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This research investigated for the first time the valorization in continuous stirred tank reactors of
dilute CH, emissions into ectoine, a microbial molecule with a high retail value. The results here
obtained supported the technical viability of a new generation of GHG biorefineries and revealed
that high intra-cellular ectoine yields were obtained using methane and high Cu®* concentration
promoted the excretion to the cultivation broth of 20 % of the total ectoine synthesized during
continuous operation.
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Abstract:

This study demonstrates for the first time the itehty of producing ectoine (a high added value
osmoprotectant intensively used in the cosmetiwustry) during the continuous abatement of
diluted emissions of methane yethylomicrobium alcaliphilum 20Z in stirred tank reactors
under non-sterile conditions. An increase in Ne@licentration in the cultivation broth from 3 to
6 % increased the intra-cellular ectoine yield bfaetor of 2 (from 16.5 to 37.4 mg ectoine (g
biomass})), while high stirring rates (600 rpm) entailed etrimental cellular stress and 3 times
lower ectoine yields (5.6 mg ectoine (g biomasspmpared to process operation at 300 rpm. An
increase in Cif concentration from 0.05 to 25 pM enhanced methhageaent by a factor of 2
(up to elimination capacities of 24.5 g°'), did not enhance intra-cellular ectoine productio
but promoted the excretion to the cultivation broth20 % of the total ectoine synthesized
regardless of the NaCl concentration and stirrige.r The results obtained by culture
hybridization with the specific probe 004 showed tha¥ethylomicrobium alcaliphilum 20Z
accounted for more than 80 % of the total bactgragdulation in most experimental runs. This
work confirmed the technical feasibility of a nevengration of biorefineries based on the

abatement of diluted CHemissions using extremophile methanotrophs.

Keywords: Ectoine, climate change, methane abatement, nwthaiorefinery,
Methylomicrobium



1. Introduction

Methane (CH), with a global warming potential 25 times higtiean that of CQ@in a 100 y
horizon, is nowadays the second most relevannpmese gas (GHG) emitted to the atmosphere
(European Environmental Agency, 2015). £&Hn be used as an energy vector for the production
of electricity and heat when its concentrationighkr than 20 %, however, more than 56 % of
the anthropogenic CHemissions worldwide contain concentrations of GG lower than 5 %
(Estrada et al.,, 2014; IPCC, 2014; EEA, 2015). ,Chabatement using conventional
physical/chemical technologies is either ineffitien too costly at such low concentrations, and
often entails a large Gootprint (Estrada et al., 2014; Nikiema et aD02). In this context,
biological treatment technologies can become adost and environmentally friendly alternative
to their physical/chemical counterparts for theatmeent of diluted Chlemissions (Lopez et al.,
2013).

However, the widespread implementation of methag&tihent biotechnologies is still restricted
by i) the low mass transfer of GHom the emission to the bacterial community duéd high
hydrophobicity, which entails high investment anmbi@ting costs; and ii) the lack of knowledge
about the potential industrial applications of naetbtrophic bacteria for the bioconversion of
CH, into high-added value products, which would sigaifitly enhance the economic viability of
the process (Lopez et al., 2013; Strong et al.6P0hdeed, the biological oxidation of diluted
CHsemissions combined with the production of high abldalue products could be, if properly
tailored, a cost-competitive approach to mitigdi@ate change.

Ectoine (1,4,5,6-tetrahydro-2-methyl-4-pyrimidingmaxylic acid) is one of the most valuable
bioproducts synthezised by microorganisms, regilim the pharmaceutical industry at
approximately US$1000 kg(among the most important pharmaceutical compahisproduce

ectoine nowadays can be found Medlkohnson & Johnson, Larens, Bioderma...). The global
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demand of this compound accounts for 15000 tonag'y&trong et al., 2016). This inmino acid,
which is synthesized by bacteria to survive in-galt environments, is an effective stabilizer for
enzymes, DNA-protein complexes and nucleic acidst@ et al., 2010). Currently, ectoine is
commercially produced using the halophilic hetexplrHal omonas el ongata. The most common
industrial process, namelpio-milking, consists of a fed-batch two-stage at different salt
concentrations (12 and 0%) to obtain first a highgity culture (25 g 1) that is subsequently
subjected to a hypoosmotic shock. The sudden deerea medium salinity results in the
excretion of ectoine from the cell to the cultun®th, where the product is collected for its
downstream purification. Despite the extensiveglesind operation experience in this industrial
process, the high cost of the glucose requiredaastaon source, and the need for an intenspve O
supply, entail high operating costs (Pastor e8l10; Strong et al., 2015).

