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• The effect of long-term ectoines extrac
tion on bioreactor performance was 
assessed.

• Ectoines extraction resulted in limited 
decreases in CH4 bioconversion (~10 
%).

• Extraction resulted in slight decreases in 
Ect (~2.5 %) and Hy (~0.5 %) content.

• Salt level control favoured Methyl
omicrobium dominance.

• Salt level control guaranteed process 
stability and bioconversion efficiency.
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A B S T R A C T

Ectoine is one of the most profitable value chains for biogas valorisation. This study assessed the long-term 
effects of biomilking for ectoine (Ect) and hydroxyectoine (Hy) extraction on upstream methane bioconversion 
into ectoines using a halotolerant methanotrophic consortium cultivated in a Taylor-Flow bioreactor. After a 
control stage (S-I), fractions of the culture broth volume of 10 %, 50 %, 30 % and 60 % (S-II to S-VI) were 
subjected to biomilking before a final control (S-VII). No adverse effects were observed at 10 %, while higher 
fractions led to salt depletion, a ~10 % reduction in CH4 bioconversion efficiency, and a loss of dominant ectoine 
producers, mainly Methylomicrobium. A decrease in intracellular Ect was also observed. Restoring salt levels (S- 
VI) recovered Methylomicrobium dominance and Ect content in the culture broth. Enhanced biomilking yielded up 
to 27.2 g-Ect + Hy per inlet kg of CH4, supporting its feasibility for sustainable biogas valorisation at a com
mercial scale.
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1. Introduction

The rapid decrease in the cost of renewable energies, such as solar or 
wind power, has encouraged the research of new alternatives for biogas 
valorisation, including its bioconversion into high-value-added prod
ucts. Consequently, the anaerobic digestion of biowastes has shifted 
from biogas on-site application for heat or electricity to more innovative 
biorefinery concepts, where added-value compounds can be extracted 
from wastes (Fermoso et al., 2018). With a market price of 600–1000 
€⋅kg− 1 (Pérez et al., 2021), ectoine and hydroxyectoine are examples of 
high-value compounds that can be produced on innovative platforms for 
valorising biogas and CO2 obtained during the anaerobic treatment of 
waste streams (Rodero et al., 2022; Huang-Lin et al., 2024). These 
osmolytes are synthesised by certain halophilic and halotolerant mi
croorganisms to maintain osmotic balance under high-salinity stress 
conditions (Ng et al., 2023). Their high value in pharmaceutical and 
cosmetic applications derives from their ability to counteract oxidative 
and heat stress, protect enzymes, DNA, and entire cells, and support 
overall cellular stability (Pastor et al., 2010). Reported uses include 
dermatological cosmetic additives and potential therapeutic applica
tions for Alzheimer’s disease, HIV, intestinal and oral diseases, and 
various inflammatory and immunological disorders, among others 
(Chen et al., 2024).

While several genera can produce ectoine, the ability to naturally 
synthesise both ectoine and hydroxyectoine is more restricted, being 
reported in taxa such as Actinomycete, Bacillus, Halobacillus, Halomonas, 
Micrococcus, Nesterankonia, and Thalassobacillus (Severin et al., 1992; 
Bursy et al., 2007; Orhan and Ceyran, 2023). Triggered by medium 
salinity, the biosynthetic pathway of these compatible solutes is based 
on the ectABC gene cluster, which converts the precursor metabolite L- 
aspartate-ß-semialdehyde (ASA) into ectoine, which is then hydroxyl
ated to hydroxyectoine by the ectoine hydroxylase (EctD) (Louis and 
Galinski, 1997; Bursy et al., 2007). Current ectoine and hydroxyectoine 
production platforms are mainly based on batch fermentations at high 
salt concentrations, using mainly Halomonas (e.g., Chen et al., 2017) or 
genetically engineered Halomonas or E. coli (e.g., He et al., 2015; Tani
mura et al., 2016), on relatively expensive carbon and nitrogen sources 
such as glucose, glutamate, glutamine, or yeast extract (Pastor et al., 
2010; Chen et al., 2024). As an alternative to sugar fermentation, bac
terial platforms using residual greenhouse gases have been researched 
based on methanotrophic haloalkaliphilic bacteria (Cantera et al., 2017, 
2017b), or axenic cultures such as Hydrogenbacillus schlegelii (Marcos- 
Rodrigo et al., 2025) and Hydrogenovibrio marinus (Huang-Lin et al., 
2024).

Mixed methanotrophic consortia can also be cultured in waste gas 
streams for ectoines production, such as that in Carmona-Martínez et al. 
(2021). In this case, the process performance was previously investi
gated in different bioreactor configurations, such as bubble column 
(Rodero et al., 2023, 2024) or Taylor flow bioreactors (Herrero-Lobo 
et al., 2024, 2025), achieving methane bioconversion efficiencies of up 
to 65.5 % and 89.2 %, and maximum intracellular ectoine content of 79 
mg-Ect gVSS-1 and 105 mg-Ect gVSS-1, respectively. Mixed methano
trophic consortia offer several benefits, including increased biomass, 
enhanced biocatalytic performance, and greater system stability. In 
these consortia, heterotrophic bacteria can supply essential nutrients, 
mitigate culture toxicity, stimulate methanotroph growth and activity 
and produce biologically active growth-promoting compounds (Singh 
et al., 2019).

Regardless of the cultivation strategy, the process must be coupled 
with an extraction step, which is required for subsequent downstream 
purification. One alternative for this extraction is cell lysis via acid 
treatment at moderately high temperatures (60 ◦C-70 ◦C), operating the 
process as fed-batch cultivation and constantly growing the cells at the 
beginning of each cultivation cycle (Chen et al., 2017). Another strategy 
involves subjecting the halotolerant culture to a hypoosmotic shock, 
releasing ectoines into the new low-salinity medium, and concomitantly 

recovering the biomass through centrifugation. Later, the biomass can 
be resuspended again in the original mineral salt medium and recircu
lated to the bioreactor. This process, known as bacterial milking or 
biomilking (Sauer and Galinski, 1998), is the most common across all 
cultivation platforms. The hypoosmotic shock is typically induced with 
tap water, and the milked biomass can be resuspended in the mineral 
medium that was separated during the first centrifugation cycle. At this 
point, the ectoines solution can be transferred to the downstream pro
cess, where it is purified from remaining salts and cell debris, and sub
sequently concentrated into a final precipitate (Ng et al., 2023). After 
biomilking, ectoine purification typically involves desalting, ion- 
exchange chromatography, and crystallisation (Pérez et al., 2021).

