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Abstract
Background:

Increased Atmospheric CO2 to over 400 ppm has prompted global climate irregularities. Reducing the
released CO2 from biotechnological processes could remediate these phenomena. In this study, we
sought to �nd a solution to reduce the amount of CO2 in the process of growth and reproduction by
preventing the conversion of formic acid into CO2.

Results:

The (bio)chemical conversion of formic acid to CO2 is a key reaction. Therefore, we compared the growth
of BL21, being a subfamily of K12, alongside two strains in which two different genes related to the
formate metabolism were deleted, in complex and simple media. Experimental results were entirely
consistent with metabolic predictions. Subsequently, the knockout bacteria grew more e�ciently than
BL21. Interestingly, TsFDH, a formate dehydrogenase with the tendency of converting CO2 to formate,
increased the growth of all strains compared with cells without the TsFDH. Most mutants grew in a
simple medium containing glycerol, which showed that glycerol is the preferred carbon source compared
to glucose for the growth of E. coli.

Conclusion:

These results explain the reasons for the inconsistency of predictions in previous metabolic models that
declared glycerol as a suitable carbon source for the growth of E. coli but failed to achieve it in practice.
To conduct a more mechanistic evaluation of our observations, RNA sequencing data analysis was
conducted on an E. coli RNA-seq dataset. The gene expression correlation outcome revealed the
increased expression levels of several genes related to protein biosynthesis and glycerol degradation as a
possible explanation of our observations.

Background
CO2 is easily formed by the oxidation of organic molecules during respiration in living organisms or
combustion in regular mechanical engines. This molecule is thermodynamically stable with a low
chemical activity. Today, the atmospheric CO2 concentration is approaching alarming levels (from 300
ppm to 417 ppm in about 50 years), this in turn has led to elevated frequencies of extreme climate
conditions like drought, �ooding, wild �re and tropical storms in different regions of the world (1). The
development of innovative methods for reducing the released CO2 into the atmosphere and/or the
assimilation of CO2 into organic matter is in demand more than ever (2). Respiration is a more
economical process for extracting chemical energy from organic matter in comparison with anaerobic
fermentation. There is still an undesired side effect of respiration, that is, the release of CO2. Engineering
bacterial strains with the aim of reducing carbon dioxide release into the atmosphere or even �xing the
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atmospheric CO2 has environmental and economic advantages in biotechnological processes. There
have been a number of efforts to reduce the carbon dioxide release during biomass production by
metabolic engineering (3). The central pathways and cycles of metabolism are the �rst targets for
manipulating enzymes responsible for critical biochemical reactions, or regulatory proteins controlling the
expression of some enzymes to reduce CO2 release (4). One of the interesting candidates for reducing the
amount of released CO2 is formate dehydrogenase (FDH). Theoretically, FDHs are enzymes capable of
reversible conversion of CO2 to formate, which is the simplest organic acid (5). However, the major
drawback of the biotechnological application of FDHs is the fact that the majority of these enzymes
favor the oxidation of formate to produce CO2 under physiological conditions (6). There are three known
FDHs in E. coli genome, namely, FdhH, FdhN, and FdhO. The newly identi�ed pressure induced FDH (FHL)
is another identi�ed FDH in E. coli. In search of an “ideal” FDH we chose to express FDH from
Thiobacillus sp. KNK65MA (TsFDH) as an enzyme with favorable kinetics for formate formation (7). The
crystal structure of active enzyme (PDB: 3WR5) shows a homo-tetramer of 406 amino acid-long
polypeptide. There are 5 extra residues at N-terminal of the recombinant protein, compared with the
sequence in UniProt (8) (accession code: Q76EB7). We sought to observe the growth of E. coli fdhD and
fdhF knockouts as well as BL21 cells during heterologously expressed acidophilic TsFDH. Our
observations demonstrate a clear growth rate advantage in cells expressing the recombinant enzymes in
BL21 compared with BL21s without TsFDH. Both FDH knockout strains, namely JW3866 and JW4040,
transformed with TsFDH plasmid demonstrated meaningful growth advantage in LB as well as M9 +
glycerol media. In order to perform an in silico evaluation of our observations, we opted for examining the
transcriptomic correlations between the target (knockout) genes and the rest of the genes in E. coli. The
subsequent correlation analysis based on the RNA-seq data revealed possible transcriptomic level
evidence behind the observed increased growth of the cells expressing the recombinant TsFDH.