In 1999, Khmelenina et al. (1999) demonstrated thaterately halotolerant methanotrophs,
such adViethylomicrobium alcaliphilum 20Z, could express the three specific enzymes involved
in ectoine synthesis, and were thus able to acatmeictoine inside the cell (Kaluzhnaya et al.,
2001; Khmelenina et al., 1999; Khmelenina et 0@ Reshetnikov et al. 2006). These studies,
conducted at high CHconcentrations, represented the first proof ofabiity of CH;-oxidizing
bacteria to produce ectoine (Khemelenina et alQ02®ut et al., 2013, Strong et al., 2016).
Further studies demonstrated that the bio-conversfdCH, into ectoine by the methanotrophic
ectoine-producing straiethylomicrobium alcaliphilum 20 Z could be carried out batch wise.
Moreover, it was observed that environmental camalt involving CH (2-20 %) CU** (0.05-
50puM)and NaCl (0-9 %) concentrations, as well as temipexg25-35 °C), were crucial to boost
ectoine synthesis and the specific {dhlodegradation rate (Cantera et al., 2016b). Tihding
supports the treatment of diluted £lemissions coupled with the synthesis of ectoine in

suspended growth bioreactoshich would potentially reduce the costs associdteectoine
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production while boosting climate change mitigatioa active CH abatement. In this context,
the optimization of the cultivation conditions tmmote ectoine accumulation and its continuous
excretion from the cell to the culture broth, eitii@lowing a process similar to the currently
used withHalomonas elongata, namely “bio-milking”, or by promoting the naturekcretion of
ectoine to the culture broth in bioreactors, iscalito ensure the technical and economic

viability of the process (Cantera et al., 2016b).

The present study aimed at systematically elucidathe influence of copper (€}, NaCl
concentrations and stirring rab@ the continuous abatement of methane combineld thi
production of extra and intra-cellular ectoine irred tank bioreactors using the straih
alcaliphilum 20Z.

2. Materials and Methods

2.1. Chemicals and mineral salt medium

A high-alkalinity mineral salt medium (MSM) withfaal pH of 9.0 was used (Kalyuzhnaya et
al. 2008). NaCl and CugPH,O were added to the MSM at the concentrations deisieeach
experimental run (Table 1). Unless otherwise sptifall chemicals and reagents were obtained
from Panreac (Barcelona, Spain) with a purity higttean 99.0 %. CH (> 99.5 %) was
purchased from Abello-Linde S.A (Barcelona, Spain).

2.2. Microorganisms and inoculum preparation

Methylomicrobium alcaliphilum 20Z, an halophilic alkalitolerant methanotrophic straiple to
synthesize ectoine (Kalyuzhnaya et al., 2008), weguired from DSMZ (Leibniz-Institut,
Germany). An aliquot of 1 mL d¥1. alcaliphilum 20Z stock liquid culture was inoculated 120
mL glass bottles containing 90 mL of 3 % NaCl/0j08 Cu** MSM. The bottles were closed

with gas-tight butyl septa and aluminum caps, ahkty @as then injected to the headspace in
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order to reach an initial concentration of 50 % &i#/CH,. The inocula were incubated at 25 °C
under orbital agitation at 220 rpm to a final bi@sa@oncentration of 0.1 + 0.06 d.L