Despite the advantage of biomass recovery and recycling, few studies 
have examined how coupling biomilking affects methane bioconversion 
capacity and ectoine accumulation by halotolerant cultures. Among 
these studies, Cantera et al. (2017b) achieved excretion efficiencies of 
70 % of the total intracellular ectoine accumulated by M. alcaliphilum 
20Z under continuous cultivation in two sequential stirred-tank reactors 
operated at NaCl concentrations of 0 and 6 %. Similarly, Lee et al. (2022)
achieved up to 126 mg-Ect per gram of M. alcaliphilum 20Z DP2 biomass 
and more than 90 % efficiency with biomilking in a medium containing 
1 % NaCl. Finally, Rodero et al. (2023) also performed biomilking of a 
mixed methanotrophic consortium cultivated in a bubble column 
bioreactor. The process was based on two centrifugation cycles and 
achieved recoveries above 70 % of the intracellular ectoine, with no 
negative impact on methanotrophic cell recycling when 15 % of the 
culture broth was daily extracted for biomilking. Despite the promising 
results obtained by implementing continuous biomilking during biogas 
bioconversion into ectoines, the fractions of culture broth subjected to 
biomilking in those studies were relatively low. Additionally, the impact 
of fractions of culture broth subjected to biomilking beyond 30 % on the 
upstream process and on long-term operation has not been assessed to 
date.

Considering that intensifying ectoines extraction is critical to 
enhance the economic sustainability of ectoine platforms for biogas 
valorisation, this work evaluated the impact of long-term biomilking 
operation at high biomilking rates of up to 60 % on ectoines production 
and biogas bioconversion efficiencies by a mixed methanotrophic hal
otolerant consortium in a high-mass transfer Taylor flow reactor. The 
effect of salt supplementation for enhanced cultivation, when coupled 
with biomilking, was additionally assessed.

2. Materials and methods

2.1. Inoculum, mineral salt medium and gas feed

The inoculum corresponded to a halotolerant methanotrophic con
sortium originally enriched by Carmona-Martínez et al. (2021) and used 
in previous studies (Herrero-Lobo et al., 2024, 2025). This inoculum, 
previously acclimated to the Taylor flow bioreactor (TFB), was selected 
for its intrinsic resilience of the process from a microbiological 
perspective and its non-requirement for sterile conditions (Carmona- 
Martínez et al., 2021). The inoculum, cultivated as described in Herrero- 
Lobo et al. (2025), was mainly dominated by ectoines producers such as 
Methylomicrobium, Methylophaga, and Paracoccus; along with other 
genera such as Nitratireductor, and unidentified_Saprospiraceae when 
transferred to the bioreactor. To trigger ectoine production, the liquid 
medium of the reactor consisted of a mineral salt medium (MSM) with 6 
% w/w NaCl, prepared as described in Herrero-Lobo et al. (2024) and 
containing all required macro and micronutrients. All reagents were 
purchased from Panreac Applichem (Spain) and COFARCAS (Spain) 
with a purity of > 99 %. Methane at 4.8 % v/v in air was fed from a 50 L 
cylinder (99.5 % CH4, Carburos Metálicos S.A., Spain). Dehumidified 
CO2-free air was provided by a SMART 18 compressor (SCC, Spain).
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2.2. Experimental set-up

The experimental unit (see Supplementary Material) consisted of a 
TFB with a working volume of 7.4 L and 25 glass capillaries (h = 1.5 m, 
D = 3 mm). These capillaries enabled the interconnection of the upper 
(6.5 L) and lower (2.5 L) modules, both of which were built in polyvinyl 
chloride (PVC). The CH4-laden air was fed into the lower module of the 
TFB, which was filled with Kaldnes® rings (Evolution Aqua, UK) to 
improve gas–liquid mixing and achieve homogeneous dispersion in the 
capillaries. The liquid media and gas bubbles flowed through the glass 
capillaries at flow rates of 5.2 and 5.5 L/min, resulting in linear veloc
ities of approximately 0.5 m/s, which guaranteed Taylor flow and high 
gas–liquid transfer rates, as previously characterised by a hydrodynamic 
analysis of the same experimental unit (Cattaneo et al., 2022; Kraakman 
et al., 2023). The upper module facilitated gas–liquid separation 
through a perforated basket, which was installed for the recirculation of 
the liquid media. The gas outlet was divided into the gas recirculation 
and the off-gas lines. The gas recirculation was pumped by a membrane 
compressor (H5P3 EAD, Spain) after passing through a water trap and a 
condenser with a water jacket (4 ◦C) to remove humidity. Before 
entering the lower module, the recirculated gas was mixed with the inlet 
gas in a mixing chamber. The mixture of inlet air and CH4 was prepared 
in a previous mixing chamber, where air was fed at a controlled pressure 
of 0.8 bar and CH4 injection was controlled by a mass flow controller 
(AalborgTM, USA). The flow rates in the inlet and recirculation lines 
were controlled using gas rotameters (AalborgTM, USA) and monitored 
through gas sampling ports, which also served as installation points for 
pressure sensors (IFM PN7097). The culture broth was recirculated from 
the upper to the lower module by means of a centrifugal pump (Oase, 
EDEN 159), followed by a liquid rotameter (Fischer & Porter Iberica, 
10A1197A).