Results
Experimental results

Growth kinetics of bacterial cells with or without plasmid on LB and M9+Glycerol is presented using
Microsoft Excel (2019) in Fig. 1 and 2, respectively. Samples were taken within 24 hours at different time
intervals. The preferential growth dynamics of FDH knockout strain with or without pET+TsFDH over
standard BL21 strain were recognizable more clearly after eight hours post inoculation when LB was
used as the growth medium. In samples grown on M9+glycerol, we observed a pronounced shift in
growth divergence towards earlier time intervals compared with LB medium. This demonstrates the
critical role of FDH in growth e�ciency of E. coli on glycerol as the carbon source. SDS-PAGE analysis of
the strains con�rms the expression of TsFDH under the experimental conditions (Additional �le 1: Fig.
S1).

In silico analysis results

correlation analysis:
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All correlations with each of the knockout genes were calculated (Additional �le 2 and 3: Table S1 and
S2) and the top ones with p-values and FDRs less than 0.01 were chosen (Additional �le 4 and 5: Table
S3 and S4). Table 1a lists the top 20 anti-correlated genes with fdhF and Table 1b lists those anti-
correlated with fdhD.

Table 1
a Top 20 genes anti-correlated with fdhF

Gene ID Gene name R P-value FDR

ECB_t00058 leuU -0.4571561 3.21E-09 4.33E-09

ECB_t00033 asnT -0.4556892 3.65E-09 4.92E-09

ECB_t00036 asnV -0.4546738 4.00E-09 5.37E-09

ECB_t00035 asnU -0.4542874 4.14E-09 5.55E-09

ECB_t00046 argQ -0.4519145 5.09E-09 6.81E-09

ECB_t00034 asnW -0.4516529 5.21E-09 6.96E-09

ECB_t00049 argV -0.4504972 5.76E-09 7.68E-09

ECB_t00047 argZ -0.4490646 6.52E-09 8.69E-09

ECB_t00043 valY -0.445059 9.20E-09 1.22E-08

ECB_t00048 argY -0.44344 1.06E-08 1.40E-08

ECB_t00013 leuW -0.443264 1.07E-08 1.42E-08

ECB_01180 ychH -0.4423339 1.16E-08 1.53E-08

ECB_t00016 valT -0.4382053 1.64E-08 2.15E-08

ECB_t00042 valX -0.4360204 1.97E-08 2.57E-08

ECB_t00018 valZ -0.4343724 2.26E-08 2.95E-08

ECB_t00041 valU -0.4335911 2.41E-08 3.14E-08

ECB_t00086 leuQ -0.4305087 3.10E-08 4.02E-08

ECB_t00068 hisR -0.4252534 4.73E-08 6.13E-08

ECB_t00084 leuV -0.4227489 5.78E-08 7.46E-08

ECB_t00076 glyT -0.418321 8.19E-08 1.05E-07
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Table 1
b Top 20 genes anti-correlated with fdhD

Gene ID Gene name R P-value FDR

ECB_t00047 argZ -0.50717 2.60E-11 3.56E-11

ECB_t00046 argQ -0.5056082 3.06E-11 4.18E-11

ECB_t00049 argV -0.5041045 3.57E-11 4.88E-11

ECB_t00048 argY -0.5031612 3.94E-11 5.38E-11

ECB_t00058 leuU -0.4951881 8.85E-11 1.20E-10

ECB_t00076 glyT -0.4899046 1.50E-10 2.02E-10

ECB_t00055 pheV -0.4894842 1.56E-10 2.10E-10

ECB_t00079 pheU -0.4879634 1.81E-10 2.44E-10

ECB_t00029 leuZ -0.4832916 2.85E-10 3.83E-10

ECB_t00056 ileX -0.452855 4.69E-09 6.13E-09

ECB_t00083 leuX -0.4528277 4.70E-09 6.14E-09

ECB_t00051 metZ -0.4467 7.99E-09 1.04E-08

ECB_t00067 argX -0.4460439 8.46E-09 1.10E-08

ECB_t00077 thrT -0.4400051 1.41E-08 1.82E-08

ECB_t00053 metV -0.4324591 2.64E-08 3.39E-08

ECB_t00052 metW -0.4299643 3.24E-08 4.15E-08

ECB_t00034 asnW -0.4247936 4.91E-08 6.26E-08

ECB_t00035 asnU -0.4168034 9.22E-08 1.17E-07

ECB_t00036 asnV -0.4163967 9.52E-08 1.21E-07

ECB_t00033 asnT -0.4157713 9.99E-08 1.27E-07

PCA analysis:

