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maintain stable microbial growth in the methanotrophs cultivation bioreactor at higher cell
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influencing factor on the microbial growth at higher biomass densities rather than the biomass
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does not influence methanotrophs microbial growth. These study results would facilitate the
scaling up of methanotrophic based biotechnology by identifying that F/M ratio as the key
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Introduction
Due to the ongoing population growth, wastewater treatment
facilities (WWTFs) are required to handle higher wastewater
volumes which are associated with higher energy requirements.
Therefore, there is a great interest in resources recovery from
waste streams to offset its treatment operational cost and
energy inputs. Methane in the form of biogas is commonly
produced throughout the anaerobic digestion of the wastewater
collected sludge (Tchobanoglous et al., 2003). However, enormous energy input is required to store and transport methane to
be used as a commodity. Therefore, most of the WWTFs were
induced to flare the produced biomethane or use it only for

heating purposes in the winter time (US EPA, 2011). This can be
referred to multiple reasons. (1) The existence of gaseous
impurities such H2S, CO2, moisture, and siloxane which require
cost and time intensive pre-treatment (Tchobanoglous et al.,
2003). (2) The low handling and storage capacity due to its
gaseous nature and low boiling temperature under ambient
conditions, hence, methane is typically distributed/stored after
being pressurized or liquefied in a cost intensive process
(Ge et al., 2014). (3) In comparison with methanol as an example
of the end products, methane has a very low volumetric energy
yield (40 MJ/L), whereas, methanol volumetric energy yield is
equal to 18 × 103 MJ/L (Hwang et al., 2014). Hence, it is more
desirable to convert methane into more transportable and
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storable commodities such as methanol and bioplastics (Strong
et al., 2015). Unfortunately, significant energy input is required
to break the carbon–hydrogen (C\H) bond in the methane
molecule (Lieberman and Rosenzweig, 2004). However, methane
can be utilized biologically under ambient temperature and
atmospheric pressure (Conrado and Gonzalez, 2014).
Two distinct clusters of microorganisms can activate the
methane stable C\H bond which are ammonia oxidizing
bacteria (AOBs) and methane oxidizing bacteria (methanotrophs)
(Fei et al., 2014; Hanson and Hanson, 1996; Kalyuzhnaya et al.,
2015). AOBs expressed relatively low methane uptake capacity
due to the competition between methane and ammonia on
the AMO (Taher and Chandran, 2013). On the other hand,
methanotrophs have attracted the attention due to their
distinguish capability to assimilate methane. Furthermore,
methanotrophs can integrate methane assimilation with multiple biotechnological application methanol, single cell proteins,
biopolymers, and ectoine production (Strong et al., 2015).
Collectively, the utilization of methanotrophs in recovering
resources from biogas produced throughout waste streams is a
prominent research area, especially, in the enhancement of its
productivity and overcoming the challenges from the perspective of biotechnology and bioreactor engineering.
As previously mentioned, methanotrophs rely on the methane to obtain their cellular carbon and energy (Hanson and
Hanson, 1996). Methanotrophs are phylogenetically grouped into
three distinct types; type I (Gamma subdivision of Proteobacteria
phylum), type II (Alpha subdivision of Proteobacteria phylum), and
type III (Verrucomicrobia phylum) (Semrau et al., 2010). In
comparison with other types, type I methanotrophs are more
beneficial to be employed in biotechnological application. Type I
expressed higher methane affinity, growth rates, and energy
efficiency (Bowman, 2006; Karthikeyan et al., 2015; Whittenbury
et al., 1970). Thus, type I methanotrophs usually dominate mixed
cultures under nutrients sufficient conditions (Henckel et al.,
2000; López et al., 2014).
Type I methanotrophs, similar to other types, oxidize
methane terminally to carbon dioxide throughout consecutive
intermediate oxidation steps (Hanson and Hanson, 1996;
Kalyuzhnaya et al., 2015). Owing to the possession of methane
monooxygenase (MMO) enzyme, the cells can oxidize methane
into methanol as the first oxidation step. No methanol is
accumulated as it rapidly oxidized to formaldehyde in a reaction
stimulated by methanol dehydrogenase enzyme. Catalyzed by
formaldehyde and formate dehydrogenase, part of the formaldehyde is converted into formate which is subsequently
oxidized into carbon dioxide. The remaining part of formaldehyde is utilized throughout the ribulose monophosphate (RuMP)
pathway for cell replication (Chistoserdova and Lidstrom, 2013).
Throughout the last three steps, electrons are produced to be
manipulated in producing Adenosine triphosphate (ATP) to
provide the cells with needed energy (Madigan et al., 2015).
Diversified factors are affecting methanotrophs microbial
activity such as nitrogen source and copper concentration.
However, the challenge to maintain stable microbial growth
at higher cell densities is one of the major obstacles facing the
process upscaling. It was reported that high cell densities are
associated with poor microbial growth (Han et al., 2009; López
et al., 2014). This was referred to the limited gas diffusion from
the gas phase to the aqueous phase (Strong et al., 2016). In

