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Abstract  

 

Mycoplasmas are a group of bacteria characterized by minimized genomes, 

limited biosynthetic capacities, and simplified metabolic networks. In this 

work, we explored how Mycoplasma species can be exploited for 

biotechnological and therapeutic applications. In chapter two, we engineered 

M. pneumoniae transposons so that they could efficiently transform different 

Mycoplasma species. This fact allows the generation of essentiality studies in 

these species, a critical analysis to identify genes that could be deleted to create 

attenuated vaccination strains. Chapter three developed a new method that uses 

high-resolution transposon and proteomics data to infer active metabolic 

pathways within a cell at a specific moment. This information can be used when 

engineering attenuated strains. In chapter four, we explored the capacity of M. 

pneumoniae to express functional human biologics in vitro and in mice lungs. 

Chapter five used the protein design algorithm FoldX and ModelX to mutate a 

human interleukin to enhance its properties in terms of affinity to its receptors 

and increased bacterial expression. Chapter six identified the secretion signals 

and designed synthetic promoters in the recent-discovered fast-growing 

Mycoplasma feriruminatoris. 

Altogether this thesis develops the tools for exploiting Mycoplasmas for 

biotechnological purposes (M. agalactiae, M. feriruminatoris) and validates M. 

pneumoniae for human lung therapy immunomodulation. 
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Resum 

 

Els Micoplasmes són un grup de bacteris caracteritzats per tenir genomes 

mínims, capacitats biosintètiques limitades i una xarxa metabòlica simplificada. 

Aquesta tesi explora com diferents espècies de Micoplasma poden ser 

explotades biotecnològicament o a l’àmbit de la biomedicina. Al capítol dos, es 

proposen transposons inicialment emprats per al bacteri Mycoplasma 

pneumoniae que poden transformar eficientment diferents soques de 

Micoplasma. Aquest estudi ha permés generar estudis d’essencialitat en 

aquestes soques i un anàlisi crític posterior dels resultats permetrà generar a 

soques atenuades per a vacunació. Al capítol tres es desenvolupa una nova 

metodologia que permet integrar dades de transposició a alta resolució amb 

estudis quantitatius de proteòmica per esbrinar quins són els fluxos metabòlics 

actius dintre de la cèl·lula en un moment determinat. Aquesta informació es pot 

emprar per a atenuar soques bacterianes. Al capítol quatre explorem la capacitat 

del bacteri pulmonar M. pneumoniae d’expressar funcionalment biològics 

humans en assajos in vitro i en pulmons de ratolí. Al capítol cinc es fa servir el 

programa de disseny de proteïnes FoldX i ModelX per mutar una citocina 

humana per augmentar les seues propietats inherents tant d’afinitat al receptor 

com en termes d’expressió bacteriana. El capítol sis identifica senyals de 

secreció i proposa nous promotors sintètics funcionals per al bacteri descobert 

recentment Mycoplasma feriruminatoris. En conjunt, aquesta tesi desenvolupa 

les ferramentes que permeten explotar diferents soques de Micoplasma per a 

finalitats biotecnològiques (M. agalactiae, M. feriruminatoris) i valida l’ús de 

M. pneumoniae per a immunomodulació en teràpia pulmonar humana. 
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Thesis Objectives 

 

As an overarching objective, I wanted to develop the tools to use Mycoplasma 

species as a cell host for biotechnological applications, especially human 

therapy. 

 

a) To design-build and test transposon plasmids that will transform a vast 

majority of Mycoplasmas efficiently. These transposons can allow high 

throughput essentiality studies to identify genes that can be deleted to create 

attenuated species for vaccination.  

b) To develop a new methodology to ascertain active metabolic pathways 

within a cell by using gene transposon essentiality data and proteomics 

c) To boost the use of M. pneumoniae as a chassis to treat human lung diseases 

related to immune dysregulation (i.e., inflammation). 

d) To in silico design biologics to treat immunological disorders and optimize 

their expression in bacteria. 

e) To identify and characterize a Mycoplasma species as a high-throughput 

screening system to analyze protein mutants. 
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Preface 

 

The paradigms of science have considerably changed in the XXI century. We 

are now living in the era of big data and artificial intelligence (AI), where asking 

the right questions and hypotheses could lead to exciting results and even more 

stimulating scientific discussions. 

One of the most appealing questions in this new era is: when all possible data 

types are collected and analyzed, could we fully understand how an organism 

works in a quantitative and predictive manner? Can we fully understand a 

cellular system completely? These questions have been addressed for more than 

15 years in Professor Luis Serrano's laboratory using a small bacterium termed 

Mycoplasma pneumoniae. This bacterium is one of the smallest organisms 

capable of sustaining autonomous life and is a model organism for Systems 

Biology. 

In recent years a vast amount of data was collected, analyzed, and discussed for 

M. pneumoniae and other Mycoplasmas (e.g., Mycoplasma genitallium, 

Mycoplasma capricollum, Mycoplasma mycoides). We have also seen the first 

whole-cell model that was developed for M. genitallium. The model was a tour 

de force but failed at predicting the functional effect of many gene knockouts 

(KO) and overexpression (OE). One explanation for this failure was that the 

authors used mainly data from Escherichia coli. However, when a similar 

model was generated for M. pneumoniae using extensive comprehensive data 

from this organism in our group, it also failed. These examples indicate that we 

are still missing critical information to understand how a cell works fully. 

However, we have enough information to try to engineer them for therapeutic 

applications.  

Mycoplasma species can be tremendously valuable for biotechnological 

applications due to their simplicity and lack of cell walls. However, one of the 

problems in using these organisms is the lack of genome engineering tools, 

aside from transposons found to work only for some Mycoplasma species. This 

thesis partly addresses this limitation by developing a universal transposon 
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vector to modify their genomes. Thanks to the development of this universal 

transposon for Mycoplasmas, we were able to identify and quantify the active 

metabolic pathways in some of these species using genomics and proteomics 

data. This methodology could generate helpful information when designing 

defined culture media for their growth or using these microorganisms as 

expression platforms.  

We have characterized some Mycoplasma species' capacity to express proteins 

of relevance for clinical applications. We have found that M. pneumoniae can 

express functional natural-existing human interleukins. These interleukins (i.e., 

IL-10 and IL-22) showed in vitro capacity to stimulate macrophage anti-

inflammatory response (IL-10) and stimulate epithelial wound healing repair 

(IL-22). M. pneumoniae can express these interleukins in the mouse lung at 

physiological levels. We have used the protein design algorithms FoldX and 

ModelX to mutate human IL-10 to enhance its properties in terms of affinity 

for its receptors and to increase bacterial expression. This opens the way to 

engineer other vital molecules to modulate the immune system, which could be 

locally expressed in the lung by M. pneumoniae and other bacteria now been 

tested for human therapy. 