Biomilking was carried out using a Thermoscientific™ X pro series or 
a Thermoscientific™ Lynx4000 centrifuge. Biomilking was performed 
daily by semi-batch extractions of ectoine (Ect) and hydroxyectoine (Hy) 
from variable fractions of the culture broth volume (VR), ranging from 
10 %⋅VR to 60 %⋅VR. Each biomilking cycle began with the manual 
extraction of the corresponding culture broth volume, which was then 
centrifuged to separate the biomass (10,000 × g, 10 min). The biomass 
pellet was resuspended in ultrapure water at a ratio of 1:4 (water:culture 
broth), agitated for 5 min in a plastic vessel (2 L) at about 700 rpm using 
a magnetic stirrer (Fisherbrand SP88857200) to improve the release of 
the intracellular content of ectoines to the water medium (hypoosmotic 
shock), and then subjected to a second centrifugation to separate the 
biomass from the ectoines solution (product). Then, the biomass pellet 
was resuspended in the mineral medium, which had been previously 
reserved in a plastic vessel (2 L) after the first centrifugation, and 
returned to the reactor.

2.3. Experimental design

The TFB was operated under conditions of high CH4 bioconversion 
capacity at moderate efficiencies (Herrero-Lobo et al., 2025), with a gas 
retention time (GRT) of 30 min, total suspended solids concentration of 
~2.0 g L− 1 and the above-mentioned liquid and gas recirculation flow 
rates (QL and QG). Fresh MSM was added to the culture broth at a rate of 
740 mL d-1 (10 % of the working volume) by extracting and centrifuging 
the same volume of culture broth, resuspending the biomass in fresh 
MSM, and then transferring it to the TFB. The TFB was operated for 110 
days under daily biomilking and recirculation of the culture broth after 
ectoines extraction. The operational plan is summarised in Table 1. A 
first and a last control stage without biomilking (S-I and S-VI) allowed to 
respectively assess the CH4 bioconversion efficiencies and capacities 
before biomilking operation and the systeḿs recovery after prolonged 
periods of osmolytes extractions. During S-II and S-III, the Thermo
scientific™ X pro series was used for biomilking, while the Thermo
scientific™ Lynx4000 centrifuge was used from S-IV onwards in order to 

improve centrifugation efficiencies at higher culture broth volumes. 
Besides MSM renewal, during S-VI, biomilking was performed at 60 % 
with ionic conductivity correction by supplementing NaCl. This 
correction was done before returning the biomilked biomass to the TFB 
at approximately 20 g-NaCl per litre of culture broth per day during the 
first three days of this stage.

The monitoring of the inlet and outlet gas composition, as well as of 
the liquid phase in the culture broth and the biomilking product solu
tion, was performed three times a week. A 100 µL gas-tight syringe 
(Hamilton, USA) was used to collect duplicate samples from the inlet 
and outlet gas streams and assess concentrations of CO2, N2, O2 and CH4 
by Gas Chromatography (GC-TCD). Culture broth samples were with
drawn to analyse pH, conductivity, and the concentrations of total sus
pended solids (TSS), dissolved total organic carbon (TOC), inorganic 
carbon (IC) and total nitrogen (TN), and intra-cellular Ect and Hy. 
Furthermore, the DNA from culture broth samples was extracted and 
sent for next-generation sequencing (NGS) of 16S rRNA. Samples of the 
biomilking solution (ultrapure water containing Ect and Hy) were ana
lysed for Ect and Hy concentrations, pH, conductivity and TOC and TN 
content.

To prevent the accumulation of inhibitors and ensure the availability 
of micro and macronutrients, 10 % of the cultivation broth in the TFB 
was centrifuged and replaced daily with fresh mineral medium. Aliquots 
of culture broth were periodically withdrawn in order to maintain TSS 
concentration at ~ 2 g L− 1. Conversely, when TSS concentrations were 
lower than the setpoint, the biomass centrifuged with the daily renewal 
of mineral medium was resuspended in fresh media and returned to the 
reactor.

2.4. Analytical procedures

The inlet and outlet gas flow rates were determined by water 
displacement in an inverted measuring cylinder. The inlet flow rate was 
measured using a bypass line equipped with a needle valve to adjust the 
pressure in the bypass to match that in the system. Before the gas flow 
rate measurements, concentrations of CO2, O2, N2, and CH4 were 
determined by gas chromatography (Bruker 430, Palo Alto, USA) 
equipped with a thermal conductivity detector and a CP-Molsieve 5A 
and a CP-PoraBOND Q columns. The oven, injector and detector tem
peratures were maintained at 45, 150 and 200 ◦C, respectively, for 5 
min.

Ionic conductivity and pH in the culture broth and biomilking so
lutions were measured with an EC-Meter BASIC 30 instrument (Barce
lona, Spain) and a Basic 20 + pH-meter (Düsseldorf, Germany), 
respectively. A TOC-VCSH analyser (Japan) interconnected with a TNM- 
1 chemiluminescence module was used to measure TOC, TN and IC 
concentrations in samples filtered through 0.45 μm. TSS concentrations 
in the culture broth were determined following the procedure described 
in Herrero-Lobo et al. (2024).

Concentrations of Ect and Hy in the culture broth were determined by 
washing twice the biomass from 2 mL samples with a 6 % NaCl solution 
prepared in ultrapure water. Then, samples were centrifuged again (9 
000 × g for 10 min), the supernatant was discarded, and the biomass was 
resuspended in ethanol (70 % w/w) containing 25 ± 5 mg of 0.1 mm- 

Table 1 
Elapsed time and biomilking volumes per operational stage.

