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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Low biomass concentrations resulted in 
an increase in the ectoines yields. 

• The increase in Cu2+ and Mg2+ con-
centrations did not enhance ectoines 
synthesis. 

• The use of ammonium instead of nitrate 
as N source induced biomass decay. 

• The increase in CH4 concentration did 
not enhance ectoines yields. 

• Low NaCl concentrations enhanced CH4 
biodegradation but reduced ectoines 
yields.  
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A B S T R A C T   

The application of biogas as a low-priced substrate for the production of ectoines constitutes an opportunity to 
decrease their production costs and to enhance the viability of anaerobic digestion. The influence of operational 
conditions on CH4-biogas biodegradation and on ectoines production yields was assessed in continuous pilot 
bubble column bioreactors. The rise in biomass concentration from 1 to 3 g L− 1 resulted in a decrease in the 
specific ectoine content from 42 ± 8 to 30 ± 4 mgectoine gVSS

− 1 . The concentration of Cu2+ and Mg2+ did not impact 
process performance, while the use of ammonium as N source resulted in low CH4 biodegradation and ectoine 
yields (13 ± 7 mgectoine gVSS

− 1 ). The increase in CH4 content from 4.5 to 9 %v⋅v− 1 enhanced CH4 removal effi-
ciency. Process operation at NaCl concentrations of 3 %w⋅w− 1 instead of 6 %w⋅w− 1 decreased the ectoine yield to 
17 mgectoine gVSS

− 1 . Finally, Methylomicrobium buryatense was identified as the dominant species.   

1. Introduction 

The solute ectoine (1,4,5,6-tetrahydro-2-methyl-4-pyr-
imidinecarboxylic acid) is highly valued in the cosmetic and pharma-
ceutical industries (Becker and Wittmann, 2020). The relevance of 

ectoine, with a market value of ~ 1000 € kg− 1, relies on its ability for the 
stabilization of DNA-protein complexes, enzymes and nucleic acids, 
which protect cells against hyper-osmotic stress and other extreme en-
vironments such as high temperature, drying and freezing (Pastor et al., 
2010). Due to its outstanding properties, ectoine has become a highly- 
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demanded product in the recent years. The industrial process for ectoine 
production, named “bacterial milking”, is based on a concentrated cell 
cultivation of the pure species Halomonas elongata ATCC 33,173 in a 
high salinity medium, followed by a hypo-osmotic shock to release 
ectoine. However, this process exhibits high operational costs and 
environmental impacts due to the use of sterile conditions and costly 
carbon feedstock such as glucose or sodium glutamate (Sauer and 
Galinski, 1998; Van-Thuoc et al., 2010). On the other hand, its hy-
droxylated derivative, hydroxyectoine, presents similar properties to 
ectoine with an even superior protective effect against oxidative stress 
and extreme temperatures (Mustakhimov et al., 2019). However, 
despite hydroxyectoine can be synthesized by halophilic/halotolerant 
bacteria, its production at large scale has not been yet developed. In this 
context, the use of CH4-biogas as a renewable feedstock for ectoines 
production constitutes an opportunity for decreasing its operational 
costs and minimizing its environmental impact (Pérez et al., 2021). 

The capacity of halotolerant CH4 oxidizing bacteria for the formation 
of ectoine and hydroxyectoine has been demonstrated beforehand 
(Cantera et al., 2017a; Khmelenina et al., 2000; Mustakhimov et al., 
2019). Biogas constitutes a green energy vector traditionally used to 
produce heat and electricity due to its elevated CH4 content (50–70 %) 
(Angelidaki et al., 2018). However, the rapid decrease in the prices of 
other renewable energy sources such as solar and wind power is jeop-
ardizing the cost-competitiveness of electricity production from biogas 
(IRENA, 2020). Thereby, the generation of high value-added commod-
ities from biogas such as ectoine and hydroxyectoine would enhance the 
economic sustainability of the anaerobic digestion of organic waste and 
might promote an expansion of the biogas industry (Pérez et al., 2021; 
Pieja et al., 2017). 

Recent studies have evaluated the use of biogas for the biosynthesis 
of ectoine and hydroxyectoine. For instance, Cantera et al. (2020) 
recorded an ectoine concentration of 3–4 and 24–25 mg gbiomass

− 1 using a 
diluted biogas stream with the pure culture Methylomicrobium alcali-
philum 20Z and a methanotrophic haloalkaliphilic consortium, respec-
tively, at 6 %w⋅w− 1 NaCl concentration in a 2 L bubble column 
bioreactor. In addition, Carmona-Martínez et al. (2021) reported ectoine 
and hydroxyectoine concentrations of 56.6 ± 2.5 and 51.0 ± 2.0 mg 
gbiomass
− 1 , respectively, using an enriched methanotrophic consortium at a 

NaCl concentration of 9%w⋅w− 1. However, the ectoine yields achieved 
to date in methanotrophic cultures are still low compared to those ob-
tained in the industrial biomilking process (155 mg gbiomass

− 1 ) and would 
require further process optimization (Sauer and Galinski, 1998). In this 
regard, Rodero et al. (unpublished) observed a more stable and efficient 
biogas bioconversion to ectoine in a single bubble column bioreactor 
operated at 6%w⋅w− 1 NaCl compared to two bubble column bioreactors 
interconnected in series (at 0 and 6%w⋅w− 1 NaCl, respectively). Inter-
estingly, the maximum specific ectoine and hydroxyectoine concentra-
tions (52 and 13 mg gbiomass

− 1 , respectively) were observed during the first 
week of operation, which suggested that biomass concentration could 
influence extremolites accumulation. In addition, the concentration of 
copper (Cu2+), magnesium (Mg2+) and NaCl in the cultivation broth has 
been proved to play an essential role on ectoine biosynthesis and/or on 
CH4 fixation in batch methanotrophic cultures (Cantera et al., 2017a; 
Carmona-Martínez et al., 2021; Semrau et al., 2010). The nitrogen 
source has been also reported to impact ectoine production by Hal-
omonas salina BCRC17875 using yeast extract and glutamate as a carbon 
source (Chen et al., 2018). Finally, Cantera et al. (2016b) observed an 
increase in ectoine yield from 14 to 31 mg gbiomass

− 1 when increasing the 
content of CH4 from 4 to 20 %v⋅v− 1 during the batch cultivation of 
Methylomicrobium alcaliphilum 20Z. Unfortunately, the long-term influ-
ence of these environmental parameters on ectoine and hydroxyectoine 
biosynthesis and CH4 uptake under continuous cultivation in high mass 
transfer bioreactors fed with air-biogas mixtures has not been carefully 
assessed. 