According to the PCA results (Additional �le 1: Fig. S2), it is postulated that the top anti-correlated genes
for both knockouts are closely associated with one another. As a comparison, the PCA plot was also
generated using all the genes, indicating that the other genes show more expression divergence.
Moreover, the second PCA (Additional �le 1: Fig. S2b) is a con�rmation that the dataset, being based on
different growth media, re�ects a wide range of expression levels for different genes in each data point,
which is crucial for demonstrating the correlations between the �uctuating gene expression levels.
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Linear regression analysis

The knockout genes exhibit a negative slope of the �tted linear regression model against the top anti-
correlated genes, while the slope of the �tted model is positive among all the top anti-correlated genes
themselves (Fig. 3).

[IMAGE-C:\Workspace\ACDC\ImageHandler\f3

Metabolic pathways

Using BioCyc database of microbial genomes and metabolic pathways, all the signi�cantly anti-
correlated genes (with p-values and FDRs less than 0.01 and "Spearman's ρ" < -0.2) were shown to be
involved in tRNA-charging pathway, t-RNA processing pathway (PWY0-1479), glycerol and
glycerophosphodiester degradation (PWY0-381), glycerol degradation I (PWY-4261),
glycerophosphodiester degradation (PWY-6952) and tetrapyrrole biosynthesis I ( PWY-5188).