Finally, we have set the base for using a fast-dividing Mycoplasma species 

(Mycoplasma feriruminatoris) to screen mutant libraries of biological 

molecules expressed by M. pneumoniae in the lung.  

As a summary, we have developed the tools needed for using Mycoplasma 

species for biotechnological applications and demonstrated that they could be 

used in various applications: iii) as vectors for being potentially used for 

vaccination in cattle (i.e., Mycoplasma agalactiae, Mycoplasma gallisepticum, 

Mycoplasma feriruminatoris), ii) as protein expression systems for the 

production of therapeutic molecules (i.e., M. feriruminatoris, M. pneumoniae) 

or iii) as a delivery system for pulmonary diseases taking advantage of the 

inherent lung-specific colonization properties of M. pneumoniae. 
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1. Chapter 1. Introduction 

 

 To know History is to know life 

 

The biotechnology era (i.e., the usage of living systems to generate various 

products) started thousands of years ago. The ancient History of 

biotechnology started through plant and animal domestication and selective 

plant breeding. Also, the usage of yeast species to ferment fruits and grains 

is dated about 2500 BC. Many years later, in 1665, Robert Hooke presented 

the first illustration of a microorganism. In the following years, Antoni van 

Leeuwenhoek described protozoa and bacteria. Thanks to the technological 

development of image magnification devices technological development 

(Adamu et al. 2016), these advances were possible. Two centuries after, in 

the mid-1880s, the medical doctor Theodor Escherich observed a type of 

bacteria (later described as Escherichia coli) in both the intestine of healthy 

children and those affected by diarrhea. This observation was the first 

evidence of human body colonization by a vast diversity of microorganisms 

in healthy states, latterly termed the human microbiome. 

The first application of microorganisms to treat or prevent human diseases 

was vaccination (1796, Edward Jenner, and the smallpox vaccine). Just after 

that, in a humanitarian mission lead by Francisco J. Balmis, children infected 

with smallpox were transferred by boat from Spain to Mexico to immunize 

the population and save thousands of lives. Years later, Alexander Fleming, 

in 1928, discovered that some fungal species could produce an anti-

bactericide product, penicillin, which was the first antibiotic described 

(Fleming, 1929). Approximately 50 years after Fleming's discovery, genome 

modification's first techniques appeared when Herbert Boyer and Stanley 

Cohen transferred genes from one organism to another (Cohen 1923). A few 



 
 

years after, the synthesis of novel antibiotics for chemotherapeutics was 

developed by Paul Enrich (Ehrlich, 1960). 

In 1995, DNA sequencing technology's development achieved a milestone 

for humanity: the sequencing for the first time of an organism's genome, 

Haemophilus influenzae (Fleischmann et al., 1995). In the following years, 

the cheapening of sequencing techniques has made organism sequencing 

accessible for many laboratories. As a result, we have thousands of genomes 

from a vast range of organisms, from bacteria to humans, transforming the 

fields of medicine and biotechnology.  

The possibility of doing massive sequencing of many organisms 

simultaneously (metagenomics) has favored the launching of The Human 

Microbiome Project (started in 2007), which has shown stable microbial 

communities in different parts of the human body (see Figure 1). Altogether, 

the study and identification of tissue-specific microbial populations in health 

and disease have paved the way to revolutionize medicine. 

 
Figure 1. The human microbiome aims to characterize the microorganisms 

populations that co-habit in a healthy human body. The bacterial communities vary 
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across the tissues (A). Then, dysregulations in the microbiota in distinct tissues might 

impact the appearance or aggravation of different diseases such as diabetes (B). The 

figure is taken from (Blum 2017). 

 Synthetic Biology 

 

The advances in DNA synthesis, molecular cloning, and DNA sequencing 

technologies have opened the field to re-design existing molecules, entities, 

networks, and organisms to repurpose their existing properties or introduce 

new functionalities. The exercise of engineering (the use of science and maths 

to solve problems) biological entities to create a variation of the existing 

forms or introduce novel functions is termed Synthetic Biology. This 

definition also applies to converting non-natural or biologically non-existing 

entities for biological purposes (Synthetic Biology and Biodiversity 

European Commission, Issue 15 September 2016). 

There are classic and well-known examples of Synthetic Biology exercises. 

For instance, the yeast Saccharomyces cerevisiae's metabolic engineering for 

the production of artemisinic acid, the precursor of the anti-malarian drug 

artemisinin (Ro et al., 2006). There are also other less-known cases with great 

potential: i.e., i) the metabolic re-design of the soil bacterium Pseudomonas 

putida towards a linear glucose catabolism pathway with enhanced 

carotenoid production properties (Sánchez-Pascuala et al., 2019); or the 

implementation of gene networks into bacteria for understanding 

fundamental biology paradigms such as the action mechanisms of antibiotics 

that have evolved into the generation of components to overcome antibiotic 

resistance (Laboratory of Prof. JJ Collins, Wyss Institute, MIT, US). 

If Synthetic Biology aims to modify biological entities the same way 

engineers do, defining standards and pieces to be reused and mixed is critical. 

In this direction, different repositories have been established in the past years 

(iGEM Repository, SynBioHub, JBEI-ICE) to store genetic parts (promoters, 

transcription factors, terminators, plasmids, DNAs), also termed Biobricks. 



 
 

The assumption behind the repository is that biologicals are expected to 

behave similarly, independently of the context when used in the same species 

(principle of standard). However, when these biological parts are transplanted 

even to a different strain of the same species or in the context of other 

introduced genetic circuits, they do not always behave as expected. This 

problem is defined as a lack of orthogonality (Vilanova et al., 2015). Thus, it 

is critical to specify the system's genetic details and the experimental 

information (conditions, mathematical models) when doing Synthetic 

Biology exercises. In this line, Synthetic Biology Open Language (SBOL) 

also includes information about the designs' history more abstractly. 

Likewise, the description of units should be addressed to guarantee 

interoperability. In this respect, recently, the Synthetic Biology community 

has united in the EU-funded project BioRoboost to generate a standardized 

and flexible biological toolbox catalog (https://standardsinsynbio.eu/, visited 

on 13/01/2021). The project aims to identify the weakest points in the 

standardization procedure and help develop and define different bacterial 

chassis (see chapter below for a definition) for specific applications (i.e., 

production of biologicals in vitro, delivery of molecules in the gut, 

bioremediation, etcetera). We could reuse and mix various gene circuits in a 

particular chassis with more success chances by having these standard 

chassis. 

 Bacteria and their applications in human health. 
The concept of chassis. 