In this work, the influence of the concentration of biomass, Cu2+ and 
Mg2+, NaCl and inlet gas CH4, and type of N source, on CH4 

biodegradation and ectoine and hydroxyectoine yields was investigated 
in flow-through bubble column bioreactors provided with an inner gas 
recirculation. In addition, the influence of the above mentioned envi-
ronmental parameters on the structure of the methanotrophic popula-
tion under long-term cultivation was investigated. 

2. Materials and methods 

2.1. Microorganisms and mineral salt medium 

A bacterial methanotrophic consortium acclimated to 6%w⋅w− 1 

NaCl and previously enriched from a salt lagoon (Burgos, Spain) was 
used throughout the experiment (Carmona-Martínez et al., 2021). The 
mineral salt medium (MSM) contained (g L− 1): 3.78 NaHCO3, 0.2 
MgSO4⋅7H2O, 0.013 CaCl2⋅2H2O, 0.11 KH2PO4 and 0.13 Na2H-
PO4⋅2H2O, 26 μL of Na2WO2⋅2H2O solution (2.7 g L− 1) and 2 mL of a 
trace elements solution prepared according to (Carmona-Martínez et al., 
2021). KNO3 or NH4Cl were supplemented at a total N concentration of 
~ 450 mg L− 1. NaCl concentration was 6 %w⋅w− 1 unless specified 
otherwise. 

2.2. Experimental set-up 

The set-up comprised two 10 L bubble column bioreactors con-
structed with inner gas recirculation to boost CH4 mass transfer. The 
bioreactors (67 cm height × 20 cm length × 10 cm width) made of clear 
PVC were interconnected to water condensers operated at 10 ◦C prior to 
the gas recirculation compressor to avoid operational problems due to 
water condensation (Fig. 1). A gas mixture comprised of synthetic biogas 
(70 %v⋅v− 1 CH4 and 30 %v⋅v− 1 CO2, Carburos Metalicos S.A. (Spain)) 
and air was continuously sparged into the bottom of the bioreactors 
through a custom-made membrane diffuser (0.5 mm pore size). The 
bioreactor was equipped with a 0.03 μm membrane module (Koch) in 
order to maintain the methanotrophic biomass inside the bioreactor 
during the MSM exchange. In this context, 1 L of biomass-free cultiva-
tion broth was replenished daily by fresh MSM to overcome nutrient 
limitation and inhibition by accumulation of toxic metabolites. 

2.3. Operational stages and sampling procedures 

Five sets of operating conditions were conducted to assess the in-
fluence of i) biomass concentration, ii) Cu2+ and Mg2+ concentration, 
iii) N source (NO3

– vs NH4
+), iv) CH4 content in the inlet gas and v) NaCl 

concentration on methane degradation and ectoine/hydroxyectoine 
yields (Table 1). The two bioreactors were inoculated at the beginning of 
each operational stage. A biomass concentration of 3 g L− 1 was set in the 
five operating stages, except for one of the bioreactors during stage 1, 
which was operated at a constant biomass concentration of 1 g L− 1. For 
this purpose, a fraction of the whole cultivation broth was periodically 
discarded based on the measurements of volatile suspended solids (VSS) 
concentration. To compensate the discarded broth volume, a similar 
volume of the biomass-free cultivation broth daily withdrawn was 
returned to the bioreactors. A gas inlet flowrate of ~ 0.23 L min− 1, 
which led to an empty bed residence time of 43.5 min, and an internal 
gas recirculation in the bioreactors of ~ 6.7 L min− 1 (30 times the inlet 
gas flowrate) to improve the CH4 mass transfer, were set during all 
operational stages. The inlet gas was composed of a biogas:air flowrate 
ratio of 1:13, which resulted in a CH4 content of 5 %, excluding stage 4. 
In this stage, biogas:air flowrate ratios of 1:14.6 and 1:6.8 were used to 
reach a CH4 contents of 4.5 and 9.0 %, respectively. The experiments 
were run at ambient temperature (≈ 22 ◦C) conditions and a stable pH of 
≈ 8 (without control). 

Gas samples of 100 µL were taken from the inlet and outlet gas 
streams three times per week with gas-tight syringes to measure gas 
concentrations (CH4 and CO2). Gas flowrates at the input and output 
streams of the bioreactors were also determined to accurately calculate 
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CH4 removal efficiencies and CH4 elimination capacities. Liquid samples 
of 200 mL from the cultivation broth were also drawn to determine pH, 
conductivity and concentration of dissolved total nitrogen (TN), dis-
solved organic carbon (TOC), dissolved inorganic carbon (IC), nitrate, 
nitrite, VSS, and intra-cellular ectoine and hydroxyectoine. 

2.4. Analytical procedures 

CH4 and CO2 gas concentrations were quantified using a Bruker 430 

GC-TCD (Palo Alto, USA) integrated with a CP-Molsieve 5A and a CP- 
PoraBOND Q columns with helium as vector gas according to Cantera 
et al. (2020). The inlet gas pressure was monitored with a PN5007 
Electronic pressure sensor (Ifm, Germany), while the inlet and outlet gas 
flowrates were controlled via rotameters (Aalborg) and confirmed by 
means of the water shifting method. Biomass concentration, reported as 
VSS, was measured according to standard methods (Eaton et al., 2005). 
The concentration of dissolved TOC, IC and TN was quantified following 
sample filtration using a 0.45 µm pore size filter using a Shimadzu TOC- 

Fig. 1. Schematic diagram of the experimental set-up: (1) Compressor, (2) Mass flow controller, (3) Mixing chamber, (4) Gas filter, (5) Rotameter, (6) Gas sampling 
port, (7) Bubble column bioreactor, (8) Condenser, (9) Thermostatic bath, (10) Membrane module, (11) Liquid sampling port. 