2.3 Experimental set-up and operational conditions

1-L jacketed stirred tank reactors (STR) (Afora $.8pain) equipped with a Rushton turbine
were used for the continuous abatement of Cblipled with ectoine production. The STRs were
filled with 950 mL of MSM and 50 mL of the inoculupreviously described. A 0.033 L min
CHg-laden air emission containing 26.8 + 2.1 g4@H1> (~ 4%), corresponding to a methane load
of 53 g m® h, was fed to the STRs via 40n porous stainless steel diffusers located at the
bottom of the reactors. This polluted air emissi@s obtained by mixing a continuous pure,CH
stream (from a Cldgas cylinder stored in a safety gas cylinder aatbamd regulated by a mass
flow controller, Aalborg, USA) with a continuousephumidified air flow, resulting in a gas
empty bed residence time (EBRT) of 30 min. 500mLcolture broth wereaeplaced by fresh
MSM every two days to prevent the accumulation rdfibitory metabolites and to maintain
optimal nutrient concentrations. 400 mL of the it&80 mL drawn were centrifuged at 10000
rpm for 10 min and the biomass pellet was retunieethe bioreactor prior resuspension in 500
mL of fresh MSM. The remaining 100 mL of aqueousdtication broth were used for the
determination of the biomass concentration (measaseculture absorbance and total suspended
solids (TSS)), total nitrogen (TN), as well as énand extra-cellular ectoine. Samples for the
determination of TSS, TN and ectoine concentratiwase drawn every two days. Six different
operational conditions were tested (Table 1). Ipeexnental runs 1 and 2, the stirring rate and
CU?* concentration were fixed at 300 rpm and 0.05 upMspectively, while two salt
concentrations (3 and 6 % NacCl, respectively) wesed in order to test the influence of medium
salinity on CH abatement and ectoine production. The influenddagl concentration (3 and 6

%) was also evaluated at a woncentration of 0.05 pM and a stirring rate of 6pm in
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experimental runs 3 and 4. Finally, experimentaisrs and 6 were carried out at a’Cu
concentration of 25 uM, 300 rpm and NaCl conceiatnatof 3% and 6 %, respectively, in order
to assess the influence of Cwn the simultaneous production of ectoine and, @hoval (by
comparison with experimental runs 1 and 2). Nceeixpental runs at a Gliconcentration of 25
MM and agitation rate of 600 rpm were performed wuie poor process performance recorded
in test 3 and 4. All experimental runs were mamgdi for 50 days, which ensured process
operation under steady state conditions. Priorntzculation, an abiotic test with MSM was
performed for 5 days at the above described opemticonditions to assess any potential

removal of CH by adsorption or photodegradation in the expertaleset-up.

<Table|>
Temperature was maintained at 25 °C in all experimeDistilled water was weekly added to
compensate water evaporation losses. Steady statditions were achieved when the
elimination capacity (CHEC) and CQ production rates (TPC deviated <10 % from the
mean for at least 20 days. Gas samples fox &td CQ analysis were periodically taken from
the sampling ports located at the inlet and owati¢he bioreactors using 100 ul gas-tight syringes
(HAMILTON, Australia). Biomass samples were takéntl®e end of each steady state for the
identification and quantification dflethylomicrobium alcaliphilum 20Z by double labeling of
oligonucleotide probes fluorescericesitu hybridization (DOPE-FISH).
2.4 Analytical procedures
The intra-cellular ectoine contained in 2 mL of tauation broth was extracted to the extra-
cellular medium according to Cantera et al. (2016be specific intra-cellular ectoine
concentration (g ectoine g biomaysvas calculated using the corresponding TSS cdratém

(g LY. An aliquot of 1 mL of cultivation broth was alsbawn and filtered through 0.2V



filters (Filter-lab, Barcelona) to determine thetrexcellular ectoine concentration. The
concentration of ectoine was measured by HPLC-UVairl7 plus auto-sampler (Waters,
Bellefonte, USA) coupled with a UV Dual Absorbance detector (Waters, Bellefonte, USA) at
210 nm and 40 °C using a LC-18 AQ + C Supelcodiimo (Waters, Bellefonte, USA) and a
C18 AQ + pre-column (Waters, Bellefonte, USA). Aopphate buffer, consisting of 0.8 mM
K2HPO,.3H,O and 6.0 mM NaHPO,.12H,0, was used as a mobile phase at 25 °C and a flow
rate of 1 mL miff (Tanimura et al., 2013). Ectoine quantification wasried out using external
standards of commercially available ectoine ((2Hmethyl-1,4,5,6-tetrahydro-pyrimidine-4-
carboxylic acid, purity 95 %, Sigma Aldrich, Spaiije ectoine retention time ranged from 2.32
to 2.35 min depending on the column pressure. Hiection and quantification limits (DL and
QL, respectively) were calculated via determinatodrihe signal-to-noise ratio. In this sense, a
signal-to-noise ratio of 3:1 - 2:1 is consideredegtable for estimating the detection limit, while
a signal-to-noise ratio of 10:1 is necessary tceemeine the quantification limit (ICH Expert
working Group, 2005). The DL and QL of ectoine i specific MSM was 0.4 mgtand 0.65
mg L?, respectively.