Discussion
Increasing the growth e�cacy of industrially important microorganisms is a novel goal in
biotechnological applications. One of the strategies to boost the growth rate is to reduce the organic
carbon leak, i.e., the release of CO2 as one of the main end products in respiration process. Different E.
coli, strains are the workhorse for the production of some well-known biopharmaceuticals, like G-CSF,
Romiplostim and Asparaginase. Therefore, E. coli is a suitable model microorganism and developing a
strain of E. coli with higher growth rate is in demand. Previously, other researchers have approached this
challenge by de�ning fermentation conditions and controlling aeration rates (9) or with genetically
overexpressing ArcA transcription factor (10). Here, we introduce a new approach by targeting one of the
main enzymes responsible for converting organic formate into inorganic wasteful CO2, i.e., formate
dehydrogenase. There are three known FDHs in E. coli, namely, respiratory FDH, anaerobically expressed
FDH and newly identi�ed pressure induced FDH (FHL). FDHF is the cytosolic form, while FDHN and FDHO
are membrane bound, with FDHN responsible for nitrogen cycle and FDHO active in sulfur metabolism
(11). All these enzymes prefer the oxidation of formate into CO2 under physiological conditions. Scanning
BRENDA for FDHs with tendency towards the production of formate from CO2 revealed that there are few
candidate FDHs with formate production (CO2 reduction) preference. Among these few candidates
TsFDH has one of the highest kcat and acceptable oxygen tolerance in microbial world. Increasing the
e�cacy of the bacterial growth, especially strains used in industry, is one of the major goals of
biotechnology. A comprehensive study of E. coli's metabolism using the Regulon DB.ccg.unam.mx
software showed that the format dehydrogenase enzymes were successfully expressed in recombinant
form in E. coli (12). The increase in the growth of recombinant E. coli strains harboring TsFDH clearly
demonstrate the feasibility of this approach for developing bacterial strains for biotechnological
applications with higher biomass to carbon source ratio caused by the prevention of carbon dioxide
leakage. This solution has so far been remained out of sight and to the best of our knowledge not tried
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yet. In order to prove our hypothesis, we expressed the recombinant fdhD gene from Thiobacillus in
Escherichia coli strain BL21. In order to better compare the role of TsFDH in growth e�cacy, we also
transformed two FDH knockout strains from K12, namely JW3688 and JW4040 with pET+TsFDH.
Different growth rates were observed between the original knockout strains and the recombinant strains
containing the plasmids in ∆FDHF (W4040) and ∆FDHD (W3866). Conversion of CO2 to fuels and value-
added chemicals is part of an aspiration to solve the energy and environmental issues. Since the Kelvin
cycle is the mainstream of CO2 �xation pathway in plants, algae and cyanobacteria, most engineering
efforts are directed towards the Kelvin cycle for converting CO2 into valuable materials. Heterotrophic
microorganisms generally do not assimilate CO2 through the central metabolism (13). Over the past �ve
years, there has been great success in the production of CO2 derivatives, which have the potential to be
used as fuel and valuable chemicals by autotrophic germs. In this research, we showed that the removal
of the main chain of the wild type formate dehydrogenase gene from E. coli and its replacement with the
formate dehydrogenase gene from Thiobacillus Sp. KNK65MA strongly increased the growth rate of E.
coli cells. In a previous study by Palsson et al., the whole-cell in silico model of E. coli metabolic network
predicted that glycerol should be a preferred carbon source over glucose. However, the experimental
�ndings were not consistent with the mentioned predictions. They indicated the adaptive evolution
phenomenon for the bacteria to go from sub-optimal to the predicted optimal growth rate on glycerol
(14–16). Our outcomes may explain these discrepancies between the in silico predictions and the
experimental results from a different angle of view by elaborating on the role of E. coli's FDHs. Moreover,
Palsson et al. demonstrated the role of glycerol metabolic enzymes in increasing the e�ciency of E. coli
growth on glycerol (14). Our �ndings may also reveal the presence of an alternative mechanism
underlying CO2 release during glycerol metabolism via E. coli's FDH. Moreover, the replacement of the
native FDH with TsFDH might lead to a potential path of a feedforward loop leading to glycerol e�ciency
as a carbon source. FDH decreases the growth rate of E. coli cells by converting valuable organic carbon
resources into wasteful CO2. Our in silico analysis showed that the omission of FDH leads to a signi�cant
increase in the expression of a number of important genes playing key roles in highly relevant metabolic
pathways, particularly protein biosynthesis pathways and glycerol degradation pathways. These results
were deciphered on the basis of the negative correlations between the two target genes (knockouts) and
the rest of bacterial genes in the RNA-seq dataset. Our in silico achievements are in compliance with the
experimental results and could be conceived as the mechanistic justi�cations of our experimental
observations. Subsequently, it could be hypothesized that the reduced CO2 leak may lead to a feedback
loop boosting the production of organic carbon resources necessary for the higher growth rate of the
bacteria. According to a study (13), E. coli’s FDHs have a strong tendency for regenerating CO2 from
formate. Among the studied formate dehydrogenases, TsFDH has potential advantages as a biocatalyst
in the �eld of CO2 reduction (7). TsFDH shows a favorable conversion of CO2 to formate with up to a
21.2-fold higher turnover number than the conversion rate of well-known FDH enzymes such as Candida
boidini's FDH.

Conclusions
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The main problems with studying most FDHs published so far are protein instability, sensitivity to oxygen,
the low conversion rate. The FDH of this study (TsFDH) shows some biochemical advantages over
previously studied FDHs such as Candida bolidini's FDH including higher turnover number and
insensitivity to the environmental oxygen (17–19). All in all, we showed that the FDH of Thiobacillus sp.
KNK65MA will increase the growth rate of E. coli strain BL21 as well as K12 knockout strains (W4040 and
W3688) with relatively high values owing to the prevention of CO2 leakage from metabolic pathways. We
showed that in the initial incubation periods, the growth rate was approximately equal between the
expressing strain BL21 and E. coli 4040 (F chain with code 4509) and E. coli 3866 (D chain with code
4598), while at 24h the growth rates of the transformed and knockout bacteria were much higher than
that of the BL21 control, which indicates the effect of formate dehydrogenase gene on the E. coli
metabolism. In other words, there's a much higher growth rate by eliminating the mentioned chains in
knockout strains. Additionally, the bacterial cells containing the recombinant TsFDH plasmid showed a
signi�cant growth rate compared to the cells lacking the recombinant plasmid. For example, between the
original BL21 and BL21 cells harboring TsFDH plasmid, a growth enhancement of more than 200% was
observed on M9+glycerol. By promoting E. coli's growth rate through reducing CO2 release we achieved
two novel goals, namely, increasing the "biomass/carbon source" ratio and reducing atmospheric CO2

during fermentation processes. We are currently performing in silico modeling and molecular dynamics
simulations to identify target residue(s) in TsFDH for increasing the catalytic e�ciency during the
formate production reaction.