Table 1 
Operational conditions tested during the optimization of biogas bioconversion into ectoines.  

Stage Duration 
(days) 

Bioreactor Biomass 
(gVSS L− 1) 

[Cu2þ] (µM) [Mg2þ] (mg L− 1) N source [CH4] (%v⋅v− 1) [NaCl] 
(%w⋅w− 1) 

1 31 1 1 0.5 20 KNO3 5 6 
2 3 0.5 20 KNO3 5 6 

2 14 1 3 25 200 KNO3 5 6 
2 3 0.5 20 KNO3 5 6 

3 23 1 3 0.5 20 NH4Cl 5 6 
2 3 0.5 20 KNO3 5 6 

4 30 1 3 0.5 20 KNO3 4.5 6 
2 3 0.5 20 KNO3 9.0 6 

5 30 1 3 0.5 20 KNO3 5 3 
2 3 0.5 20 KNO3 5 6  
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VCSH analyser (Japan) integrated with a TNM-1 chemiluminescence 
module. Nitrate and nitrite concentrations were determined by HPLC-IC 
according to Serejo et al. (2015). A Hach Sension + PH3 pH meter 
(Düsseldorf, Germany) was used for pH measurements, while conduc-
tivity was measured using an EC-Metro BASIC 30 instrument (Barcelona, 
Spain). 

The intra-cellular ectoine and hydroxyectoine extraction procedure 
was conducted according to Rodero et al. (unpublished) prior determi-
nation via HPLC-UV (Cantera et al., 2020). The quantification of both 
components was performed with ectoine and hydroxyectoine (purity ≥

95%, Sigma Aldrich) standards dissolved in ethanol at 70 %v⋅v− 1. The 
specific concentrations of ectoine and hydroxyectoine were estimated by 
dividing the above determined concentrations by the concentration of 
biomass (gVSS L− 1) in the bioreactors. 

2.5. Bacterial community analysis 

DNA isolation was conducted applying the protocol of the ’QIAamp 
PowerFecal Pro DNA kit’ from Qiagen at ADM BIOPOLIS (Valencia, 
Spain). DNA purification and quality assessment, library preparation 
and sequencing were performed according to Carmona-Martínez et al. 
(2021). Then, raw sequences, forward and reverse, were imported into 
the QIIME2 platform (Bolyen et al., 2019). Cutadapt v3.4 was used to 
trim the forward and reverse adapters of the specific amplified region 
(Martin, 2011). Denoising, paired-ends joining and chimera removing 
were done using the DADA2 pipeline (Callahan et al., 2016). Those clean 
amplicon sequence variants were annotated against NCBI 16S rRNA 
database version 2021 using Blast version 2.2.29+ (Altschul et al., 1990) 
and against SILVA v.138 using NBAYES (Bokulich et al., 2018). 

2.6. Determination of the CH4 uptake, mass transfer performance and 
statistical analysis 

CH4 uptake was expressed in the form of CH4 removal efficiency 
(CH4-RE) and CH4 elimination capacity (CH4-EC) as follows: 

CH4 − RE (%) =
QCH4,IN − QCH4,OUT

QCH4,IN

(1)  

CH4 − EC (gCH4m− 3 h− 1) =
QIN × CCH4,IN − QOUT × CCH4,OUT

V
(2)  

where QIN and QOUT are the inlet and outlet gas flowrates (m3 h− 1), cIN 
and cOUT the inlet and outlet methane concentration (g m− 3) and V (m3) 
the working volume of the bioreactors. 

The volumetric mass transfer coefficient of CH4 (kLaCH4) can be 
calculated using the CH4-EC as follows: 

kLa
(
h− 1) =

CH4 − EC
CCH4,out

HCH4
− CL,CH4

(3)  

where HCH4 is the dimensionless Henry’s law constant (CG/CL) in water 
for CH4 (29.1 at 22 ◦C) (Sander, 2015) and CL,CH4 is the CH4 concen-
tration in the aqueous phase, which is negligible under limited CH4 
gas–liquid mass transfer. Although O2 also exhibits a low solubility in 
water (HO2 ≈ 31.3 at 22 ◦C), no limitation was encountered in this work 
due to its higher concentration in the inlet gas in the experiments. The 
kLa of O2 was estimated from the O2-EC as in the case of CH4 at an inlet 
CH4 content in the gas of 9 %v⋅v− 1 to compare the mass transfer of CH4 

and O2 under the most unfavourable O2 mass transfer scenario. 
As a result of CH4 uptake, CO2 and biomass are produced according 

to the following stoichiometric equations, depending on the N source:  

CH4 + 1.55 O2 + 0.07 HNO3 → 0.71 CO2 + 0.07 C4H8NO2 + 1.75 H2O(4)  

CH4 + 4.9 O2 + 0.2 NH4
+ → CO2 + 0.2 C5H7NO2 + 7.4 H2O               (5) 

In addition, intermediate metabolites such as methanol or formal-
dehyde can be produced. 

The volumetric CO2 production rate (PCO2) was calculated as:  

where QIN and QOUT are the inlet and outlet gas flow (m3 h− 1), cIN and 
cOUT the inlet and outlet CO2 mass concentration (g m− 3), V the working 
volume of the bioreactors (m3), QL the flowrate of the cultivation broth 
replenished by fresh MSM (0.04 L h− 1), ICL, in and ICL, out the inlet and 
outlet inorganic carbon concentration in the mineral medium during the 
medium exchange (g L− 1) and MW the molecular weight of CO2 and C. 

A t-student statistical analysis with a significance p ≤ 0.05 was 
performed in order to determine the effect of the different parameters 
studied on the CH4 uptake and ectoines synthesis. 