Stage Elapsed time 
(days)

Culture broth volume 
subjected to biomilking (L)

Fraction of culture 
broth biomilked (%)

S-I 14 − −

S-II 19 0.7 10 %
S-III 21 3.7 50 %
S-IV 18 2.2 30 %
S-V 14 4.4 60 %
S-VI 12 4.4 60 % (NaCl)
S-VII 12 − −
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diameter zirconia/silica beads, and agitated and homogenised in a Mini- 
BeadBeater-16 (BioSpec, Spain) at 1048 × g for 10 min. Samples were 
centrifuged again to separate the ethanol solution containing the Ect and 
Hy released from the cells after bead-beating, and filtered through 0.22 
µm pore size filters. Intracellular Ect and Hy were estimated by dividing 
the culture broth concentrations by the corresponding TSS concentra
tions. On the other hand, 2 mL samples were collected and filtered 
through 0.22 µm pore size filters for the determination of the Ect and Hy 
concentration in the biomilking product solution. All samples were 
frozen-stored until analysis. All Ect and Hy samples were determined 
using an HPLC-V 717 plus autosampler (Waters, Bellefonte, USA) 
coupled to a UV Dual λ Absorbance detector (Waters, Bellefonte, USA) 
operated at 220 nm and 40 ◦C. As described by Carmona-Martinez et al. 
(2021) and Herrero-Lobo et al. (2024), an LC-18 AQ þ C Supelcosil 
column (Sigma Aldrich, Spain) and a C18 AQ + pre-column (Sigma 
Aldrich, Spain) were used. The mobile phase consisted of ultrapure 
water at a flow rate of 0.6 mL min− 1. Biomilking product samples were 
analysed using a Spherisorb Amino (NH2) Column, 80 Å, 3 µm, 4.6 mm 
× 150 mm (Waters, USA), with Acetonitrile:Water, 75 %:25 % (v/v) as 
the mobile phase (0.6 mL⋅min− 1). Standards for quantification were 
prepared with commercial Ect and Hy (purity ≥ 95 %, Sigma Aldrich) 
diluted in ethanol 70 %v/v or ultrapure water. All analyses were done in 
technical duplicates.

2.5. Bacterial community analyses

The structure of the bacterial community in the different operational 
stages was determined by NGS. For DNA extraction, 1.5 mL of culture 
broth samples were obtained by pooling three 0.5 mL samples collected 
by the end of each steady state. Pooled samples were centrifuged at 
13,000 × g, and the biomass pellet was used for DNA extraction using 
the PowerSoil Pro kit (Qiagen, Germany) following the manufacturer's 
instructions. A Qubit 4 Fluorometer (Thermo Fisher Scientific, USA) and 
Qubit 1X dsDNA HS reagents were used to measure the final DNA con
centrations. The DNA extracts were sent to Novogene (UK) for Next 
Generation Sequencing of 16S rRNA genes of distinct regions (16SV4/ 
16SV3/16SV3- V4/16SV4- V5, 18SV4/18SV9, ITS1/ITS2, ArcV4) on 
Illumina platform. Quality control was done between each step of the 
procedure. PCR amplification of targeted regions was performed by 
using specific primers connecting with barcodes, ligated with Illumina 
adapters and sequenced on the Illumina paired-end platform. Paired-end 
reads were merged using FLASH (V1.2. 1 1). Quality filtering on the raw 
tags was performed using the FASTP (Version 0.23.1) software. Silva 
databases and the VSEARCH package (V2.16.0) were used for Chimera 
removal. The DADA2 method was used to denoise clean data and obtain 
ASVs (Amplicon Sequence Variants). Species annotation was performed 
using QIIME2′s (Version QIIME2–202202), with the Silva 138.1 data
base for 16S/18S. The Unite v9.0 database 147 was used for ITS, while 
the micro_NT database (a curated subset of the 148 NT database con
taining archaea, fungi, viruses, and bacteria) was used for unconven
tional regions. The clean sequences were submitted to NCBI BioSample 
(PRJNA1346682).

2.6. Data treatment and statistical analyses

The CH4 bioconversion efficiency (BE), CH4 bioconversion capacity 
(BC), volumetric CO2 production (PCO2) and CO2 production yield 
(YCO2 ) were calculated according to Herrero-Lobo et al. (2025), 
following Eq. (1) to (4). Furthermore, the efficiency of intracellular Ect 
and Hy extraction and the ectoines (YEct+Hy) production yield in terms of 
inlet CH4 were calculated using Eq. 5 and 6: 

CH4 − BE (%) =
mCH4 , in − mCH4 , out

mCH4 , in
× 100 (1) 

CH4 − BC
(

gCH4

m3h

)

=
mCH4 ,in − mCH4 ,out

VR
(2) 

PCO2

(
g CO2

m3 h

)

=
mCO2 ,out − mCO2 ,in

VR
+

QL, MSM
(
ICL, out − ICL, in

)

VR
×

MWCO2

MWC

(3) 

YCO2

(
g CO2

g CH4

)

=
PCO2

CH4 − BC
(4) 

Ectoines extraction efficiency (EE) =
XPSVPS

XCBVB
(EE) (5) 

YEct+Hy

(
kg Ect + Hy
kg inlet CH4

)

=

(
XEct + XHy

)
VPS

mCH4 , in
(6) 

where, mCH4 ,in and mCH4 ,out correspond to inlet and outlet mass flow rates 
of methane (g-CH4 h− 1). Similarly, mCO2 ,in and mCO2 ,out are the inlet and 
outlet mass flow rates of CO2 (g-CO2 h− 1). In Eq. (3), QL,MSM is the fresh 
MSM exchange flow rate, ICL,IN and ICL,OUT correspond to the inorganic 
carbon concentrations (g-IC L− 1) in the fresh MSM and in the culture 
broth, respectively, while MWCO2 and MWC stand for the molecular mass 
of CO2 and carbon. In Eq. (4), XPS correspond to the Ect or Hy concen
trations in the biomilking product solution (PS) and VPS is the volume of 
the PS, while XCB and VB correspond to the Ect or Hy concentrations in 
the culture broth and the volume of culture broth devoted to biomilking.

A Kruskall Wallis test followed by a Dunńs test post hoc was applied 
to detect significant differences between operational stages. Spearman 
correlations were applied to explore associations between bacterial 
population abundances and ectoine content. Data treatment and statis
tical test were performed in Rstudio environment and Past 5.2.1.

