have been designed for maximum ethanol
production. With the results presented in this work we con-
clude that neutralized crude glycerol, after just a 50 % dilu-
tion, is an excellent carbon source for obtaining distillable
concentrations of ethanol after only 24 h of fermentation.
We also conclude that the metagenomic fosmid G1 has a
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positive effect both in cell growth and ethanol production
in microaerophilic conditions. One ORF, named G1_23, is
the one most likely responsible for these phenotypes.

The positive effect of G1 was more evident with pure
glycerol than with crude glycerol, which rules out the pos-
sibility that G1 is involved in tolerance mechanisms against
contaminants present in the crude glycerol. Then, G1 is
either involved in glycerol transport or glycerol metabo-
lism. Although it was not fully characterized, sequence
analyses suggested that G1_23 encodes a transmembrane
or extracellular protein. This fact favors towards a role of
Gl in glycerol transport.

The fermentation of pure and crude glycerol by EPI300
carrying the ethanologenic plasmid pLOI297 and the fos-
mid G1 achieved final ethanol concentrations of 10.4 and
31.7 g/L of ethanol, respectively. Not surprisingly, even
better yields were obtained when the EPI300 strain was
replaced with LY180. This strain not only overexpresses
the Z. mobilis homoethanol pathway but also has deletions
that eliminate by-products. When strain LY 180 was trans-
formed with the G1 fosmid ethanol production increased
over 20 % from 50 % crude glycerol. LY 180 carrying the
G1 fosmid was able to produce up to 75 g/L of ethanol
after 24 h fermentation with an initial ODg,, of 8.0. This
represents a specific ethanol production rate of 0.39 g h™!
OD~! L~! which is suitable for the commercial production
of this biofuel.
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