order to overcome such obstacle, the addition of methane
vectors (5% paraffin oil) to enhance methane solubility was
proposed (Han et al., 2009). Furthermore, different bioreactor
configurations were developed and relatively higher microbial
activity was achieved (Helm et al., 2008; Wendlandt et al.,
2001, 2005). However, the previous studies were performed
under different operational conditions such as methane
loading rate and initial biomass density. Moreover, biomass
density change is typically associated with the change in
other conditions such as the methane to microorganisms
ratio. Throughout this study, the biomass density effect has
been explored independently. Furthermore, the influence of
other parameters associated with biomass density change
including food to microorganisms (F/M), carbon to nitrogen (C/
N), and nitrogen to microorganisms (N/M) ratios on the
microbial activity were assessed.

1. Materials and methods
1.1. Chemicals and operational conditions
Throughout all of the incubations, modified nitrate mineral
salts medium (Mod-NMS) was used as the growing medium.
Mod-NMS has been modified from the NMS described in
(Bowman, 2006) and its composition is as following (in g/m3):
NaNO3, 3400; MgSO4·7H2O, 1000; CaCl2·6H2O, 200; KH2PO4, 272;
K2HPO4, 610; Ferric EDTA, 4. 1 mL/L; CuSO4·5H2O, 5. In addition, trace elements solution is used with concentration of
1 mL/L. it contains the following (in mg/L): Disodium EDTA,
500; ZnSO4.7H2O, 10; MnCl2·4H2O, 3; H3BO3, 30; Na2MoO4·2H2O,
3; FeSO4·7H2O, 200; NiCl2·6H2O, 2; CoCl2·6H2O, 20. Nitrate and
copper concentrations were modified based on growth
optimization previously performed. Gases (oxygen, methane,
and helium) of more than 99% pureness were used (Praxair
Technology, Inc., Danbury, CT, USA).
Unless otherwise stated, all incubations were performed in
250-mL sealed serum bottles capped with rubber stoppers.
Specific biomass densities were suspended in 50 mL of
Mod-NMS as the growth medium. The headspace was filled
with methane and oxygen with 1:1 as molar ratio after being
evacuated for 5 min. The mixing speed was controlled using
MaxQ™ 4000 Benchtop Orbital Shakers (Thermo Fisher
Scientific Inc., Waltham, MA, USA) at 165 r/min. Whereas,
the bottles were running at room temperature ranging from
23 to 27°C. Incubations time ranged from 30 to 35 hr.

1.2. Inoculum and methanotrophs type I enrichment
Filtrated waste activated sludge was suspended, after being
centrifuged, in the Mod-NMS. The sludge was obtained from
Humber wastewater treatment plant (Toronto, Canada). The
initial biomass density was equal to 0.5 ± 0.07 optical density at
600 nm (OD600). The gaseous headspace was replenished on
daily basis. Whereas, the biomass was transferred into fresh
medium three times a week in which cultures were centrifuged
(4200 ×g) for 20 min and re-suspended into the fresh Mod-NMS
medium. After the first transfer, the methane consumption was
observed. After 12 to 15 days, gaseous uptake and bacterial
growth became stable in the four seeded bottles and the
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biomass turned into the pinkish color known for type I
methanotrophs. Different type I methanotrophs colonies pigmentations were reported to be pinkish such as Methylomonas
genus, Methylosoma genus, Methylobacter psychrophilus cluster,
Halophilic Methylomicrobium species cluster (Bowman, 2006,
2014; Pfluger et al., 2011). In order to confirm the presence type
I methanotrophs, three samples were withdrawn and analyzed
using PCR. The process for the RNA extraction and PCR
identification are described in Appendix A. Also, the primer
sets included in PCR identification are listed in Appendix A
Table S1. As shown in Appendix A Fig. S1, the intense
fluorescent bands in lanes 1 and 2, show the dominance of
type I methanotrophs and the intensity of the band can relate to
the genomic density of the target gene. The key genus present
in the samples includes Methylococcus, Methylobacter,
Methaylocaldum, Methylomicrobium, Methylomonas, Methylosarcina,
Methylosphaera.
Thereafter, the cultures were transferred to 2-L bottle with
liquid volume of 500 mL as biomass source. Methane and
oxygen were added daily, while, the biomass was transferred
into fresh media twice a week.