 

In the early 1930s, the term chassis was adopted to describe a car's structural 

frame to which car components are added. This term, chassis, is nowadays 

widely used in Synthetic Biology. A chassis in Synthetic Biology is a 

biological entity where distinct components or functionalities can be added 

or removed in consonance with a specific purpose.  

https://standardsinsynbio.eu/
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There is no universal concept of chassis that will vary depending on the 

applications. For example, if we need a bacterium that will grow cheaply and 

produce grams of proteins in vitro, E. coli will probably be the organism 

chosen. Nevertheless, if we would like to deliver a therapeutic protein in the 

human colon, we could use a bacteria that is non-pathogenic, safe, and that 

survives the transit through the digestive system, i.e., Lactococcus lactis. 

Furthermore, within the same organism, we could have different chassis 

depending on the application and the organ to be treated.  

Simultaneously to the Synthetic Biology field explosion, microorganisms 

have emerged as cellular systems that can be exploited as therapeutic 

payloads, drug carriers, or biofactories. The introduction of microorganisms 

in medicine (bacterial therapies) has refined the concept of chassis. 

Therefore, novel functionalities are plugged into existing bacterial 

backgrounds, covering diverse applications such as treating various 

infectious diseases, cancer, or locally producing interesting molecules at 

physiological levels. 

The two critical aspects that make bacterial therapies attractive are the 

continuous delivery of therapeutic molecules and the possibility of local 

delivery, thus overcoming the limiting toxicological features that appear 

when drugs are administered systematically. Finally, on more economic 

terms, it reduced the industrial production chain's price of biologicals for 

therapy by joining in one organism the production, purification, and 

administration steps. 

 

The set of bacterial species explored for therapeutic strategies comprises 

well-known species such as E. coli, part of de human-gut microbiome, L. 

lactis, or Salmonella enterica subsp. enterica serovar Typhimurium. This last 

species is a human pathogen exhibiting preferential growth in human tumors 

over healthy tissues. An attenuated version of this bacterium (VNP-2009) 



 
 

expressing cytosine deaminase enzyme has been exploited for its capacity to 

convert the prodrug into a drug (i.e., 5-fluorouracil) in tumor core 

(Nemunaitis et al., 2003). Likewise, engineered versions of the pathogenic 

bacteria Listeria monocytogenes, a facultative anaerobic bacterium 

responsible for the listeriotic infection, have been tested in clinics for 

producing tumor-antigens and stimulate immune responses. Also, an 

attenuated chassis based on L. monocytogenes has been engineered to express 

epitopes that exhibited aberrant expression in ovarian and pancreatic 

adenocarcinomas or Human Papilloma Virus (HPV) derived cancers 

(Friedman et al., 2000). 

Lactococcus is a genus deeply explored in biology, and various members of 

this family are considered safe (GRAS) (e.g., L. lactis or Lactococcus 

plantarum). These species are non-pathogenic, non-invasive and universally 

used for biotechnological purposes and diet supplementation. Organisms of 

this genus are used for the treatment of gut, mouth, and vaginal diseases. The 

strategies used include Lactococcus gasseri engineered to deliver glucagon-

like peptide 1 (GLP-1) for reprogramming intestinal gut cells to produce 

insulin in response to glucose (Suzuki et al., 2003). The diabetes mellitus 

type-I treatment using L. lactis as a delivery system combining proinsulin and 

interleukin-10 (IL-10) showed decreased β-cell disruption and improved cell 

regeneration. IL-10 is an anti-inflammatory cytokine, but its systemic 

administration at high-doses might induce pro-inflammatory interleukins 

such as interferon-(IFN- ) with toxic effects (Tilg et al., 2002). L. lactis 

mediated delivery of IL-10 showed a functional response similar to that 

obtained with a systemic 10.000 times higher dose of recombinant protein, 

decreasing significantly undesired side effects (Steidler et al., 2000). The 

same bacterium was used to study the therapeutic agent's permeability. L. 

lactis expressing IL-10 was detected in the inflamed intestinal mucosa, 
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providing evidence for the mucosa intake of L. lactis in inflamed tissue, 

therefore bettering the treatment efficiency (Waeytens et al., 2008). 

 

Another exemplification of live therapeutics' superior capabilities of L. lactis 

compared to recombinant protein delivery is interleukin 27 (IL-27). In a mice 

model of intestinal colitis, the IL-27 delivered by L. lactis protected the mice 

from enterocolitis, modified the CD4+ population and IL-17+ cells in the gut-

associated tissue, and boosted IL-10 T-cells production. This study also 

supports the idea that bacterial protein in vivo delivery outperforms systemic 

administration of recombinant IL-27 to reduce colitis phenotype (Hanson et 

al., 2014).  

 

 

Figure 2. Colon histology Score in an intestinal model of enterocolitis for untreated 

mice (UT), L. lactis non-expressing cells (LL-control), or L. lactis expressing IL-27 

(LL-IL-27). The figure is taken from (Hanson et al., 2014). 

 

In this context, different biocontainment strategies should guarantee the 

prevention of the engineered bacteria escaping or disseminating through the 

body. The scenarios explored to create attenuated strains are the introduction 

of tuneable genetic circuits for programmed senescence, the generation of 

conditional auxotrophic organisms, or the generation of attenuated strains 

with no replication capacities in vivo. One example is the replacement in L. 

lactis of native essential thyA for human il10. Consequently, this strain's 

survival and growth are rigidly dependent on thymidine or thymine (Steidler 

et al., 2000). 



 
 

 

However, bacterial expression of biomolecules is faced with some issues 

related to the organism's possible pathogenicity. Gram-positive and gram-

negative bacteria have cell walls that contain many pro-inflammatory 

molecules and make it difficult in some cases to secrete proteins. Many of the 

most exciting biomolecules have many disulfide bridges and require complex 

chaperon systems or glycosylation to fold correctly. Thus, it is challenging to 

express these proteins in bacteria, where glycosylation patterns are different, 

and the enzymes and chaperones involved in the folding and formation of 

disulfide bridges are only found in some cases in the periplasmic space.  

Canonical antibodies (Abs) are large heterotetrameric protein complexes with 

two heavy chains and two small polypeptides light chains. These chains fold 

in functional units (Ig domains) and adopt a Y shape. The variable part is 

responsible for antigen recognition properties. The fragment crystallizable 

(Fc) has effector functions when bonded to Fc receptors (cell-mediated 

cytotoxicity, cell-mediated phagocytosis) and has been tuned to boost or 

disable effector functions in therapy. The production of antibodies is often 

not compatible with microbial expression. The different subunits must cluster 

in the space and ensemble in a suitable conformation. 
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Figure 3. Structure of an IgG antibody and different engineered antibody versions. 

In blue, Fc domain with glycosylations. In green, the hinge regions with three 

disulfide bridges. In purple, engineered version, single-chain fragment variable 

(scFv). In light blue, Fab domain. Overall, the classical representation of an IgG in 

a protein 3D viewer. 