Materials And Methods
Escherichia coli Strains, Plasmids and Media

All E. coli strains and media used in this study are presented in Table 2. Escherichia coli BL21(DE3) was
used for the expression of the recombinant FDH from Thiobacillus sp. KNK65MA (TsFDH). Two FDH
knockout strains, JW3866 and JW4040 were purchased from Keio Collection.
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Table 2
Strains and plasmids

Strains and
plasmids

Related characteristics Source

Strains

E. coli Bl21(DE3)

E. coli JW3866

E. coli JW4040

Plasmids

pET-21α

pET-21α-TsFDH

[lon] ompT gal (λ DE3) [dcm] ∆hsdS

K12 ∆fdhD

K12 ∆fdhF

ApR, T7 promoter, lac operator

pET-21α, containing TsFDH gene from Thiobacilusis sp
KNK65MA

Invitrogen

Dharmacon

Dharmacon

Novagen

This
research

M9 medium with glycerol as carbon source and LB medium as a complex medium all containing 30 µg
kanamycin were used for measuring bacterial growth. For BL21 with pET+TsFDH, the same media with
ampicillin were used. In all samples containing pET+TsFDH, IPTG (0.5 mM �nal concentration) was
added to the medium. The metabolic reactions consuming or producing formate (map01200 and
C00058) were obtained from KEGG (20) (https://www.genome.jp/pathway/map01200+C00058). Using
the results from KEGG pathway search for all the carbon �xation reactions, the contributing FDHs were
identi�ed. The kinetic parameters including Kcat and Km of FDHs (EC: 1.17.1.9) for e�cient formate
formation were obtained from Brenda enzyme data bank (21) and the published articles were reviewed
and compared in different bacteria (Online Resource 1). This approach revealed some interesting FDHs
with relatively better kinetic parameters. Although, the results obtained by TsFDH might be quite
satisfactory, we assume there are still some FDHs that deserve the attention for replacing the indigenous
FDHs of E. coli for improving the growth e�ciency. Our mentioned assumption is based on the ambiguity
of assay conditions for some of the reported FDHs and lack of a gold standard for the kinetics
comparisons. Scanning the kinetic parameters for a desired FDH suggested the Thiobacillus sp.
KNK65MA (7).

Amino acid and nucleotide sequences of Thiobacilusis sp KNK65MA formate dehydrogenase were
obtained from UniProt (accession # Q76EB7). cDNA of TsFDH was synthetized in pET21a by
ZistEghtesadMad based on reference sequence (Q76EB7). Two knockout strains of K12 Escherichia coli,
JW 4040 and JW 3866, with the deletion of fdhF and fdhD genes, respectively were purchased from
Dharmacon. The stocks of the Knockout E. coli strains were cultured on LB broth and M9+Glycerol media
followed by incubation at 37°C for 24 hours (22).

The expression strain BL21 was also used as control to compare the growth rates. All strains were
cultured at the same time under the same conditions on LB broth media at 37°C and 200 rpm. Competent
cells of the BL21, E. coli 4040, and E. coli 3866 were prepared as previously mentioned (22). pET21, a
plasmid containing a fusion gene to express format dehydrogenase of Thiobacillus sp. KNK65MA
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(pET+TsFDH), was transformed in competent BL21cells, E. coli JW4040 and E. coli JW3866 on LB Agar
with Amp (100 mg / ml) followed by incubation overnight at 37°C. The colonies containing plasmid were
selected and cultured on a 10 ml LB broth with Amp as a primary culture and incubated at 37°C, 200 rpm
for 24 hours. Then the culture was carried out in 200 ml of the LB broth containing Amp (100 mg / ml)
and they were incubated at 37°C and at 200 rpm for 24 hours. Also, the bacteria BL21, E. coli JW 4040
and E. coli JW3866 lacking plasmid were simultaneously cultivated and incubated on LB broth or M9-
Glycerol + 50 µg/ml Kanamycin under identical conditions with plasmid-containing samples.