1.3. The biomass density and F/M ratio experiments
A series of consecutive batch tests were performed to evaluate
the biomass density effect on type I methanotrophs bacterial growth. In the first phase, Biomass was inoculated with
five different densities: 0.201 ± 0.01, 0.595 ± 0.04, 1.263 ± 0.03,
2.063 ± 0.09, 2.743 ± 0.14. The same methane and oxygen
volumes (400 mL as total volume) were added to the headspace. The fixed methane concentration resulted in different
F/M and N/M ratios.
In the second phase, the objective was to investigate the F/M
ratio effect while eliminating the biomass density influence
on the bacterial activity. The biomass was suspended with
the same biomass density which was equal to 1.318 ± 0.013. The
change was in the growth medium volume to obtain different F/M ratios. Medium volumes of 10, 15, 25, 35, 50 mL
were corresponding to 17.33 ± 0.59, 11.92 ± 0.43, 7.15 ± 0.36,
4.98 ± 0.35, 3.50 ± 0.31 g-CH4/g-DCWinitial.
In the third phase, incubations were performed to elucidate
the N/M ratio influence. Different nitrogen concentrations were
applied to three different initial biomass densities. The biomass
densities were equal to 1.062 ± 0.042, 0.503 ± 0.004, and 0.201 ±
0.004 measured as OD600. At each biomass density, nitrate
concentrations of 10, 40, 80, and 160 mmol/L were added
growth culture. The same methane volume (200 mL) was
added to maintain the same C/N ratio effect. In order to assess
the C/N ratio effect, lower methane volume (75 mL) was added
to four bottles with initial OD600 of 0.188 ± 0.026 to be compared
with the similar biomass density but under 200 mL of methane.
The remaining headspace was filled with helium to maintain
the same partial pressure in all the bottles.
In the fourth phase, the biomass density effect was
evaluated after identifying of the influence of F/M, N/M, and
C/N ratios on the bacterial growth. Therefore, F/M was
maintained constant to eliminate its effect on cell activities.
Biomass was suspended in 50 mL of the Mod-NMS with
five different densities 0.265 ± 0.01, 0.567 ± 0.04, 0.991 ± 0.09,
2.192 ± 0.05, and 2.927 ± 0.20 measured as OD600. Added
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methane volume was adjusted to maintain the same F/M
which was equal to 1.51 ± 0.14 g-CH4/g-DCWinitial.
It is noteworthy that in all incubations the oxygen to
methane molar ratio was maintained 1:1 to eliminate any
effect to the oxygen. Throughout the previous three phases
the cell density was measured at the beginning and the end of
the incubations, whereas, the headspace composition was
measured periodically over the incubation time.
In the final phase, time course type I methanotrophs
growth and methane consumption was monitored. Different
initial biomass densities were employed in the test 0.20 ± 0.02,
0.52 ± 0.01, 0.91 ± 0.01, 2.11 ± 0.11, and 2.98 ± 0.03. Achieving
similar conditions to the first phase, the maximum methane
volume was added to headspace which was equal to 200 mL.
Liquid and gaseous samples were withdrawn every 3–5 hr to
monitor both the microbial activity as well as the methane
uptake.