 

 

Additionally, they are glycosylated on the Fc region, and this modification is 

essential for the Fc to bind their receptors (FcγRs) and therefore perform an 

effector function (Kang and Jung, 2019). Finally, they have multiple 

disulfide-bridges (i.e., three) at the hinge region that stabilize the protein 

structure and are difficult to be made in the correct conformation outside of a 

mammalian or insect cell.  

Despite this hurdles there are reports of mutated aglycosylated IgG variants 

expressed in the bacterial host that bind to FcR neonatal and increase their 

half-life in the serum (Jung et al., 2010). Also, full-length antibodies have 

been expressed in the cytoplasm of engineered E. coli that allows the 

formation of disulfide bridges into the cytoplasm (Robinson et al., 2015). 



 
 

However, these cases so far have been reduced to anecdotal cases, and 

antibodies are still produced in mammalian and/or insect-producing systems. 

Nature has found a way to simplify the complexity of full-length antibodies 

in the Camelidae family: heavy chain-only antibodies known as VHHs or 

nanobodies. Nanobodies are simplified versions with no light chain that retain 

full antigen-binding capacities, are soluble, robust to chemical and 

temperature changes, and are expressed in bacteria (Muyldermans, 2013). 

Their potential use in live therapeutics clinics has been shown using L. lactis 

for colitis expressing anti-TNF nanobodies (Vandenbroucke et al., 2010). 

Besides, nanobodies have been projected as ensembling modules for a set of 

well-characterized microbial communities to treat microbiome dysbiotic 

diseases (de Lorenzo, 2008; Timmis et al., 2018). Therefore, nanobodies have 

the potential to overcome some of the folding limitations of full-length 

antibodies due to their simplicity. However, given that the number of 

available canonical antibodies is higher than nanobodies, there is a clear need 

to generate novel engineered variants that can be cheaply expressed in a 

microbial host for human therapy.  

 Mycoplasma species as chassis in Synthetic 
Biology 

 

The famous quote by Nobel winner Richard Feynman' What I cannot create, 

I do not understand', has become a sort of life's motto for some synthetic 

biologists. Following Feynman's bottom-up approach, Mycoplasmas, 

proposed as the minimal self-replicating form of life, are appealing chassis to 

investigate mechanistically how a cell works and re-construct the minimal set 

of components required to sustain life.  

Mycoplasmas are part of the Mollicutes class, evolved from gram-positive 

around 600 million years ago through gene minimization, termed 

degenerative evolution, from a gram-positive bacteria branch (Woese et al., 
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1980). They can colonize a wide range of organisms, such as plants, 

arthropods, or many vertebrate animals (e.g., chicken, sheep, goats, pigs, 

mice, or lambs) and humans. Mycoplasma is the best-known genus of 

Mollicutes typified by the lack of a cell wall, low GC content and low degree 

of redundant metabolic pathways, and limited biosynthetic capacities. The 

Mycoplasma genus has been classically considered models for studying basic 

life principles such as transcription and translation. Indeed, three landmarks 

of modern biology have been achieved using Mycoplasma species as model 

systems (i.e., M. pneumoniae, Mycoplasma mycoides, and Mycoplasma 

genitalium). 

i)M. pneumoniae was the first organism for which the whole proteome, 

transcriptome, and genome were simultaneously available (Güell et al., 2009; 

Kühner et al., 2009; Yus et al., 2009a) and used as a model for Systems 

Biology to understand an independent organism from a quantitative 

perspective. 

ii) The first chemically synthetic cell was generated from M. mycoides, 

denominated JCVI-syn3.0. This cell is organized into 473 essential genes and 

used a chemically synthesized minimized genome where all essential genes 

for life were retained and resulted in the smaller genome of any alive 

replicating form in nature (Hutchison et al., 2016). The version JCVI-syn3.0 

has been refined after developing gene essentiality studies for JCVI-syn1.0, 

the first synthetically organisms generated. These studies have been 

performed using Tn5 transposons and helped in tuning the minimal viable 

genome model (JCVI-syn3.0), see Figure 4. 

 



 
 

  

Figure 4. Essentiality study performed in synthetic bacterium JCVI-syn1 using 

transposition insertion technology. Genes were classified as essential (e), non-

essential (n), quasi-essential (i), genes with minimal growth disadvantage (in), and 

those whose disruption showed severed growth effects (ie). The figure is taken from 

(Hutchison et al., 2016). 

 

iii) The first whole-cell computational model (Karr et al., 2012) that succeeds 

in predicting some cell phenotypes was accomplished for M. genitalium. 

However, the aim of fully understanding an organism using Mycoplasma 

species evidenced some practical challenges associated with these organisms: 

the lack of a chemically-defined medium and the paucity of genome 

engineering tools to generate targeted cell mutants.  

As mentioned above, Synthetic Biology aims to engineer organisms to tackle 

biomedical or biotechnological problems. This thesis's objective goes in the 

direction of paving the way to use Mycoplasma species for a set of 

applications.  

 Mycoplasma species as pathogens 

 

Mycoplasma species infect plants and animals, and there is hardly any animal 

species that does not have an associated Mycoplasma species. Infection by 

Mycoplasma of domesticated animals causes severe economic damage. There 

are 23 Mycoplasma species identified that infect poultry. Among them, 

Mycoplasma gallisepticum, Mycoplasma synoviae, Mycoplasma meleagridis, 

and Mycoplasma iowae cause dramatic economic losses in the poultry 
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industry. On the other hand, cattle animals are affected by several species 

such as Mycoplasma hyopneumoniae, Mycoplasma agalactiae, or 

Mycoplasma bovis. The range of diseases caused by their infection is 

extensive, infecting mammary glands, the respiratory tract, or the 

reproductive system. As an illustration, the swine industry's two main 

significant challenges are infections caused by Mycoplasma hyopneumoniae 

or PRRSV virus. In the EEUU, the percentage of animals affected by M. 

hyopneumoniae is 17.6 in the breeding period, 10.0 in the nursery period, and 

34.3 in the finishing period (https://www.pig333.com/articles/economic-

impact-of-mycoplasma-hyopneumoniae-on-pig-farms_8936/, visited 

September 2020) 

Most of these infections are difficult to treat with antibiotics due to the lack 

of cell wall, and there is a need to develop novel vaccines against these animal 

pathogens. Although some vaccines are already available (Kanci et al., 2018; 

Zhang et al., 2014), most of them rely on naturally occurring attenuated 

strains, and as reported for M. hyopneumoniae by the pharma company Merck 

Sharp & Dohme (MSD), they are not fully effective. Synthetic Biology opens 

the door to the rational engineering of microorganisms and can be applied for 

vaccine design based on removing the main pathogenic determinants of a 

bacteria but allowing it still to stimulate an immune response.  