CH, and CQ gas concentrations were determined in a Bruker@30TCD (Palo Alto, USA)
equipped with a CP-Molsieve 5A (15 m x 0.53 um xutb) and a CP-PoraBOND Q (25 m x
0.53 pum x 10 um) column. The oven, injector an@éctetr temperatures were maintained at 45,
150 and 200 °C, respectively. Helium was used@sdlrier gas at 13.7 mL min

Culture absorbance measurements at 650 nm wereucad using a Shimadzu UV-2550
UV/Vis spectrophotometer (Shimadzu, Japan). TSSeamnation was measured according to
Standard Methods (American Water Works Associat&f,2). pH was determined using a pH-
meter Basic 20 (Crison, Spain), while the concéiatna of TOC and TN were measured using a

Shimadzu TOC-VCSH analyzer (Japan) equipped withisl-1 chemiluminescence module.
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2.5. Fluorescence in situ hybridization of the microbial cultures

Methylomicrobium cells were identified and enumerated by Fluoreseém Stu Hybridization
with double labeling of oligonucleotide probes (CEOPISH), which improves signal intensity
and increases rRNA accessibility (Stoecker et24110). A Cy3-double labeled oligonucleotide
probe specific foMethylomicrobium genus(My1004) (Eller et al., 2001; Stoecker et al., 2010)
was used for quantification in comparison to DARIsed bacteria. The samples drawn at the
end of each experimental run (2p0) were fixed in 4 %\/v) paraformaldehyde (750 pL) for 3
h and then washed three times with phosphate-laffealine (PBS) medium and preserved in 96
% (v/v) alcohol. Aliquots of 10 pL were placed on glassroscope slides and dehydrated with
ethanol at 50, 80 and 96 %/\{). Hybridization was carried out at 46 °C for 12 The
hybridization buffer contained 360 5M NaCl, 40ul 1MTris/HCI, 4uL 10 %SDS and Milli-Q
water to a final volume of 2 mL. Hybridization sigency was set at 0 % formamide in the
hybridization buffer as indicated in literature I@let al., 2001). After hybridization, the slides
were submerged in 50 ml washing buffer for 20 nmesuto remove unbound oligonucleotides.
Total DNA was stained using DAPI (4P, 6-diamidingtZenylindole) (Sigma, Spain). After air-
drying at room temperature, cover glasses were tedunith 2uL Citifluor to reduce the fading
of the fluorescent dyes used for labelling (CitiiilLtd., UK). For quantitative FISH analysis, 15
images were randomly obtained from each conditgingua Leica DM4000B microscope (Leica
Microsystems, Wetzlar, Germany) equipped with ecadDFC300FX camera. The relative bio-
volumes (percentage) d¥lethylomicrobium from the total DAPI-stained bacterial population
were calculated using the software DAIME (Daimsakt 2006). The averaged bio-volume
fractions of Methylomicrobium and the standard error of the mean were calculgtesach
experimental run. Phase contrast images were agairad to monitor the appearance of

Methylomicrobium population at the end of the six experimental runs
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2.6. Data analysis
The statistical data analysis was performed usir§520.0 (IBM, USA). The results are given
as the average * standard deviation. The homogenéithe variance of the parameters was
evaluated using bBevene test. Significant differences were deterchiog ANOVA and post-hoc
analysis for multiple group comparisons. Differenaeere considered to be significant akp
0.05.
3. Results and Discussion
3.1 Influence of operational conditions on intra-cellular ectoine production
The concentration of intra-cellular ectoine pealetddays 5-7 regardless of the operational
conditions evaluated (Figure 1). The intra-cellutgtoine yield sharply decreased afterwards,
increasing again to achieve another relative mainmoncentration between days 11 and 14
(Figure 1). Finally, the intra-cellular ectoine centration decreased and stabilized from day 28
onward (Figure 1).

< Figure 1>
The correlation between an intensive productioeabine andVl. alcaliphilum 20Z exponential
growth has been previously reported in batch wiskivations. Khemelenina et al. (2000)
observed that intra-cellular ectoine concentrapieaked in the mid-exponential growth phase of
M. alcaliphilum 20Z, and decreased afterwards during the growth-ratiard phase, which
suggested that ectoine can be used for the syatloésither cell constituents. Cantera et al.
(2016b) confirmed the over-production of intra-okdl ectoine during the exponential growth
phase ofM. alcaliphilum 20Z. This phenomenon could lessociated to a hyperosmotic shock
that initially resulted in an over-expression oé thcabc operon followed by a decrease in the

concentration of ectoine, which was likely re-askited by cell metabolism.