1.4. Analytical methods
Cell density was measured using DR 3900 Benchtop Spectrophotometer (HACH Company, Loveland, Colorado, USA).
OD600 was obtained and correlated using developed equation
to calculate the dry cell weight (DCW). Liquid samples were
harvested from the supernatant after being centrifuged.
Thereafter, HACH methods and testing kits were used to
measure inorganic nitrogen (NH3-N, NO2-N, and NO3-N). SRI
8610C gas chromatography (SRI instrumentation, Torrance,
USA) was used for gas composition (methane and oxygen
concentrations) measurements in which thermal conductivity detector (TCD), methanizer and 6′ molecular sieve column
(Restek, Bellefonte, PA.) was used. The temperature program
was as follows: injector, 80°C; Oven, 80°C; FID, 300°C; TCD,
155°C and helium gas was used as carrier gas with flowrate of
20 mL/min.
The specific growth rate (μ) was determined using Eq. (1).
ðDCWinitial −DCWfinal Þ

μ¼

ðDCWinitial −DCWfinal Þ

.
.t

ð1Þ

2

where DCWinitial (mg) is the initial dry cell weight, DCWfinal (mg)
is the final dry cell weight, t (hr) is the experiment duration, and
μ (g-DCWincrease/g-DCWaverage/hr) is the specific growth rate.
Biomass increase was divided by methane consumed from the
headspace to obtain the growth yield to determine cells
observed growth yield (YCH4). The F/M ratio was calculated
through dividing the initial methane mass in the headspace by
the initial dry cell weight.

2. Results and discussions
Low growth rates and yields have been widely reported at
high cell densities of methanotrophs. Such slow growth has
hindered the upscaling of several methanotrophic biotechnological application (Han et al., 2009). It was suggested that
higher cell densities directly affect the substrate diffusion
from the gas phase to the aqueous phase (Strong et al., 2016).
Therefore, the effect of biomass increase was evaluated in the
first phase by using multiple initial biomass densities while
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adding the same methane and oxygen volumes. As shown in
(Fig. 1), increasing the biomass density from 0.201 ± 0.01 to
0.595 ± 0.04 OD600 resulted in only 5% decline in the growth.
Whereas, it resulted in 70% decline by increasing the biomass
density to 1.263 ± 0.03 OD600. At cell density of 0.201 ± 0.01,
the highest bacterial activity was obtained in which growth
rate was equal to 1.075 ± 0.085 day− 1, whereas, the growth
yield was 0.98 ± 0.10 g-CH4consumed/g-DCWincrease. The methane uptake rate was equal to 0.713 ± 0.021 which is lower by
3.8 times than the uptake at cell density of 0.595 ± 0.04 OD600.
This can be referred to the low final cell density obtained at
cultures with initial optical density of 0.201 ± 0.01 which was
2.6 times lower than those obtained at 0.595 ± 0.04 OD600.
Therefore, it can be concluded that decreasing the cell
density has a positive effect on the microbial growth of
methanotrophs type I. The effect was more obvious at cell
densities above optical density of 0.595 OD600. Initially, this
increase in the microbial activity can be referred to the release
of the limited gaseous diffusion into the liquid medium by
decreasing the biomass density. In agreement, it was reported
that preliminary biomass density optimization by decreasing
the initial biomass concentration to 51.7 ± 14.7 mg/L resulted
in enhanced and more realistic microbial kinetics (López et al.,
2014).
The change in the biomass density from 0.201 ± 0.01
to 2.743 ± 0.14 OD600 throughout this phase was associated
with the change of F/M ratios from 19.85 ± 1.02 to 1.69 ±
0.13 g-CH4initial/g-DCW initial. Whereas, the N/M ratio decreased
from 6.27 ± 0.12 to 0.46 ± 0.07 g-N-NO3initial/g-DCW, Table 1. In
general, four dependent variables (biomass density, F/M ratio,
C/N ratio, and N/M ratio) are varying in accordance with each
other. Hence, the observed behavior cannot be clearly elucidated unless their effect on the microbial activity have been
assessed independently.

2.1. Food to microorganisms (F/M) ratio effect
In this phase, the initial biomass density (as OD600) was fixed
to be equal to 1.318 ± 0.013 OD600 to explore the F/M ratio on