The engineering of a bacterial chassis for vaccination would ideally rely on 

detailed knowledge on which parts of the genome are essential, fitness, or 

non-essential under the conditions it will be used. Also, we need to establish 

a gene-function relationship and ascertain which genes are involved in an 

organism's pathogenesis, followed by removing those genes involved in 

pathogenicity while keeping those necessary to keep the bacteria alive in the 

injected animal to maximize the response. This information can be obtained 

through the combination of generating saturated libraries of transposon 

mutants plus tracking the insertions through ultra sequencing across different 

https://www.pig333.com/articles/economic-impact-of-mycoplasma-hyopneumoniae-on-pig-farms_8936/
https://www.pig333.com/articles/economic-impact-of-mycoplasma-hyopneumoniae-on-pig-farms_8936/


 
 

passages (HITS) (Figure 5). This allows classifying the genes in essential (E), 

fitness (F), and non-essential (NE) categories. The E genes are those genes 

required for sustaining life under the conditions analyzed, while those that 

can be deleted without compromising survival are categorized as NE. Genes 

whose disruption might cause a growth impairment are classified as F. 

 

 

Figure 5. Representation of the transposon reads mapped across the genome of M. 

pneumoniae. In Y-axis is represented in a min (0) to max (6) scale the log2 of mean 

reads detected at each position (X-axis). The figure is taken from (Montero-Blay et 

al., 2019). 

 

For essentiality studies, transposons derived from Staphylococcus aureus, 

Tn1004, have been widely used in the Mycoplasma community. Aside from 

having random insertions with no significant bias for particular sequences, it 

is essential to ensure that many chromosome positions in the population have 

transposon insertions (high-coverage) to have reliable statistical data. E genes 

for life will not have transposon insertions because their disruption prevents 

the cell from surviving.  

When this thesis was started, there were few essentiality studies for 

Mycoplasmas species (i.e., M. genitalium (Glass et al., 2006), M. pneumoniae 

(Lluch-Senar et al., 2015), Mycoplasma pulmonis (Dybvig et al., 2010), M. 

bovis (Sharma et al., 2014) and Mesoplasma florum (Baby et al., 2018). 

However, some of these studies had very little coverage (e.g., coverage for 

M. bovis essentiality study is 0.03% and 0.56% for M. genitalium), which 

decreased confidence in the essentiality assignment, especially for small 

genes. 
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As indicated above, there is a clear need for vaccines against Mycoplasma 

species, especially in veterinary medicine, to reduce the number of antibiotics 

supplied to the animals to prevent infections derived from these 

microorganisms. For this, we need to perform essentiality studies of the target 

species with high reproducibility and coverage, which in turn requires 

efficient universal Mycoplasma transposons. This is addressed in the second 

chapter of this thesis. 

 The metabolism of Mycoplasmas 

 

One of the most critical requirements in the therapeutics manufacturing 

industry is reproducibility and lot-to-lot homogeneity. When applied to 

industrial microbiology, it is imperative to define the exact composition of 

the growth media required to grow certain microorganisms. Historically, this 

task has been challenging for Mycoplasmas, where their simple metabolisms 

force the bacterium to acquire the vast majority of the metabolites from the 

medium. The media generally used for their growth (e.g., SP4, Hayflick) 

contain animal-derived serum, which is considered a risk factor because it 

can introduce contaminants as viruses and result in low reproducibility 

changing batches. Therefore, the development of serum-free media for 

growing Mycoplasma species for vaccination or therapy is a must. 

For M. pneumoniae, there is a serum-free medium containing 26 components 

(Yus et al., 2009b) that also allowed the growth of M. genitalium. However, 

growth was not very robust with this medium and prevented high-biomass 

culture media of M. pneumoniae. A new version of serum-free media tested 

successfully on a larger scale has now been developed in the laboratory by 

Raul Burgos, identifying experimentally a key component (sphingomyelin) 

missing in the medium of Yus et al., (Gaspari et al., 2020; Yus et al., 2009b). 

No serum-free medium has been published for other relevant species, such as 

M. bovis or M. hyopneumoniae. We have evidence in the group that the 



 
 

defined medium for M. pneumoniae does not work on M. hyopneumoniae 

without modification of concentrations and components (Burgos et al. in 

preparation). In a detailed metabolic analysis of two Mycoplasma species 

(M. bovis and M. gallisepticum (Masukagami et al., 2017)), it was shown that 

both species significantly differ in the use of carbon sources.  

To make a defined medium for a particular Mycoplasma species, we need 

first to build a comprehensive metabolic map and determine the essential and 

optional metabolic pathways used for each microorganism and its fluxes' 

directionalities as was done for M. pneumoniae.  

There are various approaches to measure, quantify, and represent cellular 

metabolism through mathematical models. For example, Genome-Scale 

metabolic models (GSMM) can automatically reconstruct a full metabolic 

map. However, this requires later a maps' curation process, reviewing each 

gene, metabolite, and reaction to avoid futile loops or unconnected reaction 

steps (i.e., gap-filling). The performance of these in silico tools has been 

assessed based on a set of features important in GSMM (Mendoza et al., 

2019) for two different bacteria: Lactobacillus plantarum (Teusink et al., 

2006) and Bordetella pertussis (Branco Dos Santos et al., 2017). In the 

analysis, none of the in silico methodologies results were outstanding in all 

categories indicating that for each case, the tool utilized should be selected 

ad hoc for the purpose.  

In the same way that methodologies were developed to connect networks, 

computational tools to fill and curate those metabolic gaps have been 

proposed. These methods are supported by a database of enzymes, 

metabolites, reactions, and directionalities, and the objective is to connect in 

a logical manner all reactions proposed. The existing methodologies are 

limited to a set of known reactions contained in the backup database. In a 

systematic analysis of the existing in silico methodologies for gap filling 

(Karp et al., 2018), one of the main conclusions of the extensive analysis is 
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that the larger the set of reactions, the larger the number of unneeded reactions 

suggesting that gap fillers should look for results containing minimal 

reactions. Finally, we should mention that all these approaches rely on the 

sequence homology with enzymes of well-characterized organisms like E. 

coli to assign functionality. This could be dangerous since only one mutation 

is enough to convert a lactate dehydrogenase into a malate dehydrogenase 

(Boucher et al., 2014), for example. In Mycoplasmas, MPN483 is a 

glycosylase in M. pneumoniae uses UDP-galactose preferentially (Klement 

et al., 2007), while in the closest related M genitalium species, its MG517 

orthologue prefers UDP-glucose (Andrés et al., 2011). Thus sequence 

conservation and homology do not always indicate that the two orthologue 

enzymes will prefer the same substrate and result in the same product. 