3. Results and discussion

3.1. Influence of biomilking on methane bioconversion

Fig. 1 shows the evolution of CH4-BE, CH4-BC, and CO2 yield (YCO2) 
as a function of the culture broth volume subjected to daily biomilking 
for ectoines extraction. The average CH4-BE and CH4-BC in the control 
Stage I without biomilking were 42.2 % ± 3.4 and 26.9 ± 3.5 g-CH4 m- 

3h− 1, respectively. No significant decreases in CH4-BE and CH4-BC 
compared to S-I were observed during daily ectoine extraction through 
biomilking at 10 %⋅VR (S-II) and 50 %⋅VR (S-III). However, significantly 
lower average CH4-BE and CH4-BC were observed from S-IV to S-VI, 
particularly in S-VI, when performance dropped to 33.6 % ± 2.2 and 
23.1 ± 2.5 gCH4 m− 3h− 1, respectively. During S-VII, biomilking was 
stopped, and CH4-BE and CH4-BC recovered similar levels to those 
observed during S-I, averaging 39.4 % ± 3.7 and 27.6 ± 2.2 g-CH4 
m− 3h− 1. The CO2 yield confirmed methanotrophic activity throughout 
the operational period, with mean values ranging from 1.4 to 1.8 g-CO2 
g-CH4

-1, and no significant decreases during biomilking operation (S-II to 
S-VI) compared to control stages (S-I and S-VII).

The CH4-BE and CH4-BC averages achieved during the control stages 
(S-I and S-VII) were slightly lower than those achieved by Herrero-Lobo 
et al. (2025) in the same experimental unit at 30 min of GRT and 5 % 
inlet CH4 concentration (47.0 % ± 1.5 and 33.0 ± 2.7 g-CH4 m− 3h− 1). 
These slight differences were likely due to the lower average inlet CH4 
concentrations of 4.8 % used in this study. This setpoint allowed the 
evaluation of inlet concentrations below 5 %, ensuring higher ATEX 
security in complex industrial applications. Compared to previous 
studies with methanotrophs cultivation in both Bubble Column and 
Taylor flow bioreactors, higher efficiencies were facilitated mainly by 
lower salinity levels (e.g 73 % in García-Pérez et al., 2018), and higher 
GRT (e.g 79 % at 60 mins in Rodero et al., 2023; up to 73 % at 54 mins in 
Rodero et al., 2024; and 50 % at 60 mins in Cattaneo et al., 2022). 
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Despite the gas–liquid methane mass transfer limitations, the results 
achieved during S-I validated the high gas–liquid transfer of the TFB, 
even at the relatively short GRT of 30 min, which was adopted to 
enhance the total mass of CH4 bioconverted, albeit at the expense of 
moderate efficiencies.

No significant decreases in CH4-BE and CH4-BC were observed dur
ing continuous biomilking of 10 % of the culture broth (S-II), which 
agreed with results from previous works at similar biomilking rates in a 
bubble column bioreactor (Rodero et al., 2023) or in a stirred tank 
reactor (Cantera et al., 2017b). To the best of our knowledge, no pre
vious works have assessed the impact of biomilking rates above 30 % of 
the culture broth, which limits direct comparison of the results achieved 
at 50 % VR (S-III) with those reported in the literature. At this stage, the 

negligible effects of continuous biomilking on CH4-BE and CH4-BC were 
likely due to the absence of stress conditions in the methanotrophic 
metabolism during previous stages. However, the higher biomilking rate 
of 50 % applied in S-III appeared to disturb the culture broth, resulting in 
significant decreases during subsequent biomilking at 30 % and 60 % (S- 
IV to S-V). These decreases were most likely caused by the cumulative 
stress of prolonged biomilking, which by the end of S-III had already 
exceeded 40 days of continuous ectoines extraction, slowing metabolic 
rates, including CH4 oxidation (Cantera et al., 2017). The addition of 
NaCl in S-VI induced no enhancement in CH4-BC and CH4-BE, while 
stopping biomilking during S-VII resulted in a rapid recovery of methane 
removal efficiencies. Despite the observed variations in CH4-BC and 
CH4-BE, methanotrophic activity throughout all stages was validated by 
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Fig. 2. Time course and boxplots for (a) Hydroxyectoine (Hy) and (b) Ectoine (Ect) concentrations in the culture broth ( ) and in the biomilking product solution ( ). 
Breaks in the boxplots figures indicate the most relevant significant pairwise comparisons in Dunńs test.
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the CO2 production yields, which were comparable to the values of 1.7 
to 2.3 g-CO2 g-CH4

-1 reported by Herrero-Lobo et al. (2025) during TFB 
operation at 30 min GRT with diluted methane emissions.

3.2. Influence of biomilking rate on ectoine production and extraction

During control stages S-I and S-VII, the bioconversion of biogas into 
Ect and Hy resulted in average concentrations of these osmolytes in the 
culture broth of 97.9 ± 21.8 mg-Ect L− 1 and 127.2 ± 20.8 mg-Ect L− 1, 
and 17.0 ± 4.2 mg-Hy L− 1 and 14.1 ± 2.8 mg-Hy L− 1, respectively 
(Fig. 2). The culture broth was characterised by TSS concentrations of 
2.2 ± 0.5 g L− 1 throughout the experiment (see Supplementary Mate
rial), which resulted in average intracellular contents of 52.7 and 58.5 
mg-Ect gTSS-1, and 9.0 and 6.4 mg-Hy gTSS-1 in control stages S-I and S- 
VII, respectively (see Supplementary Material). These results validated 
the capacity of the TFB to support an active growth of ectoine- 
accumulating methanotrophic bacteria at relatively high biomass 
concentrations.

Process biomilking at 10 % (S-II) resulted in no significant decreases 
in osmolytes concentrations or intracellular contents compared to con
trol stages, which were only observed at higher biomilking rates (S-III to 
S-VI). Interestingly, S-III showed the lowest average concentrations of 
ectoines in the culture broth (69.2 mg-Ect L− 1 and 8.8 mg-Hy L− 1) and 
intracellular contents (27.9 mg-Ect gTSS-1 and 3.5 mg-Hy gTSS-1), cor
responding to reductions of ~ 16 % and 8 % in the Ect and Hy intra
cellular content. The addition of NaCl to restore the salinity in the 
cultivation broth during S-VI increased the intracellular Ect content to 
53.8 mg gTSS-1, without significant effects on the Hy content or on the 
culture broth concentrations of both osmolytes. Initial culture broth 
concentrations of Ect and Hy were recovered only when biomilking was 
stopped during S-VII (Fig. 2).