the microbial activity. As shown in (Fig. 2), the same trend as
observed throughout the previous phase was obtained in
which increasing the F/M ratio resulted in the increase in
the growth rate. Growth rate at F/M 17.33 ± 0.59 g-CH4initial/
g-DCWinitial was higher by 1.7 times than culture with 3.50 ±
0.31 g-CH4initial/g-DCWinitial. The highest growth rate achieved
at F/M of 17.33 ± 0.59 g-CH4initial/g-DCWinitial was equal to
0.983 ± 0.052 hr−1. Interestingly, this value is only 9% and 4%
less than the growth rate obtained at lower cell densities
which are 0.201 and 0.595 OD600, respectively. The final
biomass concentration obtained was equal to 3.5 g/L. Thus,
it can be hypothesized that F/M ratio increase has higher
influence on the microbial rather than the cell density. In
contrast, the growth yields slightly decreased by the increase
of the F/M (Fig. 2). Further investigations are required to clarify
such observation. However, it can be initially explained by the
significant increase in the final biomass density, which was in
agreement with the F/M ratio increase. In general, the growth
yields were lower than the values obtained at lower biomass
densities in the previous phase.
In previous studies, several attempts were performed to
enhance methanotrophic microbial growth (Stone et al., 2017).
Chemicals such as citrate were added to methanotrophic pure
culture to achieve higher final biomass density, however,
biomass densities less than 1 g/L was obtained after 7 days of
incubation (Xing et al., 2006). Moreover, the optimization of
multiple operational conditions and growth medium composition resulted in 3 g/L after 54 hr and 5.4 g/L after 180 hr of
cultivation (Park et al., 1991, 1992). In the present study,
biomass density of 3.54 g/L was achieved after 30 hr of
incubation only which is almost double the results reported
before (Ge et al., 2014). Only comparable results were obtained
by the addition of methane vectors (5% paraffin oil) (Han et al.,
2009). It is noteworthy that all the previous studies were
obtained under continuous mode (Han et al., 2009; Park et al.,
1991, 1992; Xing et al., 2006), unlike the present study
performed in batch mode, which prevent the occurrence of
methane limited conditions over the incubation time. In
addition, the methane loading rate was constant implying
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Fig. 1 – Biomass density effect on type I methanotrophs at the same methane concentration, specific growth rate, observed
growth yield, and methane uptake rate.
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Table 1 – Corresponding F/M, C/N, and N/M ratios at different cell densities
Cell density
(OD600)
0.201
0.595
1.263
2.063
2.743

±
±
±
±
±

F/M
(g-CH4

0.01
0.04
0.03
0.09
0.14

C/N

initial/g-DCW initial)

(g-C-CH4

19.85 ± 1.02
6.87 ± 0.54
3.47 ± 0.23
2.11 ± 0.19
1.69 ± 0.13

initial/g-N-NO3 initial)

2.37
2.43
2.60
2.58
2.75

±
±
±
±
±

0.09
0.02
0.04
0.05
0.03

N/M
(g-N-NO3 initial/g-DCW)
6.27
2.12
1.00
0.61
0.46

±
±
±
±
±

0.12
0.07
0.03
0.05
0.07

Specific growth rate
(day− 1)
1.075
1.025
0.629
0.344
0.179

±
±
±
±
±

0.085
0.077
0.091
0.066
0.029

F/M: food to microorganism ratio; C/N: carbon to nitrogen ratio; N/M: nitrogen to microorganism ratio; OD600: optical density at 600 nm.

low F/M ratio which is the responsible of the declined
microbial growth.
The highest achieved methane uptake rate was equal to
2.728 ± 0.104 mg-CH4/hr obtained at the lowest F/M ratio
(3.5 g-CH4initial/g-DCWinitial). This was only 10% higher than
the uptake observed at the highest F/M ratio (17.5 g-CH4initial/
g-DCWinitial). In contrast, the amount of methane consumed
at F/M ratio 3.5 g-CH4initial/g-DCWinitial was 3.3 times higher
after 8 hr than F/M ratio 17.5 g-CH4initial/g-DCWinitial, as
demonstrated in (Fig. 3a). After 16 hr, the methane consumed
at the lowest F/M was equal to 86% of the total methane
consumed in this culture, while, 63% only was consumed at the
highest F/M. Accordingly, the maximum methane uptake rate
was achieved at F/M ratio 3.5 g-CH4initial/g-DCWinitial after 8 hr
and was equal to 4.805 ± 0.18 mg-CH4/hr which the highest
methane uptake rate in this phase. While by the end of the
experiment, the methane uptake rate for the same bottle
declined to 2.728 ± 0.104 mg-CH4/hr (Fig. 3a). At F/M ratio
17.5 g-CH4initial/g-DCWinitial, the removal ratio was increased
from 32% at the start to final removal ratio of 83% which was
almost the same as other cultures. Fig. 3b demonstrates that the
cultures with F/M ratios 3.5 and 5.0 have the same pattern of
consumption, while, different behaviors took place at cultures
with F/M ratios 7.0, 12.0, and 17.5. Therefore, it can be deduced
that a methane limited environment has occurred at F/M ratio
equal to or below 5 due to the low methane loading. These
findings provide another explanation for the lower growth rates
at lower F/M ratios and higher biomass densities. Moreover, it
highlights the significance of methane loading rate which is
determined based on the methane uptake rate to prevent any
methane limited conditions.