Moreover, functionalities assigned to classical enzymes like Pyruvate kinase 

in glycolysis often hide other functions like nucleotide triphosphates' 

synthesis (i.e., in Mycoplasma species (Pollack et al., 2002)). As a result, we 

could observe enzyme gaps in a metabolic map like the absence of a 

nucleoside diphosphate kinase in M. pneumoniae that is covered by pyruvate 

kinase.  

The simplicity of Mycoplasmas species with around 700 genes allows the 

manual building of their metabolic maps. One of the first Mycoplasma 

species for which a complete metabolic map was annotated, and as mentioned 

above, based on it, a defined medium was produced for M. pneumoniae (Yus 

et al., 2009b). Not only was the map generated, but also the experimental 

measurement of fluxes and metabolites (Maier et al., 2013) was performed, 

and a metabolic flux balance analysis (FBA) was done (Wodke et al., 2014) 

(Figure 6). Some metabolic aspects of other Mycoplasma species (i.e., M. 

gallisepticum and M. bovis) have been characterized by isotope tracking 

(Masukagami et al., 2017). There is also a recent metabolic map available for 

M. hyopneumoniae (Kamminga et al., 2017).  



 
 

However, as indicated above, not all metabolic map pathways annotated in a 

metabolic map are used simultaneously, and the reversibility of reactions is 

not always exact. Even for the simplest organisms, multiple pathways can be 

used to produce a metabolite. For instance, in theory, M. pneumoniae can use 

ascorbate, glycerol, glycerol-3P, glucose, fructose, mannitol, and 

phosphatidylcholine as carbon sources. However, in reality, it grows very 

well in glucose and mannose, poorly in glycerol and phosphatidylcholine, and 

almost not with the rest of the carbon sources (Yus et al., 2009b).  

Thus to understand which pathways will be preferentially used in a specific 

condition, we need methods that can predict the dynamics of metabolism 

under different circumstances.  

Flux balance analysis (FBA) aims to quantify the various flows in a metabolic 

network. These models consider each reaction's stoichiometry, the kinetics of 

each enzyme participating in it, and the metabolites consumed or produced in 

each metabolic reaction. This approximation uses linear optimization to 

achieve the steady-state flux distribution and maximizes a set objective (e.g., 

growth rate, ATP, protein production). One of the problems of classical FBA 

models is that they did not integrate enzyme abundance, and therefore all 

pathways are considered functional. 
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Figure 6. Integrated set of experimental metabolic information (red) plus 

bibliographic data (orange) for the generation of a model for M. pneumoniae's 

metabolism that reproduces fluxes in silico and predicts energetics, FBA, and 

analyses mutant phenotypes (green). The figure is taken from (Wodke et al., 2014) 

and based on (Yus et al., 2009b) metabolic network reconstruction. 

 

The latest versions of FBAs integrate gene expression profiling to solve this 

issue. The method tries to find a flux distribution that fits with environment-

specific gene-expression data assuming that gene expression changes 

correlate with flux values, which might be questionable. This methodology 

demonstrated a good correlation of flux predictions with experiments using 

13C labeling in Bacillus subtillis (Thanamit et al., 2020) or E. coli (Pandey et 

al., 2019). For one of the organisms for which more datasets are available, E. 

coli multi-omics data at different layers has been integrated (transcriptome, 

proteome profiles, metabolomes, fluxome) from more than 600 different 

experimental conditions. This Multi-Omics-Model and Analytics (MOMA) 

showed acceptable performance in predicting cellular growth and 

demonstrated a robust capacity to estimate metabolite concentration despite 



 
 

the high degree of variability in the data (Kim et al., 2016; Macklin et al., 

2020). 

Despite all the methodologies proposed to ascertain the intricate and 

interconnected set of active metabolic reactions, there is still a clear need to 

determine each organism's pathways across different conditions in a high-

throughput manner. Also, since metabolic enzymes might have more than one 

metabolic functionality in the cell (i.e., pyruvate kinase mentioned above), 

other types of available omics data besides genomics or transcriptomics can 

be interrogated to verify if a given enzyme participates in another metabolic 

pathway. In chapter three, this thesis shows how gene essentiality and protein 

abundance could help determine active metabolic pathways and 

directionality. 

 

 M. pneumoniae as a living pill to treat human 
diseases 

 

M. pneumoniae has a tremendous potential of being used as chassis in 

biomedicine to treat pulmonary diseases. The lung is so far an orphan organ 

for bacterial therapies even though lung diseases are the leading cause of 

human death (Forum of International Respiratory Societies and European 

Respiratory Society, 2017). Plus, until recently, the lung's microbiome was 

not characterized and thought to be sterile (Huffnagle et al., 2017). 

The advantages of this bacterium from a Synthetic Biology point of view are: 

i) its small genome (816 kbp) translated in simplified genomic and metabolic 

networks that diminish the risk of unpredicted interaction with the host or the 

engineered circuits, ii) the lack of cell-wall (lipopolysaccharides-free) and 

therefore can be delivered in combination with antibiotics targeting the cell 

wall, iii) its mild- pathogenic behavior in the lung, iv) the described virulence 

factors in the literature (Becker et al., 2015; Chaudhry et al., 2016; Somarajan 
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et al., 2010) v) its genome codes an inherent mechanism of biocontainment, 

by using the stop codon UGA to encode for tryptophan (Andachi et al., 1987) 

vi) low recombination efficacy and, therefore, a low rate of horizontal 

transfer.  

 

Until recently, the lack of targeted genome engineering tools was one of the 

main drawbacks of using M. pneumoniae for clinics. This has changed very 

recently, and we now have a toolkit to generate targeted knock-in and knock-

out mutants (Piñero-Lambea et al., 2020) and biosafety circuits based on Cas9 

as a counter-selector marker (unpublished data). Thanks to this, two 

attenuated chassis versions (Mycochassis) have been generated (CV2 and 

CV8). In the CV2 chassis, the CARDS toxin (MPN372), responsible for 

pulmonary inflammation (Medina et al., 2017) and the cytotoxic nuclease, 

MPN133 (Somarajan et al., 2010) are deleted. The CV8 chassis on top of this 

has the glycerol-3-phosphate oxidase (GlpD, MPN051) responsible for 

peroxide production replaced by GpsA, which performs the same reaction but 

producing water.  

 

 

Figure 7. Images of the mammary gland of mice inoculated with M. pneumoniae 

versions and mutant strains having deleted the genes shown at the top of each image 

((∆mpn051, ∆mpn453, ∆mpn372, ∆mpn133). Gene mpn051 codes for glycerol-3-P 

oxidase, gene mpn453 codes for p30 adhesin, mpn372 codes for CARDS, and 

mpn133 codes for cytotoxic nuclease. The WT showed higher pathogenic scores than 

CV2, developed intense hemorrhagic lesions in the mammary glands and 

surrounding tissues, increased neutrophil infiltration and inflammation compared to 

CV2. The work was performed by the group of MJ Grilló in the Public University of 

Navarra-CSIS in collaboration with Prof. Serrano's group at CRG. The figure is 

taken from Garrido V et al., submitted for publication. 