3. Results and discussion 

3.1. Influence of the biomass concentration 

Average CH4-REs of 42.7 ± 5.4 and 47.3 ± 2.6 %, which corre-
sponded with CH4-ECs of 14.9 ± 2.2 and 16.9 ± 1.0 g CH4 m− 3h− 1, were 
obtained under steady state at biomass concentrations of 1 and 3 g VSS 
L− 1, respectively (Fig. 2a,b). On the other hand, stationary state volu-
metric CO2 production rates (PCO2) of 12.3 ± 5.0 and 18.9 ± 4.7 g CO2 
m− 3h− 1 were recorded at biomass concentrations of 1 and 3 g VSS L− 1, 
respectively (Fig. 2b). From these production rates, the 7 % and 10 % of 
the CO2 produced at 1 and 3 g VSS L− 1, respectively, remained dissolved 
in the cultivation broth. These values corresponded to CH4 mineraliza-
tion ratios (PCO2 / CH4-EC) of 0.9 ± 0.4 and 1.0 ± 0.3 g CO2 g− 1 CH4 at 
1 and 3 g VSS L− 1, respectively, which were in the range typically re-
ported for methanotrophic cultures (Acha et al., 2002; Rocha-Rios et al., 
2011). In this regard, no significant difference on CH4 removal regard-
less of the biomass concentration was observed (t-student test, p > 0.05), 
which suggested that biological CH4 consumption was not the limiting 
factor on CH4 removal under the experimental conditions tested. In this 
context, García-Pérez et al. (2018) reported that biomass concentrations 
˃1 g VSS L− 1 ensure that CH4 gas–liquid mass transfer is the constraining 
step in bubble column bioreactors. Unfortunately, the CH4-ECs herein 
obtained were lower than those previously reported (up to 74 g CH4 
m− 3h− 1) using Methylocystis hirsuta CSC1 at a biomass concentration of 
~ 3.5 g L− 1 with a similar internal gas recirculation (Rodríguez et al., 
2020). It should be noted that Rodriguez et al. (2020) tested CH4 inlet 
loads of up to 202 g CH4 m− 3h− 1 in a bubble column bioreactor con-
structed with 2 µm pore size diffusers. Process operation at lower CH4 
contents (5 %v⋅v− 1 vs 14 %v⋅v− 1) and higher residence time (44 vs 30 
min) in this study compared to Rodriguez et al. (2020) resulted in CH4 
inlet loads of ~ 35.5 g CH4 m− 3h− 1, which could explain the superior 
CH4-ECs obtained by Rodriguez et al. (2020). 

A higher specific ectoine concentration was obtained at a biomass 
concentration of 1 g VSS L− 1 (42 ± 8 mgectoine gVSS

− 1 ) compared to that at 
3 g VSS L− 1 (30 ± 4 mgectoine gVSS

− 1 ), which suggested a negative effect of 
increasing biomass concentrations on ectoine accumulation. Similarly, 

PCO2 (g CO2m− 3h− 1) =
QOUT × CCo2,OUT − QIN × CCO2,IN

V
+

QL ×
(
ICL, OUT− ICL, IN

)

V
×

MWCO2

MWC
(6)   
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the specific hydroxyectoine content also decreased with the increase in 
biomass concentration (8 ± 8 and 4 ± 5 mghydroxyectoine gVSS

− 1 at biomass 
concentrations of 1 and 3 g VSS L− 1, respectively) (Fig. 2c). However, 
the increase in the specific ectoine and hydroxyectoine contents was not 
enough to compensate the use of biomass concentrations of 1 g VSS L− 1 

instead of 3 g VSS L− 1, and higher concentrations (80 vs 42 mgectoine L− 1 

and 13 vs 8 mghydroxyectoine L− 1 at 3 and 1 g VSS L− 1, respectively) were 
obtained when operating at the highest. Net biomass productions of 0.07 
and 0.12 g L− 1 d− 1 were obtained at the lowest and highest biomass 
concentrations. In this context, nitrogen concentration did not limit 
biomass growth or ectoine synthesis. Thus, TN concentrations of 330 ±
13 and 269 ± 26 mg N L− 1 were recorded under steady state in the 
bioreactors operated at 1 and 3 g VSS L− 1, respectively. In agreement, 
Rodero et al. (unpublished) also observed a gradual decrease on the 
specific ectoine concentration from 52 to 27 mgectoine gVSS

− 1 , when the 
biomass concentration steadily increased from less than 1 g VSS L− 1 up 
to 3 g VSS L− 1 during the first weeks of operation in a 20 L bubble 
column bioreactor. 

3.2. Influence of Cu2+ and Mg2+ concentration 

The increase in Cu2+ and Mg2+ concentrations in the cultivation 
broth from 0.5 to 25 µM and from 20 to 200 mg L− 1, respectively, did not 
have a significant effect (t-student test, p > 0.05) on CH4 biodegradation 
under steady state. Thus, average CH4-REs and CH4-ECs of 49.3 ± 3.1 % 
and 16.5 ± 0.6 g CH4 m− 3h− 1, respectively, were reported under the 

lowest micronutrient concentrations and 53.6 ± 2.4 % and 18.1 ± 1.3 g 
CH4 m− 3h− 1 under the highest Cu2+ and Mg2+ concentrations (Fig. 3a, 
b). In accordance, similar PCO2 of 20.6 ± 5.2 and 19.8 ± 2.1 g CO2 
m− 3h− 1 (with associated CH4 mineralization ratios of 1.2 ± 0.3 and 1.1 
± 0.1 g CO2 g− 1 CH4) were recorded at the lowest and highest Cu2+ and 
Mg2+ concentration, respectively (Fig. 3b). In this context, approxi-
mately the 10% of the CO2 produced remained dissolved in the culti-
vation broth in both bioreactors. Although previous works have reported 
superior CH4 biodegradation rates with the increase in Cu2+ concen-
tration in the cultivation broth in batch bioreactors (Cantera et al., 
2016a; Ho et al., 2013), this effect was not significant in this study under 
continuous operation. Otherwise, no relevant effect of Mg2+ on CH4 
abatement was previously disclosed by Cantera et al. (2018) in meth-
anotrophic culture composed of an haloalkaliphilic bacteria consortium. 