Growth rate (hr-1)
Methane uptake rate (mg-CH4/hr)
Observed growth yield (g DCW/g CH4 )

1.6
1.4

1.328 1.311

1.315

1.305

1.330
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1.2
1.0
0.729
0.8

Growth rate

0.582 0.633

Growth Yield

0.6

Cell Denisty
0.4

0.478

0.411

0.2
0.0
0.00

5.00

0.380

0.359

10.00
15.00
F/M (g-CH4 initial/g-DCW initial)

0.345

20.00

Fig. 2 – Type I methanotrophs behavior under different food to
microorganisms (F/M) ratios, specific growth rate, observed
growth yield, and methane uptake rate.

It is noteworthy that F/M ratio of 17.5 at biomass density of
1.318 ± 0.013 measured as OD600 was obtained by using a ratio
between the headspace and liquid volumes of 20:1 which is
not feasible in the industrial scales. Such obstacle can be
addressed by using different methane delivery technology
and bioreactor configuration (Strong et al., 2016) or the
addition of methane vectors to increase the methane aqueous
solubility (Stone et al., 2017).

2.2. N/M and C/N ratio effect
Throughout the previous phases, both C/N and N/M ratios
were changed according to the change in the biomass density
and the reaction volume. Therefore, their influence on the
microbial activity must be identified. Different nitrogen
concentrations were added to cultures with the same biomass
density. For those cultures, two different parameters have
changed the nitrogen concentration and the N/M ratio.
Thereafter, the test would be repeated using different biomass
density. As a result, the same N/M ratios would be achieved at
different nitrogen concentrations which can be used to
identify the influencing factor on the microbial growth.
Therefore, nitrogen was added in the form of sodium nitrate
in for different concentrations ranging from 10 to 160 mmol/L.
It was added to three different biomass densities equal to
0.202 ± 0.005, 0.501 ± 0.003, and 1.058 ± 0.047 OD600. If the
same results were obtained at the same N/M ratio regardless
the nitrogen concentration, the ratio between the nitrogen to
microorganisms is the decisive parameter not the nitrogen
concentration.
At 40 mmol/L nitrate, the optimum growth rates and
growth yields were achieved for all the biomass densities,
whereas the N/M ratios were equal to 1.21 ± 0.08, 2.50 ± 0.09,
and 6.27 ± 0.12 g N-NO3initial/g-DCWinitial at biomass densities
measured as OD600 of 0.202 ± 0.005, 0.501 ± 0.003, and 1.058 ±
0.047, respectively (Fig. 4). The same trend was followed for the
methane uptake rate; the highest uptake rates were achieved
at 40 mmol/L nitrate in all biomass densities with less than 8%
difference from the uptake rate achieved in the previous
phases. Supportively, it was observed that over the three
biomass densities both the growth rate and growth yield were
positively affected by the increase in F/M ratio and the
decrease of the biomass density in agreement with the
previous phases. Moreover, the difference between cultures
with biomass density of 0.202 and 0.501 was much lower than
the difference between 0.202 and 1.058 (Fig. 4). Confirming that
the decline in the microbial at the three biomass densities did
not occur because of the N/M decline. The nitrogen removal
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Fig. 3 – Methane consumption pattern under different F/M ratios (a) cumulative methane consumed in milligrams over the
experiment time, (b) methane uptake rate over the experiment time.
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the N/M ratio. Hence, it can be confirmed that N/M is not a
decisive parameter regarding the bacterial activity of type I
methanotrophs.
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ratio in at the optimum cultures was ranging from 52% to 43%
which confer the nitrogen availability regardless the biomass
density which provide an explanation to the limited effect of
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Fig. 4 – Type I methanotrophs behavior under different nitrogen to microorganisms ratios.
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Following the same concept, C/N ratio influence on type I
methanotrophs was evaluated. The methane was added with
two different volumes 200 mL and 75 mL to cultures with the
same biomass density which was equal to 0.202 ± 0.005 and
0.188 ± 0.026 OD600, whereas the nitrate concentration varied
from 10 to 160 mmol/L. For instance, C/N ratio of 1.25 g C-CH4/g
N-NO3 was achieved at 80 mmol/L nitrate for cultures with
200 mL of methane, while, the same ratio was obtained at
40 mmol/L at the cultures with 75 mL of methane. The same
N/M ratios were achieved at the same nitrogen concentrations
because of using the same initial biomass densities to eliminate
its effect. The cultures were again following the same trend
regardless the C/N ratio. As demonstrated in (Fig. 5), the highest
growth rate and growth yield were achieved at 40 mmol/L of
nitrate in which the C/N ratio was equal to 2.37 ± 0.06 and
1.14 ± 0.02 g C-CH4/g N-NO3. The decline in the growth rate and
yield between the two incubations was due to the decline in F/M
ratio from 20 ± 1.25 to 11 ± 2.17 g-CH4initial/g-DCWinitial. Hence,
the change in the C/N ratio do not affect methanotrophs type I
bacterial activity.
It is noteworthy that the C/N ratio has been previously
studied. However, it was studied while using ammonia as the
nitrogen source (He et al., 2011; Zhang et al., 2014) or under
N-limiting conditions (Amaral and Knowles, 1995; López et al.,
2013; Zhang et al., 2017). In the case of ammonia addition, a
competition between methane and ammonia will occur on the
MMO enzyme (Kalyuzhnaya et al., 2015). Hence, the C/N ratio
has been previously investigated as it represents the ratio
between the added methane and ammonia. Additionally, type
II methanotrophs possess the nitrogenase enzyme and can fix
the nitrogen gas at low oxygen concentrations (López et al.,
2013). Pfluger et al. (2011) and Zhang et al. (2017) studied the
influence of high C/N ratio, by decreasing or eliminating the
nitrogen sources from the growth medium, to select type II
methanotrophs. However, the effect of C/N ratio associated
with the change in the F/M ratio was not covered. In the
present study, the influence of C/N ratio was studied under
N-sufficient conditions and using nitrate as the nitrogen
source. The main objective is to identify if the change in the