The gradual loss of salinity due to continuous biomilking of the 
culture broth, along with stress from long-term daily extractions, was 
likely the main factor behind the decreases in ectoines concentrations 
and intracellular contents. Regardless of the decrease in ectoines accu
mulation mediated by continuous biomilking, the methanotrophic 
consortia showed similar ectoines accumulation capacities to previous 
experiments: 20–52 mg-Ect gVSS-1 (Rodero et al., 2023), 45–79 mg-Ect 
g-VSS-1 (Rodero et al., 2024), 37–49 mg-Ect g-VSS-1 and 8 to 13 mg-Hy g- 
TSS-1 (Herrero-Lobo et al., 2025).

The product solution from biomilking exhibited average osmolytes 
concentrations ranging from 144.3 mg-Ect L− 1 to 274.7 mg-Ect L− 1, and 
from 16.4 mg-Hy L− 1 to 39.7 mg-Hy L− 1, with the lowest and highest 
average concentrations of Ect recorded at S-III and S-II, respectively. 
From S-IV to S-VI, Ect and Hy concentrations increased to relatively 
similar levels to those recorded in S-II, averaging 229.4 mg-Ect L− 1 and 
17.8 mg-Hy L− 1 (Fig. 2). These concentrations corresponded to 
increasing productivities of 71.4 mg-Ect (S-II) to 312.8 mg-Ect (S-VI) and 
10.3 mg-Hy (S-II) to 18.2 mg-Hy (S-VI) per cycle of biomilking, and 
extraction efficiencies of 62.0 % and 63.7 % for Ect and 50.1 % to 72.8 % 
for Hy during the same operational stages (Table 2). These same 

productivities expressed per gram of VSS subjected to biomilking were 
of 29.8 ± 1.7 mg-Ect (S-II) to 39.2 ± 14.4 mg-Ect (S-VI) and of 4.4 ± 1.7 
mg-Ect (S-II) to 2.3 ± 1.1 mg-Ect (S-VI).

Biomilking with axenic cultures has demonstrated high extraction 
efficiencies. H. boliviensis achieved 75 % efficiency and productivities of 
9.1  g L− 1 d− 1 (ectoine) and 2.0  g L− 1 d− 1 (hydroxyectoine) at 15 % NaCl 
(Van-Thuoc et al., 2010), while H. elongata reached 64 % efficiency and 
155  mg g-CDW-1 (Sauer & Galinski, 1998). Fed-batch acid extraction 
achieved up to 76 % efficiency at 60–70 ◦C (Chen et al., 2017). Similarly, 
Lee et al. (2022) achieved more than 90 % efficiency during the bio
milking of a culture of M. alcaliphilum 20Z DP2. Although these values 
exceed those obtained in the present study, they relied on synthetic 
media with costly substrates (e.g., glutamine) and were performed at lab 
scale with short volumes (<2 L).

In contrast, Cantera et al. (2017b) and Rodero et al. (2023) inte
grated biomilking with the conversion of methane from biogas as the 
sole carbon and energy source. Cantera et al. (2017b) reported ~ 70 % 
ectoine extraction from M. alcaliphilum 20Z in a two-stage system, 
yielding 253.4 ± 55.1  mg L− 1 with ~ 20 % of the broth biomilked. 
Rodero et al. (2023), using a mixed consortium and biomilking of 15 % 
of a 20  L reactor, achieved 83 % and 52 % extraction efficiencies for Ect 
and Hy, respectively, producing 224  mg L− 1 and 33  mg L− 1 in the final 
solution. Despite moderate extraction efficiencies in the present work 
(50–64 % for ectoine; 42–78 % for hydroxyectoine), associated mainly 
to higher culture volumes and biomilking fractions (10–60 %) herein 
tested, the concentrations of Ect and Hy achieved were comparable to 
those reported by Cantera et al. (2017b) and Rodero et al. (2023), 
validating the potential of the one-step cultivation in the TFB using a 
mixed methanotrophic for biogas valorisation into ectoine.

Regarding biomilking performance, the concentrations in the bio
milking product solution, ~ 3-fold those in the culture broth, were 
slightly below the 1:4 water-to-culture broth ratio used for resuspending 
the biomass during biomilking. In this sense, the product volumes 
(Table 2) were higher than expected due to limitations in the manual 
separation of biomass pellets and supernatant after each centrifugation 
cycle, particularly when using the Thermoscientific™ X pro series. 
Centrifugation volumes in this equipment were relatively low (~ 250 
mL), and thus many cycles were required, mainly in S-III. This resulted 
in the dilution of the biomilking product with mineral media during 
biomass resuspension in water. During S-IV, the use of the Thermo
scientific™ Lynx4000 centrifuge allowed the centrifugation of higher 
volumes of cultivation broth (~750 mL), facilitating the recovery of the 
product solution. This better centrifugation control also avoided the 
concomitant dilution of the culture broth, thereby preventing higher 
losses in salinity levels. Despite these variations in product solution 
volumes and the resulting Ect and Hy concentrations, higher mass pro
ductivities were achieved at higher volumes of biomilked culture broth, 
ranging from approximately 71.4 to 312.8 mg-Ect recovered per cycle. 
Furthermore, the overall productivity of Ect + Hy after biomilking 
ranged from 7.8 to 27.2 g per kg of inlet CH4 per day supporting the 
profitability of the process for biogas valorisation according to previous 

Table 2 
Product volume, mass of osmolytes (mg/cycle) and extraction efficiencies (EE, %) per cycle of biomilking.