The steady state intra-cellular ectoine yield wasgaratively evaluated at the operational
conditions tested (Figure 2). €woncentration did not show an effect on ectoinaiatdation
despite C@' is a key micronutrient for type | methanotrophsertau et al., 2010). Nevertheless,
NaCl concentration showed a major influence onait@imulation of intra-cellular ectoine in the
long-term operation. A NaCl concentration of 6 %swaentified in this study as the optimum
salinity for the accumulation of intra-cellular eicte, supporting average concentrations of 31.4
+ 1.5 and 37.4 + 3.8 mg ectoine (g biomas&)300 rpm under low and high €woncentrations
(experimental runs 2 and 6), respectively. On tbatrary, a NaCl concentration of 3 %
supported lower ectoine yields (17.6 + 0.9 and #8658 mg ectoine (g biomassat 300 rpm
and 0.05 and 25 uM (experimental runs 1 and 5pes/ely). In spite of the improved ectoine
accumulation detected at higher salt concentratfer’s2 times higher), this increase was lower
compared with previous studies carried out batgewivhich reported ectoine productions up to
4 times higher when increasing the cultivation brealinity from 3 to 6-7 % during the
exponential growth phase (But et al., 2013; Cané&tral., 2016b). In contrast, the increase in
agitation rate from 300 to 600 rpm negatively affecthe accumulation of intra-cellular ectoine.
In the experimental run 3 (3% NaCl and 600 rpmég #tcumulation of intra-cellular ectoine
decreased by a factor of 3 % (5.6 + 2.9 mg ect@neiomass}) compared to the experimental
runs at 3% NaCl and 300 rpm. In the case of tipeemental run 4 (6 % NaCl and 600 rpm) the
accumulation of intra-cellular ectoine decreasedabfactor of 1.5 (23.8 £ 1.1 mg ectoine (g
biomass)) compared to the experimental runs at 6% NaCl 30@ rpm. Although higher
agitation rates can enhance the mass transfer dfame from the emission to the aqueous
microbial community (Cantera et al., 2015), they @so induce a pernicious cellular stress,
which resulted in a severe damage oftethyl omicrobium alcaliphilum 20Z culture.

<Figure 2>
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3.2. Influence of operational conditions on ectoine excretion

Extra-cellular ectoine was always detected undeorational conditions but with a different
accumulation pattern to that recorded for the ingbular ectoine. In this context, the maximum
extracellular ectoine concentration at 300 rpm @u% pM C3* was recorded by day 27 at 3 %
NaCl (1.9 mg [}, corresponding to 1.3 mg'p and by day 22 at 6 % NaCl (2.2 md'L
corresponding to 1.5 mg™y (experimental runs 1 and 2, respectively). Howewvegligible
extra-cellular ectoine concentrations were detefrtaad day 29 onward, regardless of the culture
salinity (Figure 3a). At 600 rpm and 0.05 pM“the maximum ectoine excreted to the medium
was 3.1 mg [ (corresponding to 3.4 mg™y at 3 % NaCl on day 13 and 3.8 mg' L
(corresponding to 3.8 mg*yat 6 % NaCl on day 13 (experimental runs 3 ancegdpectively).
Ectoine excretion remained stable until the enthefoperation at steady values of 1.3 +0.2 and
1.7 +0.4 mg [}, respectively (Figure 3b). The presence of ectainthé extra-cellular medium
along the 50 days of bioreactor operation at dgitatates of 600 rpm was likely mediated by a
mechanical cell disruption induced by shear stress.

M. alcaliphilum 20Z is not described as a strain able to naturallyeggcectoine to the culture
broth (Khmelenina et al., 1999; Reshetnikov et2006). Therefore, the cost-efficient industrial
production of ectoine by this strain requires a-stage fed-batch process to first attain a high
cell density culture with a high concentration ofra-cellular ectoine, and then excrete the
accumulated ectoine by hypoosmotic shocks (Pastal,e2010; Strong et al., 2016). However,
this study showed that at a €uconcentration of 25 uM and 300 rpm the extra-tailu
concentrations recorded were significantly higheant at 0.05 uM Cii. Ectoine excretion
remained low during the first week of operationt imereased up to 5.9 + 0.6 and 12.9 £ 0.7 mg
L™ by the end of experimental runs 5 and 6, correspgntb 6.1 + 0.9 and 8.3 + 1.2 mg-g

respectively. Recent literature studies have regothat an increase in €uconcentration
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decreased the expression-level of the proteinsocomfig the S-layer irM. alcaliphilum 20Z
(Shchukin et al., 2011), which could support thghkr secretion of ectoine at high ‘Cu
concentrations.