C/N ratio associated with the change in the F/M ratio has an
influence on the microbial growth or not. Therefore, as shown
in (Fig. 5), the change in the microbial activity is due to the
change in the F/M ratio only and not effect from C/N ratio.

2.3. Biomass density effect
In this phase, the biomass density influence after elucidating
the F/M, C/N, and N/M ratio effect on the microbial activity of
type I methanotrophs. The F/M ratio was maintained the
same and was equal to 1.51 ± 0.14 g-CH4initial/g-DCWinitial. The
C/N and N/M ratios were varying from biomass density to
another which was neglected based on the results obtained
in previous phases. As shown in (Fig. 6), the highest growth
rate and yield were obtained at biomass density (OD600)
of 0.99 ± 0.09 which were equal to 0.436 ± 0.012 day−1 and
0.41 ± 0.04 g-CH4consumed/g-DCWincrease, respectively. The low
growth yields observed can be referred to the low F/M ratio used
in this experiment. On the other hand, the methane uptake rate
(4.177 ± 0.075 mg-CH4/hr) was significantly higher at the
highest optical density (2.927 ± 0.20 OD600) but with the lowest
growth rate (0.192 ± 0.067 day−1).
As deduced from Fig. 6, the increase in the biomass density
from 0.265 ± 0.01 to 0.991 ± 0.09 was associated with 35% and
46% increase in growth rate and yield respectively. In
comparison with the first experiment (in which F/M ratio
and biomass density effect was combined), the similar
increase in the biomass densities resulted in 70% and 100%
decrease in growth rate and yield respectively. Such comparison shows that the most dominant factor that affect the
bacterial growth is the F/M ratio not the biomass density.
In addition, a relatively high growth rate (0.983 ± 0.052 day−1)
was observed at optical density of 1.330 ± 0.08 OD600 and
17.33 ± 0.59 g-CH4initial/g-DCWinitial as the F/M ratio. This growth
rate was only 9% less than the achieved at 0.201 ± 0.01 and F/M
ratio of 19.85 ± 1.02 g-CH4initial/g-DCWinitial. Combined together,
it can be confirmed that F/M ratio has higher influence on the
microbial growth than the biomass density. Furthermore,
higher growth rates and yields can be achieved by maintaining
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Fig. 5 – Type I methanotrophs behavior under different carbon to nitrogen ratios, M200: 200 mL methane added, M75: 75 mL
methane added.
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Fig. 6 – Type I methanotrophs behavior under different biomass densities, specific growth rate, observed growth yield,
methane uptake rate, and F/M ratio.