Specific ectoine concentrations of 46 ± 2 and 36 ± 2 mgectoine gVSS
− 1 

were recorded at the lowest and highest micronutrients concentrations, 
respectively. However, similar hydroxyectoine concentrations (6 ± 1 
mg gVSS

− 1 ) were accumulated regardless of the Cu2+ and Mg2+ concen-
tration (Fig. 3c). Surprisingly, the increase in the concentration of these 
micronutrients entailed a significant decrease in the intracellular ectoine 
concentration (t-student test, p ≤ 0.05). Cantera et al. (2017a) reported 
no influence of the Cu2+ concentration on the intracellular ectoine 
accumulation in Methylomicrobium alcaliphilum 20Z. However, the in-
crease in Cu2+ concentrations up to 25 µM promoted ectoine excretion in 
Methylomicrobium alcaliphilum 20Z. Cantera et al. (2017a) observed that 
the decrease in intracellular ectoine concentration could be attributed to 

Fig. 2. Influence of the biomass concentration on a) CH4 removal efficiency, b) CH4 elimination capacity (grey) and volumetric CO2 production rate (white) and c) 
specific ectoine (grey) and hydroxyectoine (white) concentration under steady state. Equal lowercase letters indicate no significant differences (p > 0.05) when 
comparing both biomass concentrations. 

Fig. 3. Influence of the Cu2+ and Mg2+ concentration on a) CH4 removal efficiency, b) CH4 elimination capacity (grey) and volumetric CO2 production rate (white) 
and c) specific ectoine (grey) and hydroxyectoine (white) concentration under steady state. Equal lowercase letters indicate no significant differences (p > 0.05) 
when comparing both Cu2+ and Mg2+ concentrations. 

M.R. Rodero et al.                                                                                                                                                                                                                              



Bioresource Technology 358 (2022) 127398

6

ectoine excretion due to the excess of Cu2+ concentration, which has 
been reported to repress the transcription of some proteins of the of S- 
layer in methanotrophs (Karlsen et al., 2010; Shchukin et al., 2011). 
Despite the positive effect of Mg2+ on the biosynthesis of ectoine re-
ported in a previous study (Cantera et al., 2018), the increase in Mg2+

availability did not result in a higher intracellular ectoine concentration 
in this particular study. 

3.3. Influence of the nitrogen source 

The use of ammonium as a N source resulted in lower CH4-REs (24.7 
± 2.9 %) compared to those obtained with nitrate (CH4-REs of 51.5 ±
5.1 %), which corresponded with a reduction in CH4-ECs from 18.0 ±
2.5 to 7.7 ± 1.3 g CH4 m− 3h− 1 (Fig. 4a,b). The low performance of the 
methanotrophic consortium under operation with ammonium was 
attributed to either its competition for the enzyme MMO or the gener-
ation of nitrite (Hu and Lu, 2015). In this study, ammonium oxidation 
resulted in maximum nitrite concentration of 130 mg N-NO2

− L− 1, which 
likely inhibited partially methanotrophic metabolism (see supplemen-
tary material). Despite the high O2:CH4 ratio hereby used (3.8:1), no 
oxidation of nitrite into nitrate was observed. Indeed, the biomass 
concentration set point (3 g VSS L− 1) was not reached in this bioreactor 
due to the low bacterial activity. On the other hand, the presence of high 
concentrations of O2 avoided the reduction to nitrite when nitrate was 
applied as a N source in this study. As a result, the steady state PCO2 
recorded was also significantly lower (t-student test, p ≤ 0.05) when 
using ammonium (7.2 ± 1.2 g CO2 m− 3h− 1) than nitrate as a N source 
(21.6 ± 2.7 g CO2 m− 3h− 1) (Fig. 4b). Indeed, process operation with 
ammonium resulted in a decrease in the IC concentration in the culti-
vation broth as a result of the nitrifying activity whereas it increased due 
to CO2 dissolved (5 % of the total CO2 produced) with the use nitrate. 
CH4 mineralization ratios of 0.7 ± 0.2 g CO2 g− 1 CH4 and 1.2 ± 0.2 g 
CO2 g− 1 CH4 were reached in the presence of ammonium and nitrate, 
respectively. In this context, Rodríguez et al. (2020) reported a deteri-
oration in methanotrophic activity due to the presence of nitrite at a 
maximum concentration of 83 mg N-NO2

− L− 1 as a result of the low O2: 
CH4 ratio in a bubble column bioreactor using nitrate as a N source. In 
addition, Rowe et al. (1979) claimed that nitrite has an inhibitory effect 
on oxygen uptake, ATP generation and active transport in the aerobic 
bacteria Pseudomonas aeruginosa. 

The inhibition of the methanotrophic activity in the bioreactor 
operated with ammonium induced a lower ectoine accumulation in the 
culture broth (13 ± 7 mgectoine gVSS

− 1 ) compared to the use of nitrate (44 
± 6 mgectoine gVSS

− 1 ). Although hydroxyectoine is produced by a stereo- 
specific hydroxylation of ectoine, similar hydroxyectoine yields (t- 

student test, p > 0.05) were recorded with both N sources (5 ± 1 and 6 
± 1 mghydroxyectoine gVSS

− 1 with ammonium and nitrate, respectively) 
(Fig. 4c). On the contrary, Chen et al. (2018) reported no negative effect 
of different ammonium salts at a concentration of 14 g L− 1 on the growth 
of Halomonas salina, increasing ectoine production compared to other 
complex N sources. In this particular study, the use of a bacterial con-
sortium instead of a pure culture, together with the higher availability of 
oxygen (which favored nitrite formation) and the use of CH4 as a carbon 
source instead of organic carbon sources, could be the reason underlying 
the deterioration of microbial activity and, consequently, the decrease in 
ectoine production when ammonium was used as a N source. 