Media and culture conditions

M9 medium + glycerol containing 30 µg kanamycin was used for measuring bacterial growth for BL21
with pET+TsFDH. The same media with ampicillin were also used. In all samples containing pET+TsFDH,
IPTG (0.5 mM �nal concentration) was added to the medium.

Growth measurements

Bacteria were grown in batch cultures at 37oC in shaker incubator in 50 mL �asks. 1000 µL samples were
taken in triplicate at indicated time intervals and the absorbance was measured at 600nm. During
incubation, plasmid-free bacteria and plasmid-containing ones were sampled at different times, namely
2h, 4h, 6h, 8h, 10h, 12h and 24hr. To determine the growth rate of bacteria at the above time intervals,
using a spectrophotometer at 600 nm wavelength, optical absorption, cell growth and growth rates were
measured.

In silico analysis

Data preparation

In order to achieve a deeper insight into our observations, we applied correlation analysis, PCA and linear
model analysis. We looked for an E. coli RNA dataset which could re�ect the maximum possible
transcriptional variations so that we would be able to calculate signi�cant correlations between the
genes. Moreover, the number of genes involved in the gene expression pro�le was important to calculate
as many correlations as possible. With this aspiration, we fetched an E. coli RNA-seq dataset comprising
152 RNA-seq count samples under 34 different growth conditions (GEO accession GSE94117). These
samples were taken from both exponential and stationary phases. One unique aspect of this highly
pertinent dataset is the fact that it is sampled under 34 different growth conditions leading to a wider
range of differentially expressed genes because of the different metabolic needs (23).

Data preprocessing

Using Python version 3.6.1, 152 samples of RNA-seq count �les were merge. The counts were converted
into count per million (CPM) and were log2 transformed. The resulting data were z-score transformed per
gene across all samples. Quality control was performed as sample-level box plots before and after data
preprocessing (Additional �le 1: Fig. S3 and S4).
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Correlation analysis

The Spearman rank-order correlation coe�cient, being a nonparametric measure, examines the
monotonic relationship between the ordinal values of the variables. Contrary to the Pearson correlation,
the Spearman's rank correlation is not based on the assumption that the variables are normally
distributed. Spearman correlation coe�cient spans between -1 and +1 with 0 indicating no correlation.
Correlation coe�cients of -1 or +1 imply perfect monotonic relationship. Using the spearman function
from the sub-package scipy.stats (24) the correlations between each of the two gene knockouts and the
rest of the genes were calculated. The negatively correlated genes were chosen for fdhD and fdhF, all of
which with p-values and FDRs less than 0.01 and "Spearman's ρ" < -0.2. Among these anti-correlated
genes, the top 20 ones were chosen for further analysis. Since the top anti-correlated genes were already
of p-values and FDRs below the speci�ed threshold, there was no need for �shing out the differentially
expressed genes in advance. In other words, the signi�cant gene expression co-variations are re�ected in
the signi�cant Spearman correlation coe�cients.

PCA analysis

PCA as a dimensionality reduction technique was used to compare the gene expression pro�le dispersion
of the bacteria based on the diversity of the expression levels of their genes. To this aim, pca function
from mixOmics R package was used (25).

Linear regression analysis

Scatter plots of the top 40 anti-correlated genes were generated against each of the knoked out genes.
Linear regression models were �t to the data points to show the overall trendlines (26).

Pathway analysis

BioCyc (27) database of microbial genomes and metabolic pathways was used to �nd the pathways
each of the anti-correlated genes are attributed to.

Abbreviations
PCA
Principal Component Analysis
FDH
Formate Dehydrogenase
TsFDH
Thiobacillus sp. KNK65MA
DE3
Escherichia coli BL21
CPM
Count Per Million
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Figures

Figure 1

Growth rate comparison among bacteria on LB medium at OD 600 nm at different time points
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Figure 2

Growth rate comparison among bacteria on M9+Glycerol medium at OD 600 nm at different time points

Figure 3

Top anti-correlated genes exhibit a negative slope of the �tted linear model against the knock-out target
genes i.e., fdhF (a) and fdhD (b). For better resolution only top nine anti-correlated genes are depicted in
the plot