<Figure 3>
Low CU** concentrations (experimental runs 1, 2, 3 andwidys resulted in the accumulation of
intra-cellular ectoine, with only ~ 1% of that iatcellular ectoine excreted to the culture broth.
However, process operation at high®Ceoncentrations (25 uM) supported similar intrdedat
ectoine concentrations, but with an ectoine exanetif ~ 22 % of the total ectoine synthesized.
In this sense, the total concentration of ectomeon-ectoine excreting strains is equal to the
intra-cellular concentration required to preserkie bsmotic balance, while ectoine excreting
strains maintain the required concentrations ahtellular ectoine despite releasing ectoine into
the culture broth (Lang et al., 2011). Nevertheless study showed that modifications in the
cultivation conditions can promote the excretion exftoine by inducing changes in cell
physiology. Therefore, those conditions that pramibte excretion of ectoine in non-naturally
excreting strains can enhance the cost-competésgf industrial ectoine production since no
further mechanical extraction would be needed.

<Figure 4>
3.3 Influence of operational conditions on methane abatement
A constant pH of 8.6 = 0.4 was recorded in all expental runs regardless of the operating
conditions, which favored the growth of the alkdlibig M. alcaliphilum 20Z while preventing
opportunistic contamination. The concentration @fogen was also daily monitored as total
nitrogen and maintained between 100 and 130 thiplavoid nitrogen limitation, since nitrogen

has been previously identified as a key factorefioine synthesis (Khmelenina et al., 2000). No
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significant CH, degradation occurred along the abiotic removad| ts shown by the negligible
difference (<1%) between inlet and outlet Q¥hs concentrations in the STR.
Process operation at low €uconcentrations (experimental runs 1-4) was cheraed by a
steady CH abatement performance from day ~27 onward, whdth lCH-EC and TPCQ
stabilized by day ~23 when operating at highf‘Geoncentrations. NaCl concentration did not
influence significantly CEECs at 300 rpm and low €uconcentrations, which remained
constant at 16.5 + 2.0 g Gl h'at 3 % NaCl and 14.8 + 1.1 g GH> h'at 6 % NacCl (Figure
5). Methane has an inherently low solubility in @rabased on its hydrophobic nature. In this
regard, the dimensionless ¢dartition coefficient in water is 30 at 25 °C (RaeRios et al.,
2009), which often entails a low Glavailability to the microbial community. Moreovehere is
a consistent evidence that ¢Holubility in water gets reduced at higher cultiva broth
salinities, thus limiting even more the mass transif CH, from the emission to the microbial
community (Duan and Mao, 2006). However, in thigdgtno significant effect of salinity to the
methane mass transfer was recorded, which alwanted the process under steady state (Figure
S2).
NaCl concentration did affect the growth M alcaliphilum 20Z during the initial stages of
experimental run 2 (300 rpm, 0.05C@and 6% NacCl), which resulted in a longer lag pHase
days compared to 10 days at 3% NaCl). However grifeant differences between the steady
state biomass concentrations were observed atddvihigh salt concentrations (Figure 6).
<Figure 5>
On the contrary, CHabatement was significantly affected by the aigitatate. Hence, the CH
ECs recorded at 600 rpm (GHCs of 10.1 + 1.1 g CHn> h' at 3 % NaCl and 5.0 + 1.0 g GH
m?> h' at 6 % NaCl) were significantly lower than thoshiaved at 300 rpm (Figure 5). Higher