 

Mycochassis CV2 and CV8 are mildly or non-pathogenic, respectively, in 

mice mammary glands (Figure 7) and lungs (submitted for publication) and 

pig lungs (work in preparation). It has also been demonstrated that the CV2 

chassis can dissolve biofilms in vivo in intradermal mice catheters using 



 
 

enzymes (alginate, hydrolase). The buildup of the resources needed to exploit 

M. pneumoniae as therapeutic chassis for treating microbial lung infections 

in ventilator-associated pneumonia (VAP) is being explored by a spin-off 

company incorporated in 2020, Pulmobiotics S.L.  

This thesis aims to investigate this bacterium's capacity to be used in diseases 

with a dysregulated immune response. Also, to explore the ability to express 

active therapeutics molecules containing disulfide bridges (one, two, or three 

disulfides per molecule). Finally, to answer the question if in the real niche 

(for M. pneumoniae, the natural target is the lung), the bacterium can express 

heterologous proteins at a concentration that can exert a therapeutic effect.  

 Lung diseases involving immune system 
dysregulation 

 

The lung is a tissue exposed continuously to substances, toxins, dust, pollens, 

pathogenic microorganisms, or pollutants in the air we breathe. The lung's 

immune system has evolved towards an equilibrium between protecting the 

tissue against inhaled damaging substances and preventing an aberrant 

immune activation that can damage the tissue (Figure 8). 
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Figure 8. The scheme represents how lung architecture maintains tissue homeostasis 

and protection when exposed to environmental factors that modify lung microbiota. 

The figure is taken from Huffnagle et al., 2016.  

 

The defense mechanism starts with the tracheobronchial tree's anatomical 

structure. The mucociliary escalator based on motile cilia expulses the large 

particles and the mucus accumulated. The mucus composition is a mixture of 

distinct components such as anti-proteases, antimicrobial peptides (e.g., β-

defensins, cathelicidin, lysozymes, lactoferrin), antioxidants, and IgA. 

Additional protective molecules like lung-collectins, surfactant protein A 

(SP-A), and surfactant protein B (SP-B) can be found in the alveoli. Second, 

the lung contains cells implicated in innate lung immunity (macrophages, 

neutrophils, alveolar epithelial cells, and monocytes), offering the first 

response to inhaled particles (Riches and Martin, 2018). 

Alveoli respond to microbes' presence because they recognize a group of 

microbial features called Pathogen Associated Molecular Patterns (PAMPs) 

(e.g., lipids, sugars, and cell-wall, DNA or RNA sequences). These molecules 

bind to receptors expressed in alveolar macrophages, epithelial cells, and 



 
 

neutrophils. When those PAMPs are recognized, a molecular cascade is 

activated, chemokines and pro-inflammatory interleukins are delivered, and 

genes implicated in phagocytosis, killing, and degradation are expressed. 

Many different diseases that affect the human lung are distinguished by 

dysregulated immune system activity: in the direction of an exacerbated 

inflammatory response (infections, lung fibrosis, chronic obstructive 

pulmonary disease (COPD) or lung injury) or towards immunosuppression 

(i.e., lung cancer, chronic infectious diseases). In the context of inflammation, 

idiopathic pulmonary fibrosis is a progressive and chronic lung disease 

distinguished by lung scarring and histopathological signature of usual 

interstitial pneumonia (Barratt et al., 2018). The main consequence is the 

aberrant reparation of injured epithelial alveolar tissue. This disease affects 

more than three million people globally, and its incidence is related to aging, 

causing dyspnoea and cough (Martinez et al., 2017). There are treatments 

available for this disease that slow down its progression (N-acetylcysteine, 

corticosteroid pills, piperidone, nintedanib), but there is no cure.  
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Figure 9. Schema showing the stimulatory and inhibitory actions of different proteins 

on IPF. Red arrows represent stimulation. Green arrows ended with a circle, 

inhibition; without a circle, stimulation and yellow arrows show indirect effects. 

 

Many factors play a role in lung fibrosis (Figure 9). The most important ones 

are TGF-1, which promotes fibroblasts proliferation and formation of 

myoblasts and, therefore, fibrosis and interleukins like IL-10 and IL-22 

counteract the action of TGF1. IL-10 is a classical anti-inflammatory 

interleukin mainly produced by alveolar macrophages and T-cells whose 

exogenous administration has a beneficial effect in asthma and acute 

respiratory distress syndrome. Another interleukin of the same IL-10 family, 

IL-22, has been shown to stimulate scar resolution in the lung epithelium and 

induce anti-apoptotic proteins' stimulation. Both IL-10 and IL-22 are 

beneficial in mice models of induced fibrosis with bleomycin (Kurosaki et 

al., 2018; Martinez et al., 2017).  

Therefore, considering the advantages of using M. pneumoniae as a delivery 

system for therapeutic proteins in vivo in the lung, one possible strategy for 

treating IPF could be the expression of immunomodulatory cytokines (e.g., 

IL-10 and IL-22) by Mycochassis. The expression of human interleukins by 

M. pneumoniae has been explored in chapter four of this thesis.  

 Protein design tools. Going beyond nature  

 

Nature does not shape natural existing proteins towards the most optimized 

version for their expression, affinity of pharmacological properties. 

Therefore, there is room for improvement of these properties by mutagenesis.  

Protein engineering strategies have been used to modify immunotherapeutic 

biologicals. For example, IL-15 is a promising anti-tumor component needed 

to induce proliferation and cytotoxic activity. The molecule has been 

modified to bind Apo-lipoprotein I (a component of lipoproteins), whose 

receptors are overexpressed in a tumor cell to enhance its targeting properties 



 
 

(Ochoa et al., 2017). Other examples are the conjugation of IL-10 or IL-2 to 

polyethyleneglycol (PEG) or the fusion of pre-conjugated IL-15 to an IL-

15Rα-IgG1 Fc domain to increase protein half-life in the serum and improved 

antitumor activity (Zhao et al., 2019).  