3.4. Influence of the CH4 content 

Process operation at CH4 contents of 4.5 and 9.0 %v⋅v− 1 showed 
CH4-REs of 44.5 ± 2.6 and 56.2 ± 1.7 %, with associated CH4-ECs of 
14.2 ± 1.2 and 31.8 ± 2.0 g CH4 m− 3h− 1, respectively under steady 
state (Fig. 5a,b). The highest CH4 removal was obtained at a CH4 content 
of 9 %v⋅v− 1, which was attributed to the higher CH4 gas–liquid con-
centration gradient. In this regard, the maximum CH4 content that could 
be reached in the mixture biogas:air was 9 %v⋅v− 1 to avoid O2 limitation 
and comply with the minimum stoichiometric value required for the 
complete CH4 oxidation. Although the kLa of the oxygen in the experi-
ment conducted at a CH4 content of 9 % v⋅v− − 1 (17.6 h− 1) was lower 
than that of CH4 (28.7 h− 1), the higher gas–liquid concentration 
gradient resulted in O2 mass transfer rates 3.2 times higher than those of 
CH4 in this bioreactor. Likewise, a higher steady state PCO2 (t-student 
test, p ≤ 0.05) was obtained at 9 %v⋅v− 1 CH4 (22.1 ± 4.3 g CO2 m− 3h− 1) 
compared to that recorded at 4.5 %v⋅v− 1 CH4 (15.5 ± 4.1 g CO2 m− 3h− 1) 
(Fig. 5b). The increase in PCO2 at CH4 content of 9 %v⋅v− 1 in the inlet 
gas entailed an increase in the proportion of the CO2 produced that 
remained dissolved in the cultivation broth (14 % vs 7 % at 9 and 4.5 % 
v⋅v− 1 CH4, respectively). However, the increase in PCO2 was not pro-
portional to the increase in CH4-EC, which entailed a decrease in the CH4 
mineralization ratio down to 0.7 ± 0.2 g CO2 g− 1 CH4 at 9%v⋅v− 1 CH4 
compared to that at 4.5 %v⋅v− 1 CH4 (1.1 ± 0.4 g CO2 g− 1 CH4). In this 
context, Cantera et al. (2016b) also observed an increase in the specific 
CH4 degradation rate from 0.33 to 1.50 g CH4 h− 1 gbiomass

− 1 when CH4 
content was risen from 4 to 20 %v⋅v− 1. 

Negligible influence of the inlet CH4 content (t-student test, p > 0.05) 
on ectoine biosynthesis was observed in this study (Fig. 5c). Thus, spe-
cific ectoine concentrations of 41 ± 4 and 46 ± 4 mg gVSS

− 1 were recorded 
at inlet CH4 gas contents of 4.5 and 9 %v⋅v− 1, respectively. However, the 
specific hydroxyectoine concentrations slightly decreased from 8 ± 1 to 
6 ± 1 mg gVSS

− 1 with the increase of CH4 content. On the contrary, Cantera 

Fig. 4. Influence of the N source (NH4
+ vs NO3

–) on a) CH4 removal efficiency, b) CH4 elimination capacity (grey) and volumetric CO2 production rate (white) and c) 
specific ectoine (grey) and hydroxyectoine (white) concentration under steady state. Equal lowercase letters indicate no significant differences (p > 0.05) when 
comparing both N sources. 
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et al. (2016b) reported an increase in the maximum ectoine specific 
yields from 14 to 31 mg gbiomass

− 1 when increasing the CH4 content from 4 
to 20 %v⋅v− 1 in batch reactors under continuous magnetic agitation 
using M. alcaliphilum 20Z. The higher CH4 gas content tested along with 
the lower biomass concentration in the batch tests likely supported a 
higher aqueous CH4 content and the higher ectoine concentrations 
recorded in that study. In the present work, the results showed that a 
CH4 content of 4.5 %v⋅v− 1 was enough to avoid any limitation in the 
biosynthesis of ectoine and hydroxyectoine in the cultivation broth of 
the bubble column bioreactors. 

3.5. Influence of the NaCl concentration 

The decrease in NaCl concentration from 6 to 3 %w⋅w− 1 in the 
cultivation broth, which corresponded to a decrease in the conductivity 
from 84.7 ± 1.0 to 51.0 ± 1.0 mS cm− 1, resulted in a slight increase (t- 
student test, p ≤ 0.05) in the average CH4-REs from 58.4 ± 3.0 to 66.5 
± 2.2 % under steady state (Fig. 6a). Similarly, slightly lower CH4-ECs of 
20.5 ± 1.6 g CH4 m− 3h− 1 were recorded at 6 %w⋅w− 1 compared to the 
CH4-ECs of 22.2 ± 1.5 g CH4 m− 3h− 1 at 3 %w⋅w− 1 NaCl (Fig. 6b). This 
difference in CH4 removal performance could be explained by a decrease 
in the CH4 gas–liquid mass transfer (CH4-kLa of 47.1 vs 36.8 h− 1 at 3 and 
6 % w⋅w− 1 NaCl, respectively) due to the increase in NaCl concentration, 

which resulted in a lower CH4 aqueous solubility (Wiesenburg and 
Guinasso, 1979). Interestingly, no negative effect of the increase in NaCl 
concentration in the range 3–6 %w⋅w− 1 on biomass growth (maintained 
at 3 g SSV L− 1) was observed in the present study, which could be 
attributed to the use of a culture previously acclimated to 6 %w⋅w− 1 

NaCl. Indeed, similar average PCO2 (27.5 ± 5.8 and 27.4 ± 2.6 g CO2 
m− 3h− 1), of which ≈7 % remained dissolved in the cultivation broth, 
and CH4 mineralization ratios (1.2 ± 0.1 and 1.4 ± 0.4 g CO2 g− 1 CH4 at 
NaCl concentrations of 3 and 6 %w⋅w− 1, respectively) were obtained, 
which supported a similar bacterial activity in both bioreactors (Fig. 6b). 
Likewise, Cantera et al. (2017b) reported no differences on PCO2 (14 g 
CO2 m− 3h− 1) and CH4 mineralization ratios (1.1–1.2 g CO2 g− 1 CH4) at 
0 and 6 %w⋅w− 1 NaCl using M. alcaliphilum 20Z. On the contrary, Car-
mona-Martínez et al. (2021) observed a decrease in the CH4 biodegra-
dation rates from 0.92 to 0.56 g CH4 m− 3h− 1 using an enriched 
methanotrophic consortium from salt lagoon in a batch study conducted 
at 3 and 6 %w⋅w− 1, respectively. This decrease was attributed to the 
deterioration in microbial activity resulted from the high salinity con-
ditions. Similarly, Cantera et al. (2016b) reported a decrease in the 
specific CH4 degradation rate from 0.34 to 0.22 g CH4 h− 1 gbiomass

− 1 when 
the NaCl concentration was raised from 3 to 6 %w⋅w− 1 using Methyl-
omicrobium alcaliphilum 20Z. 