agitation rates often support a better mass traredfenethane from the gas to the microbial
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community, thus enhancing GHEC (Estrada et al., 2014; Cantera et al. 2015yvé¥er, higher
agitation rates in our study promoted an unexpecttddisruption as a result of a high shear
stress orM. alcaliphilum 20Z (Figure S2). Indeed, the concentration of biomass{) at 300
rom was two times higher than that at 600 rpm (F&g6), which shifted the mass transfer
limitation typically encountered in methane-tregthioreactors to a microbial activity limitation.
Surprisingly, despite lower CHECs were achieved at 600 rpm, the (X@ductions recorded at
300 rpm were significantly similar to those achiégat 600 rom. The TPGGat 3 and 6 % were,
respectively, 11.5 + 2.3 and 11.7 + 0.83 g,@® h™* under 300 rpm, and 10.2 + 3.0 and 10.6 +
0.9 g CQ m® h* under 600 rpm. Thus, the mineralization ratio8@@ rpm were 47.0 + 7.7 at
3% NaCl and 43.6 + 7.7 at 6% NaCl, which entait thore than 50% of the C-G®@ used for
biomass production. However, the average minetaizaatios recorded at 600 rpm were 79.6 +
9.1 % at 3% NaCl and 79.9 £ 10.0 % at 6% NaCl. Thisn agreement with literature studies
reporting a higher share of the organic substratiegodirected to energy-yielding reactions under
cell stress scenarios (Chung et al., 2006).

Finally, the increase in Gliconcentration from 0.05 to 25 pM enhanced methemement
regardless of the salinity in the cultivation brotvith CH;-ECs of 24.5 £ 1.8 and 224 + 2.1 g
CH; m* h'at 3 and 6 % NaCl, respectively. This finding comféd the key role of Giion the
expression of the enzyme particulate methane momsmase in type | methanotrophs, and
revealed that ClHabatement and ectoine production were limited b§*Guwailability during
experimental runs 1-4 (Semrau et al., 2010, Cange¢ral., 2016a). Similarly to the results
obtained at low Cii concentrations, a higher salt content increasedtiture lag-phase but did
not influence the steady state £BECs achieved. The TPGOf 25.4 + 3.8 and 26.7 £ 2.8 g GO
m* h* recorded in experimental runs 4 and 5, respegtiyétlded average mineralization ratios

of 55.8 + 6.0 % and 57.4 £ 5.0 %. No significanffetence between the steady state biomass
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concentrations was observed at low and high" @ancentrations, despite the presence df Cu
enhanced CHECs (Figure 6).

<Figure 6>
3.4 Process microbiology
Phase contrast microscopy observations revealed tdifierent morphologies of
Methylomicrobium-like bacteria depending on the operational coodgitested. Agitation rates
of 600 rpm favored rod-shaped bacteria under lo" @oncentrations regardless of salinity,
while agitation rates of 300 rpm supported the pmedance of sphered-shaped bacteria
regardless of the Gl and NaCl concentrations (Figure S1, supplementaaterials).
Pleomorphology (the ability of bacteria to alteeithshape or size in response to environmental
conditions) has been previously observed/ethyloccocus and Methylosarcina cultures, which
are the closest phylogenetical lineages to the geMeathylomicrobium (Wise, 2001).
Methylomicrobium cells at high Cti concentrations appeared embedded in a dense Hikdtix
composed of the excreted ectoine (Figure7).
Methylomicrobium-like bacteriapopulation was quantified by FISH analysis with gpeecific
probe My1004 using the total DAPI-stained bacteria as eregice (Figure 7). The results showed
that the genudethylomicrobium accounted for more than 80% of the total bactgrigdulation
in most experimental rundethylomicrobium population in experimental runs 1, 3, 4 and 5
accounted for 89.2 %&£ = 3.2), 102.9 %< = 4.5), 104.9 %% = 4.9) and 81.0 %s¢ = 3.4) of
the total bacterial population, respectively. Thevblume fractions ofMethylomicrobium in
experimental runs 2 and 6 were slightly lower: 730(se = 3.5) and 69.1 %sé = 4.1),
respectively. Biovolume shares higher than 100 % lga attributed to the fact that probe-
hybridized cells can slightly increase their sipdfwe after hybridization. The high

hybridization shares recorded suggested that theerag conditions prevailing during the 6
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experimental runs (alkaline pH and high salinityleyented culture contamination with
opportunistic microorganisms, which guarantees gsscrobustness even under non-sterile
conditions.