high F/M ratios regardless the biomass density. On the other
hand, the biomass density effect is related to the gases delivery
technique (Strong et al., 2016). Hence, it can be hypothesized
that the use of different methane delivery techniques (such as
diffusers) would result in different optimum biomass density

which can also be enhanced. Such factor was neglected in most
of the studies performed either using pure or mixed cultures.
This study shows that F/M ratio and cell density in association
with methane delivery technique must be clearly identified at
any further bacterial activity assessment due to their significant
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Fig. 7 – Type I methanotrophs time course growth and methane and oxygen uptake, (a) initial optical density = 0.50, (b) initial
optical density = 2.00.
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Table 2 – Growth Kinetics at different biomass densities & F/M ratios
Cell density
(OD600)
0.20
0.52
0.91
2.11
2.98

±
±
±
±
±

0.02
0.01
0.01
0.11
0.03

F/M ratio
(g CH4 initial/
g-DCWinitial)
16.65 ± 1.92
8.24 ± 0.18
4.20 ± 0.23
2.27 ± 0.18
1.49 ± 0.06

μ
(day−1)
3.014
2.442
1.987
1.523
0.911

±
±
±
±
±

Yobs.
(g CH4 consumed/
g-DCWincrease)

0.092
0.007
0.025
0.018
0.007

0.531
0.469
0.324
0.248
0.147

±
±
±
±
±

0.011
0.003
0.003
0.002
0.012

Methane uptake
rate
(mg-CH4/hr)

q
(gCH4 consumed/
g-DCWaverage/day−1)

5.318 ± 0.096
7.449 ± 0.229
10.302 ± 0.086
14.746 ± 0.389
19.553 ± 1.238

5.672
5.211
6.130
6.128
6.247

±
±
±
±
±

0.054
0.050
0.139
0.031
0.458

μ: Specific growth rate, Yobs: Observed growth yield, q: Methane utilization rate.

effect. Furthermore, those findings prove that methanotrophic
bioreactors with its diverse biotechnological application have
the potential to be scaled up to the commercial results. Further
investigations on developing bioreactors that maintain high
F/M ratios and better gas delivery should be performed.

2.4. Time course bacterial growth and methane uptake
Methane to oxygen ratio and growth medium composition
have been optimized in previous study. Furthermore, F/M
ratio and initial cell density influence on the microbial activity
have been identified. As shown in (Fig. 7), methanotrophs
bacterial growth passes through exponential, stationary, and
decay phases which vary based on the F/M ratio and the
biomass density. The previously reported values were calculated over the incubation time regardless the exponential
phase duration. Thus, a time course observation was performed to report more realistic growth kinetics. Throughout
this phase, F/M ratio and biomass density were changing
similar to the first phase. The reason is that our objective from
this phase is to report the growth kinetics based on feasible
operational conditions that can be scaled up. The ratio
between the gas phase volume and liquid phase volume
applied in this phase was equal to 9:1. Higher gas to liquid
ratios are needed to achieve higher F/M at higher biomass
densities which is not feasible in larger scales. Therefore, we
preferred to report the kinetics based on similar conditions.
However, it should be highlighted that by achieving higher F/M
ratios using different gas delivery techniques higher microbial
activity is expected. Table 2 shows the growth kinetics that can
used to obtain different design parameters relying on the same
bioreactor configuration and gas delivery technique.

3. Conclusion
Due to the multiple limitation of the direct use of the anaerobically produced biogas in the waste streams, the development of
bioengineering systems that can harvest methane and generate
value-added products or contribute to resources recovery is of a
great industrial interest. Methanotrophs slow growth rates at
higher biomass densities have limited their biotechnological
application. In this study, the biomass density influence on the
microbial activity has been investigated. It was concluded that
the decline in the F/M ratio resulted from the biomass density
increase have the highest effect on the microbial activity. It was
even higher than the effect of the biomass density effect.

Furthermore, it was confirmed that both N/M and C/N ratios
have no effect on the microbial activity of type I methanotrophs.
Based on these findings, higher growth rates can be obtained at
higher biomass densities by either maintaining higher F/M ratios
or enhancing the gas delivery techniques. Finally, growth kinetics
has been determined under different biomass densities and F/M
ratios under the most feasible conditions according to our
configurations.
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