A significant decrease in ectoine and hydroxyectoine contents (t- 

Fig. 5. Influence of the CH4 content on a) CH4 removal efficiency, b) CH4 elimination capacity (grey) and volumetric CO2 production rate (white) and c) specific 
ectoine (grey) and hydroxyectoine (white) concentration under steady state. Equal lowercase letters indicate no significant differences (p > 0.05) when comparing 
both CH4 contents. 

Fig. 6. Influence of the NaCl concentration on a) CH4 removal efficiency, b) CH4 elimination capacity (grey) and volumetric CO2 production rate (white) and c) 
specific ectoine (grey) and hydroxyectoine (white) concentration under steady state. Equal lowercase letters indicate no significant differences (p > 0.05) when 
comparing both NaCl concentrations. 
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student test, p ≤ 0.05) was observed at decreasing NaCl concentrations 
(Fig. 6c). Thus, 47 ± 3 mgectoine gVSS

− 1 and 7 ± 0 mghydroxyectoine gVSS
− 1 and 

17 ± 0 mgectoine gVSS
− 1 and 1 ± 0 mghydroxyectoine gVSS

− 1 were obtained at 
NaCl concentrations of 6 and 3 %w⋅w− 1, respectively. In this context, 
since these extremolites are accumulated as a response of salt stress by 
halotolerant methanotrophs, a direct correlation between NaCl con-
centration and their production was expected. Similarly, But et al. 
(2013) reported a ~ 2-fold increase in the ectoine accumulation (from 
14 to 28 mg gbiomass

− 1 ) in M. alcaliphilum 20Z with the increase in the NaCl 
concentration from 3 to 7 %w⋅w− 1. In addition, Cantera et al. (2016b) 
obtained the highest ectoine yield at a NaCl concentration of 6 %w⋅w− 1 

(67 mgectoine gbiomass
− 1 ), ectoine concentrations decreasing down to 30 mg 

gbiomass
− 1 at 9 %w⋅w− 1 of NaCl. 

3.6. Microbial communities 

Both bioreactors were at the beginning inoculated with a consortium 
of bacteria containing the following main genera: Nitratireductor (36 %), 
Aequorivita (13 %), Methylomicrobium (8 %), Methylophaga (8 %), Stappia 
(5 %), Planktosalinus (5 %), Blastopirellula (4 %), Halomonas (3 %), 
Cryomorpha (3 %), Hyphomonas (2 %) and Alteromonadales (2 %) 
(Rodero et al., n.d.). At the end of the first stage, the genus Methyl-
omicrobium (36.1–36.7 %), which is able to accumulate ectoine using 
CH4 as the unique energy and carbon input, was the most abundant, 
while the share of the genus Nitratireductor decreased down to 2.2–4.6 
%, regardless the biomass concentration (see supplementary material). 
Interestingly, Methylomicrobium japanense (20.3 %) and Methyl-
omicrobium buryatense (16.4 %) were present in the bioreactor operating 
at biomass concentration of 1 g VSS L− 1, whereas only M. buryatense was 
detected with a relative abundance value ≥ 1 % at a biomass concen-
tration of 3 g VSS L− 1. Aequorivita viscosa (12.6–12.7 %) and Methyl-
ophaga nitratireducenticrescens (8.6–10.3 %) also exhibited a high 
relative abundance under steady state in both bioreactors. The presence 
of dissolved organic matter from CH4 biodegradation in the cultivation 
broth along with the environmental conditions in both bioreactors 
(aerobic conditions, pH of 8.0 ± 0.1, temperature of ~ 22 ◦C and 6 % 
w⋅w− 1 NaCl) promoted the growth of the non-methanotrophic species 
A. viscosa (Liu et al., 2013). Interestingly, the high concentration of ni-
trate and the environmental conditions in the cultivation broth were 
also favorable for the proliferation of M. nitratireducenticrescens (Ville-
neuve et al., 2013). Although ectoine or hydroxyectoine production has 
not been previously verified in these bacteria, other strains from the 
Methylophaga genus have been previously recognized as producers of 
ectoine (Antony et al., 2012; Cantera et al., 2020; Shmareva et al., 
2018). In addition, Halomonas alimentaria was also detected in both 
bioreactors with a higher abundance in the bioreactor operating at 1 g 
VSS L− 1 (6.6 %) compared with the bioreactor at 3 g VSS L− 1 (2.9 %). In 
this regard, the Halomonas genus has been previously described as a 
potential ectoine and hydroxyectoine producer (Pastor et al., 2010). 
Overall, a more efficient ectoine synthezising consortium could have 
contributed to the superior ectoine and hydroxyectoine contents in the 
bioreactor operated at 1 g VSS L− 1. 