Stage Fraction of culture broth biomilked 
(%)

Product volume (L/ 
cycle)

Ectoine (Ect) Hydroxyectoine (Hy) YEct+Hy(g -Ect þHy kg CH4
-1 d-1)

mg/cycle EE (%) mg/cycle EE (%)

II 10 0.3 ± 0.0 71.4 ± 15.7 62.0 ±
14.9

10.3 ±
2.9

50.1 ±
15.7

7.8 ± 0.9

III 50 1.2 ± 0.1 196.3 ±
54.6

52.7 ±
15.6

23.8 ±
8.9

50.1 ±
17.0

18.0 ± 4.4

IV 30 0.8 ± 0.1 174.9 ±
27.2

71.2 ±
10.6

14.7 ±
4.4

82.4 ±
26.0

15.9 ± 2.7

V 60 1.4 ± 0.1 305.1 ±
18.1

62.4 ± 7.8 17.3 ±
5.1

78.3 ±
14.2

27.0 ± 2.4

VI 60 (NaCl) 1.3 ± 0.1 312.8 ±
46.7

63.7 ± 2.8 18.2 ±
7.1

72.8 ±
12.2

27.2 ± 3.9
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economic analyses (Pérez et al., 2021).

3.3. Characterisation of culture and biomilking broths

Fig. 3 shows the primary physicochemical characteristics of the 
culture broth and the product solution obtained after biomilking. The 
culture broth was characterised by a relatively stable average pH of 8.4 
± 0.1 (Fig. 3), and soluble concentrations of IC, TOC and TN of 719.4 ±
58.1 mg L− 1, 84.3 ± 62.2 mg L− 1, and 167.3 ± 58.2 mg L− 1, respec
tively. The prevailing TOC concentrations were likely due to the pro
duction of metabolites from CH4 oxidation and to soluble cell debris 
generated by the high shear stress imposed by the hydrodynamics in the 
TFB (Herrero et al., 2025), and by the centrifugation cycles during 
biomilking. On the other hand, the high concentrations of TN in the 
liquid media guaranteed an effective synthesis of both Ect and Hy. The 
conductivity in the culture broth decreased over time from 85.5 ± 1.2 
mS cm− 1 at the beginning of the experiment to 72.9 ± 4.3 mS cm− 1, 
which supported the need for NaCl addition during biomilking in S-VI to 
restore the conductivity (886 ± 1.5 mS cm− 1). The addition of salt 
during S-VI mediated the recovery of intracellular Ect accumulation.

Significant variations were observed in the pH of the biomilking 
solution, which ranged from 8.1 to 8.6. These variations in pH were 
primarily attributed to the composition of water. Additionally, salinity 
losses during biomilking resulted in a consistent decrease in the con
ductivity in the biomilking solution from 32.7 ± 0 mS cm− 1 in S-II to 
15.4 ± 5.3 mS cm− 1 in S-VI (Fig. 3). Despite variations among stages, the 
biomilking solution contained lower concentrations of IC (213 ± 5 mg 
L− 1) and TN (107 ± 10 mg L− 1) but higher concentrations of TOC (273 
± 50 mg L− 1) than the culture broth. Considering the Ect and Hy mo
lecular formulas (C6H10N2O2 and C6H10N2O3) and the concentrations of 
these osmolytes recorded in the biomilking product, shares of TOC be
tween 35 % (S-III) and 62 % (S-II), and of TN from 29 % (S-III) to 63 % 
(S-V) can be attributed to the Ect and Hy content.

3.4. Bacterial diversity

After data quality control (Merging, filtration and Chimeras 
removal), the number of reads obtained ranged between 47,764 and 
52,696 (see Supplementary Material). The Shannon diversity index 
values (see Supplementary Material) at the species level showed a trend 
to increasing diversity from S-I (2.865) to S-V (4.197) with relatively 
high and stable values later in S-VI (3.934) and S-VII (3.742) (see Sup
plementary Material).

At the phylum level, the NGS analyses revealed a high dominance of 
Proteobacteria (42 %-69 %) throughout the operational period (Fig. 4a). 
Among proteobacteria, the genera with higher dominance included 
Methylomicrobium, Paracoccus, Yoonia, and Methylophaga. Other phyla 
with significant shares were Bacteroidia, with the genera Unidenti
fied_Saprospiraceae and Wandonia, which decreased from 51 % and 54 % 
in S-I and S-II to 7 % in S-VII; and Planctomycetes, with increasing 
dominances (9–24 %) of SM1A02 from S-IV to S-VI. Wenzhouxiangella, 
Lacimicrobium and Nitratireductor (Proteobacteria) completed the top-10 
dominant genera, which accumulated about 53 % (S-IV) to 92 % (S-II) of 
dominance throughout all stages. Among these dominant genera, 
Methylomicrobium, Methylophaga and Paracoccus were previously iden
tified as ectoine producers (Reshetnikov et al., 2006; Mustakhimov 
et al., 2012; Cantera et al., 2020; Zhang et al., 2023). The presence of 
these ectoine-accumulating organisms was high throughout the experi
ment, with abundances of 31 % during S-I and S-II, which decreased to 
16 %, 13 %, and slightly increased to 21 % during S-III, S-IV, and S-V, 
respectively, and increased again to 44 % and 39 % in S-VI and S-VII. 
Furthermore, Methylomicrobium and Lacimicrobium were positively 
correlated with Ect content, while Paracoccus with Hy content (see 
Supplementary Material). Lacimicrobium, a facultatively aerobic bacte
rium capable of organic carbon degradation (Zhong et al., 2016), was 
previously detected in a mixed inoculum for Ect production from biogas 
(Rodero et al., 2022), while Paracoccus was previously associated not 
only with Ect but also with Hy production (Severin et al., 1992).
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The shifts in taxonomic dominance (Fig. 4b, 4c), including ectoine 
producers, indicated a high impact of biomilking on the microbial 
communities and the metabolic activity prevailing in the TFB. During S-I 
to S-III, more than 50 % of the dominance comprised Unidentified_Sap
rospiraceae, Methylomicrobium, and Methylophaga, shifting from S-III to 
S-V, accompanied by a high diversity of taxa and concomitant with 
lower shares of ectoine producers, mainly Methylomicrobium. During S- 
VI and S-VII, a higher presence of Wandonia and SM1A02, occurred 
along with the recovery of shares of ectoine producers.