<Figure 7>
4. Conclusions
This study confirmed for the first time the feabtiiof coupling ectoine production with the
continuous abatement of dilute emissions of methAla€| concentration was the main factor
influencing the accumulation of intra-cellular dom with high salt concentrations inducing
higher intra-cellular ectoine yields without commising methane abatement. Apart from an
unexpected increase in GIECSs, the increase in €uconcentration mediated the excretion of 20
% of the ectoine synthesized, thus enhancing tbsesyuent recovery. Process operation at high
agitation rates damaged the bacterial populatiath & subsequent decrease in both,&&s
and ectoine yields. FISH analysis showed tit#thylomicrobium alcaliphilum 20Z was the
dominant microorganism regardless of the operatiooaditions as a result of the high pH and
salinity prevailing in the culture broth. The prainig results obtained in this study support the
need for further research in order to implement, ®tdrefineries for the production of ectoine
(either in a process similar to the currently ubgddalomonas elongata, namely “bio-milking”,
or by promoting the natural excretion of ectoinette culture broth concentration at high*Cu
concentrations) and open up a door to the developofea new generation of GHG biorefineries

based on extremophile methanotrophs capable dirmgezalue out of methane mitigation.
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Table 1 Operational conditions evaluated durlvgthylomicrobium alcaliphilum
20Z cultivation in STRs for the optimization of Gldbatement and ectoine production

Experimental Factors of study
Run
NaCl (%) Cu®* (uM) Agitation rate (rpm)
1 3 0.05 300
2 6 0.05 300
3 3 0.05 600
4 6 0.05 600
5 3 25 300
6 6 25 300
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Figure 1. Time course of the intra-cellular ectoine concatin ata) 3 % NaCl-300 rpm-
0.05pM C@§* (continuous black line), 3 % NaCl-600 rpm-0.05pM?T(continuous grey line)
and 3 % NaCl-300 rpm-25uM €u (dotted line) andb) 6 % NaCl-300 rpm-0.05pM Gl
(continuous black line), 6 % NaCl-600 rpm-0.05uM Cfcontinuous grey line) and 6 % NacCl-
300 rpm-25uM Ct (dotted line)m, ® andA represent the sampling times

Figure 2. Influence of the concentration of NaCl and®Cand stirring rate on the steady state
intra-cellular ectoine yield. Vertical lines repees standard deviations from replicates. Columns
inter/intra-groups with different letters were sigrantly different at p<0.05.

Figure 3. Time course of the extra-cellular ectoine conediun ata) 3 % NaCl-300 rpm-
0.05uM Cd* (continuous black line) and 6 % NaCl-300 rpm-0.06@GW*" (dotted line)b) 3 %
NaCl-600 rpm-0.05uM Cii (continuous black line) and 6 % NaCl-600 rpm-0.MBCu**
(dotted line)c) 3 % NaCl-300 rpm-25uM Cii (continuous black line) and 6 % NaCl-300 rpm-
25uM CUf* (dotted line). The symbols andA represent the sampling times.

Figure 4. Influence of the concentration of NaCl and®Cand stirring rate on the steady state
concentrations of extra-cellular ectoine (blackuoah), intra-cellular ectoine (grey column) and
total ectoine (white column). Vertical lines repes standard deviations from replicates.
Columns intra-groups with different letters wergrsficantly different at p<0.05.

Figure 5. Influence of the concentration of NaCl and°Cand stirring rate on the steady state
CH, elimination capacity (CHEC) (white column) and total GQproduction (TPCQ (grey
column). Vertical lines represent standard devietixom replicates. Columns intra-groups with
different letters were significantly different at@05.

Figure 6. Influence of the concentration of NaCl and’Cand stirring rate on the steady state
biomass concentration. Vertical lines represenhdsted deviations from replicates. Columns

inter/intra-groups with different letters were sigrantly different at p<0.05.
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Figure 7. Epifluorescence images (100x) Methylomicrobium culture hybridized with M1004
(Cy3-labeled) (2, 5, 8) in contrast to DAPI stamifi, 4, 7). The corresponding phase contrast
image of each field of view is shown (3, 6, 9).alyes 1-3 correspond to experimental run 1 (3%
NaCl-300 rpm-low Ct"), images 4-6 correspond to experimental run 3 KB2#6I-600 rpm-low
Cu?"), images 7-9 correspond to experimental run 6 K&#6I-300 rpm,-high Ct). Images from
experimental runs 2, 4 and 5 are not shown duédiv similar characteristics to experimental

runs 1, 3 and 6, respectively.

Figure 1
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Figure 7
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Highlights:
a) Viability of coupling ectoine production with continuous methane mitigation.
b) High NaCl supported maximum ectoine production in the long-term operation.
c) High Cu*" promoted the excretion of 20 % of the total ectoine synthesized.

d) Operational conditions avoided contamination and guaranteed process robustness.
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