Methylomicrobium was the main genus in both bioreactors at the end 
of the second stage. It is noteworthy that M. buryatense was the only 
specie from the genus Methylomicrobium with a relative abundance ≥ 1% 
since both bioreactors were inoculated with the bacterial biomass from 
the bioreactor operating at 3 g VSS L− 1 in the previous stage. However, 
the abundance of M. buryatense differed considerably between both 
bioreactors, being 45.1 % in the bioreactor with the lowest concentra-
tion of Cu2+ and Mg2+ and 30.2 % in the bioreactor with the highest 
concentration of micronutrients. In this context, Cantera et al. (2016a) 
reported a higher abundance of the Methylomicrobium genus in enrich-
ments conducted at a Cu2+ concentration of 0.05 µM compared to those 
at 25 µM Cu2+. On the other hand, the increase in the availability of 
these micronutrients entailed a significant increase in the share of the 
species Aequorivita lipolytica up to 18.0 %. This microorganism is able to 

tolerate saline concentrations up to 6 %w⋅w− 1 NaCl (Bowman and 
Nichols, 2002). However, no connection of this species with methano-
trophic metabolism or ectoine production has been reported up to date. 
Furthermore, the addition of Cu2+ and Mg2+ also favored the growth of 
the species Nitratireductor aquibiodomus and N. aquimarinus, which 
increased up to 9.5 %. N. aquibiodomus strain, which has the ability to 
reduce nitrate to nitrite, is capable to synthesize ectoine under osmotic 
stress conditions (Singh et al., 2012). Other genera such as Methylophaga 
nitratireducenticrescens (7.9–8.9 %) and Aequorivita viscosa (6.2–6.8 %) 
were also present in a high relative abundance in both bioreactors. 
Finally, it should be noted that the fact that ectoine synthesis was lower 
in the bioreactor operated at a higher concentration of Cu2+ and Mg2+

could be associated to a decrease in the abundance of microorganisms 
able to produce ectoine. 

The use of ammonium as a N source instead of nitrate in the MSM 
impacted on the population structure in the bioreactor, with Aequorivita 
viscosa (23.6%) overcoming Methylomicrobium buryatense (19.1 %) by 
the end of stage 3. The increase in the concentration of extracellular 
organic matter in the medium caused by cell decay and the presence of N 
in form of ammonium could have mediated the increase in A. viscosa 
population. Surprisingly, Methylophaga nitratireducenticrescens and the 
genus Nitratireductor were also present at a high abundance in the 
bioreactor operating with ammonium. On the other hand, the popula-
tion structure in the bioreactor operated with nitrate was similar to that 
of the inoculum, which was obtained from the previous stage at a Cu2+

and Mg2+ concentration of 0.5 µM and 20 mg L− 1, respectively. 
The inlet CH4 content partially impacted on the structure of the 

microbial population in the bioreactors during stage 4. Thus, despite 
Methylomicrobium buryatense was the most abundant species in both 
bioreactors, with a share of 39.4 and 34.4 % at CH4 contents of 4.5 % 
v⋅v− 1 and 9.0 %v⋅v− 1, respectively, process operation with 9 %v⋅v− 1 CH4 
entailed a remarkable increase in the genus Nitratireductor up to 18.8 %. 
The lower availability of O2 due to the decrease in the O2:CH4 ratio 
(from 4.3 to 2.1), and the high concentration of nitrate in the cultivation 
broth could have supported a higher metabolic activity of these nitrate 
reducers (Jang et al., 2011; Labbé et al., 2004). In this context, the in-
crease in the abundance of N. aquibiodomus and N. aquimarinus did not 
exert a negative impact on ectoine production since these microorgan-
isms harbor the genes responsible for ectoine biosynthesis (Singh et al., 
2012). Other abundant microbial species detected in both bioreactors 
were Methylophaga nitratireducenticrescens (9.3–10.1 %) and Lacimi-
crobium alkaliphilum (7.6–10.3 %). Despite L. alkaliphilum has not been 
previously identified as a methanotrophic or ectoine producing bacteria, 
the environmental conditions in the cultivation broth were optimum for 
its development (Zhong et al., 2016). 

The decrease in NaCl concentration from 6 to 3 %w⋅w− 1 influenced 
the relative abundance of the major genera present in the bioreactors 
under steady state in stage 5. The Nitratireductor genus increased up to 
30.6 %, overcoming the specie Methylomicrobium buryatense whose 
abundance dropped to a 16.8 % of the total bacterial population in the 
bioreactor operated at NaCl concentration of 3 %w⋅w− 1, whereas 
M. buryatense (41.7 %) represented the most abundant species in the 
bioreactor operated at NaCl 6 %w⋅w− 1. The decrease in NaCl concen-
tration also enhanced the growth N. aquibiodomus or/and 
N. aquimarinus, the latter exhibiting an optimum growth under 3–4 % 
w⋅w− 1 NaCl (Jang et al., 2011). Interestingly, the decrease in the 
abundance of the methanotroph M. buryatense in the bioreactor operated 
at 3 %w⋅w− 1 NaCl did not exert a negative impact on CH4 biodegrada-
tion. Methylophaga nitratireducenticrescens was also present at high 
relative abundances (14.8–15.2 %) in both bioreactors. In addition, the 
decrease in NaCl concentration down to 3 %w⋅w− 1 increased the pres-
ence of the non-methanotroph Stappia indica (11.9 %) in this bioreactor 
(Lai et al., 2010), while Lacimicrobium alkaliphilum maintained a high 
abundance in the bioreactor at 6 %w⋅w− 1 NaCl (9.2 %). Unfortunately, 
no data about the production of ectoine has been reported in these 
species up to date. However, since the main genera detected in both 
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bioreactors (Methylomicrobium, Nitratireductor and Methylophaga) are 
known as ectoine producers, the decrease in ectoines yields at 3 %w⋅w− 1 

NaCl was mainly attributed to the decrease of the salinity stress. 

4. Conclusions 

This study provided novel insights into the optimal operational 
conditions supporting maximum ectoines production from biogas. 
Lower biomass concentrations showed a higher specific accumulation of 
ectoines but a reduced overall ectoine productivity. The increase in 
Cu2+, Mg2+ concentrations and CH4 content did not enhance ectoine 
production yields. The use of ammonium instead of nitrate as a nitrogen 
source was detrimental to methanotrophic activity. The decrease in 
NaCl content enhanced CH4 biodegradation at the expenses of lower 
ectoines yields. Finally, Methylomicrobium buryatense was herein iden-
tified as the dominant species responsible of bioconverting biogas into 
ectoines regardless of the operational conditions. 

E-supplementary data for this work can be found in e-version of this 
paper online. 
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García-Pérez, T., López, J.C., Passos, F., Lebrero, R., Revah, S., Muñoz, R., 2018. 
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Ectoines production from biogas in pilot bubble column bioreactors and their 
subsequent extraction via bio-milking. 
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