The salt losses recorded during S-II to S-V were likely the main 
drivers of the observed changes in bacterial community composition, 
favouring a higher bacterial diversity (Fig. 4b and 4c). However, this 
increase was accompanied by a concomitant loss of ectoine accumula
tors and decreases in CH4-RE, CH4-BC and osmolytes intracellular con
tents. The losses in salt levels affected mainly Methylomicrobium, as 
verified by the positive correlation (see Supplementary Material) be
tween the culture broth́s conductivity and Methylomicrobium domi
nance. Furthermore, a possible shortage of metabolites such as 
methanol, formaldehyde, or formate, typically produced during CH4 
oxidation by Methylomicrobium (Akberdin et al., 2018), could indirectly 
affect Methylophaga and Paraccocus, which likely grew on these com
pounds produced during methane oxidation (Kröber & Schäfer, 2019; 
Parekh and Spiro, 2025). The low TOC concentrations in the culture 
broth, recorded mainly in S-V, seemed to support this low availability of 
metabolites.

The restoration of salinity levels in S-VI and the cessation of bio
milking operation in S-VII mediated a rapid increase in the abundances 
of Methylomicrobium to the levels recorded in S-I and S-II, supporting 
Methylophaga and Paracoccus activity. Unidentified_Saprospiraceae and 
Yoonia, two of the dominant genera, are potential denitrifiers 
(Kondrotaite et al., 2022; Zhao et al., 2024), while SM1A02 is a nitrate 
oxidiser (Vico et al. 2021) and Wandonia is an aerobic halotolerant 
heterotroph (Lee et al., 2010). Particularly in S-IV and S-V, these genera, 
along with ectoine accumulators, represented only 45 % and 54 % of the 

diversity, suggesting that the probable shortage of metabolites 
hampered their activity. However, this condition allowed several other 
taxa (mainly aerobic heterotrophs belonging to Proteobacteria, (Wenz
houxiangella, Lacimicrobium, and Nitratireductor), Bacteroidota (Cyclo
bacteriaceae, Planktosalinus and Planctomycetota (Blastopilelulla)) to 
accumulate to about 15 % of total abundance during these stages 
(Fig. 4b and 4c). This elevated richness of heterotrophs may be relevant 
for metabolising organic byproducts of methane oxidation, enhancing 
methanotrophic activity through complex interactions that remain un
clear (Ruiz-Ruiz et al., 2025). Overall, a very specialised halophilic or 
halotolerant bacterial consortium, driven by Methylomicrobium activity 
and the heterotrophic utilisation of carbon metabolites by aerobic bac
teria and denitrifiers, supported methane bioconversion into Ect and Hy.

3.5. Influence of NaCl supplementation and enhancement opportunities

As described above, maintaining a salt concentration of 6 % in the 
culture broth in S-VI guaranteed process stability by recovering Meth
ylomicrobium abundances, which likely enhanced other Ect and Hy 
producers such as Methylophaga, Paracoccus and Lacimicrobium. These 
results are in agreement with previous studies in which a consortium of 
haloalkaliphilic methanotrophs, methylotrophs and heterotrophs, such 
as Methylophaga or Methylomicrobium, enhanced ectoine production 
from biogas (Cantera et al., 2017b). The increase in the intracellular 
content of both ectoines associated with NaCl supplementation resulted 
in a slightly higher release of these osmolytes in the biomilking product 
solution, achieving average concentrations of 234.6 ± 19.3 mg-Ect L− 1 

and 15.4 ± 5.3 mg-Hy L− 1 (Table 2), values comparable to those ach
ieved by Cantera et al. (2017b) or Rodero et al. (2023), using residual 
gases and mixed inocula. Product concentrations corresponded to a 
production yield of 28.4 mg-Ect gTSS-1, still a low value compared to 
yields ranging from 140 to 540 mg Ect gVSS-1 in batch fermentations 
with pure strains (Chen et al., 2024; Ng et al., 2023) and high-titre 
ectoine production above 100 g L− 1 (Lei et al., 2025). However, the 
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Fig. 4. Bacterial relative dominances at (a) phylum and (b) genus level as a function of the operational stage (c) Taxonomic abundance cluster heatmap (genus level).
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lower cost of biogas (€114 t− 1) compared to that of glucose (€1590 t− 1) 
and an overall production cost that may range over €214 kg− 1 suggest a 
high profitability of the process (Pérez et al., 2021; El Ibrahimi et al., 
2025).

In this context, long-term biomilking with salinity control can sup
port profitable osmolyte productivities, confirming the feasibility of 
coupling the process to anaerobic digestion for valorising residual CH4 
and under continuous recirculation of the biomilked culture to the up
stream methanotrophic cultivation. Further optimisation of the centri
fugation steps and water-to-culture broth ratios during biomilking can 
increase extraction efficiencies. In this sense, higher water volumes such 
as those used by Rodero et al. (2023), who applied a higher water-to- 
cultivation broth ratio (1.5:4), or higher agitation times (e.g., 20 mins 
in Van-Thuoc et al., 2010) could result in a higher hypoosmotic shock 
and higher osmolyte extraction efficiencies. Indeed, the nominal in
crease in extraction efficiency observed during S-VI with NaCl addition 
also supports the hypothesis that the higher the differential in salt 
concentrations, the higher the quantities of osmolytes released.

4. Conclusions

Long-term biomilking operation resulted in a decrease in culture 
broth salinity and loss of ectoine-producers, mainly Methylomicrobium. 
Salt losses were primarily associated with biomass washing during the 
hypoosmotic shock. The changes in the methanotrophic consortium 
resulted in minimum CH4-BE and CH4-BC of 33.6 % and 22.1 g-CH4 m-3 

h− 1, respectively and a minimum Ect content of 27.9 mg gTSS-1 in the 
culture broth. Restoring salt levels enabled recovery of Methyl
omicrobium dominance and Ect intracellular accumulation capacity, 
yielding up to 27.2 g-Ect + Hy kg CH4

-1 d-1 in the biomilking product and 
Ect content of 53.8 mg gTSS-1. Despite achieving lower accumulation 
capacities than the 500 mg Ect gVSS-1 and titers above 100 g-Ect L− 1 

achieved with genetically engineered organisms cultivated on expensive 
substrates (Lei et al., 2025), these results support the feasibility of this 
platform technology for commercial biogas conversion.
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