In 2019, a novel mimic of IL-2 and IL-15 was designed de novo using the 

protein engineering software Rosetta Suite as in silico engineering platform 

(Silva et al., 2019). In this engineering strategy, IL-2 helical fragments were 

assembled using a fragment-database of four residues to recapitulate the 

starting body's shape. Then, helices were connected using a loop fragments 

database, resulting in a wholly connected protein backbone, further mutating 

each side-chains to minimize energy. The result was a potent agonist of IL-2 

and IL-15, with increased therapeutic potential tested in two different murine 

models of cancer (melanoma and colon) with increased stability, reduced 

toxicity, and imponderable immunogenicity. The software used in this above-

described work, Rosetta, is an open software that includes algorithms 

developed by Dr. Baker (University of Washington, US) to perform 

computational modeling of a protein structure analysis and ultimately apply 

it to design novel molecules. The competitor in the field is the FoldX 

(Schymkowitz et al., 2005) and ModelX tool suite (Blanco et al., 2019; 

Cianferoni et al., 2020) 

FoldX is an empirical force field developed for the rapid evaluation of 

mutations' effect on the stability, folding, and dynamics of proteins and 

nucleic acids (DNA and RNA) and protein-DNA (Blanco et al., 2018, 2019) 

developed initially by the group of Dr. Luis Serrano. FoldX has been 

extensively validated in several independent studies, and its force field 

outperformed Rosetta in 30 out of 33 comparisons made in independent 

studies.  
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The evolution of FoldX termed ModelX (proprietary of CRG and Dr. Serrano 

Laboratory) is capable of performing protein backbone engineering and uses 

a library of protein fragments (>20 million fragments) as blocks that can be 

used to explore the conformational landscape of a molecule. ModelX now 

has high-level algorithms that control torsional errors that, combined with 

FoldX, can be applied to fill structural gaps, ensemble backbones, or 

transplant protein loops. ModelX is mature enough to be used as a tool to 

perform protein engineering and, therefore, de novo cytokine design. In 

chapter five of this thesis, we have used FoldX and ModelX to create 

enhanced versions of IL-10. 

 The latest trendy Mycoplasma species: M. 
feriruminatoris 

 

In 2013, a novel bacterium belonging to the Mycoplasma phylogenetic tree 

was isolated from ibex, M. feriruminatoris (Jores et al., 2013). It has a low 

G-C content (24%) and a simple genome (around 800 genes, two rRNA 

operons) (Ambroset et al., 2017). This bacterium divides every 27 minutes 

(as fast as E. coli) and lacks a cell-wall (no lipopolysaccharides 

contamination, later abbreviated as LPS), allowing proteins to be directly 

secreted to the medium. In principle, these characteristics make it attractive 

Figure 10. Diagram of publications comparing in silico protein software tools for 33 

independent studies. FoldX (green) outperformed Rosetta (red) in 30 comparisons and 

ties it on two occasions. The figure is taken from a grant of VIB (Vlaams Instituut Voor 

Biotechnologie) and CRG. 

https://www.google.es/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwjUgIffm6juAhUOkxQKHT7dDfoQFjAAegQIBhAC&url=https%3A%2F%2Fvib.be%2F&usg=AOvVaw1d6dVBm-YVWuUHn9A_-ey6
https://www.google.es/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwjUgIffm6juAhUOkxQKHT7dDfoQFjAAegQIBhAC&url=https%3A%2F%2Fvib.be%2F&usg=AOvVaw1d6dVBm-YVWuUHn9A_-ey6


 
 

as a protein expression system. However, we should first cover some gaps in 

the knowledge we have about this bacterium (i.e., we do not have genome 

engineering tools, we do not understand the sequence determinants for 

efficient promoters, and the protein secretion signals are unknown). Chapter 

two and chapter six make meaningful contributions in setting up genome 

engineering tools to modify its genome, describe functional promoters, and 

identify secretion signals working at different dynamic ranges. This work sets 

up the future use of M. feriruminatoris as a bacterial host to express 

therapeutic proteins for their experimental validation in a high-throughput 

manner. 

  



 

45 
 

2. Chapter 2.  

 

Montero-Blay, A., Miravet-Verde, S., Lluch-Senar, M., Piñero-

Lambea, C. & Serrano, L. SynMyco transposon: engineering 

transposon vectors for efficient transformation of minimal genomes. 
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Abstract 
 
Mycoplasmas are important model organisms for Systems and Synthetic 

Biology, and are pathogenic to a wide variety of species. Despite their 

relevance, many of the tools established for genome editing in other 

microorganisms are not available for Mycoplasmas. The Tn4001 transposon 

is the reference tool to work with these bacteria, but the transformation 

efficiencies reported for the different species vary substantially. Here, we 

explore the mechanisms underlying these differences in four Mycoplasma 

species, M. agalactiae, M. ferituminatoris, M. gallisepticum and M. 

pneumoniae, selected for being representative members of each cluster of the 

Mycoplasma genus. We found that regulatory regions driving the expression 

of the transposase and the antibiotic resistance marker have a major impact 

on the transformation efficiencies. We then designed a synthetic regulatory 

region termed SynMyco RR to control the expression of the key transposon 

vector elements. Using this synthetic regulatory region, we were able to 

increase the transformation efficiency for M. gallisepticum, M. 

feriruminatoris and M. agalactiae by 30-, 980- and 1036-fold, respectively. 

Finally, to illustrate the potential of this new transposon, we performed the 

first essentiality study in M. agalactiae, basing our study on more than 

199,000 genome insertions 
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Introduction  
 
The Mollicutes class represents a taxonomic group of bacteria that has 

undergone an extreme genome downsizing process termed degenerative 

evolution 1. As a consequence of this evolutionary process, these bacteria are 

characterized by the lack of a cell wall, streamlined genomes, and very 

limited biosynthetic pathways. All these features have turned Mollicutes, and 

particularly some species encompassed within the Mycoplasma genus, into 

appealing models to study basic principles of complex cellular processes such 

as transcription and translation. For instance, Mycoplasma pneumoniae is an 

important model organism for Systems Biology as highlighted by the 

comprehensive knowledge acquired about its complete genome 2, 

transcriptome 3, proteome 4, DNA methylome 5 and gene essentiality 6. In 

addition, the first whole-cell computational model developed was for 

Mycoplasma genitalium 7. At the same time, Mycoplasmas are also 

interesting organisms for the emerging field of Synthetic Biology and to study 

the minimal set of genes required to sustain life 6,8–10. Indeed, the genome of 

the first synthetic bacterium, JCVI Syn3.0, was inferred from the genome of 

Mycoplasma mycoides following a top-down approach in a design-build and 

test cycle 11. Aside from their relevance as model organisms, Mycoplasmas 

are also a serious concern for the medical and veterinary fields given their 

pathogenic effects on a wide variety of species. For instance, M. pneumoniae 

is a human pathogen that causes atypical pneumonia7,12, Mycoplasma 

gallisepticum causes pneumonia in poultry 13, and Mycoplasma agalactiae 

causes contagious agalactia, a common disease in small ruminants with a 

tremendous economic impact 14.  

Identifying genes involved in pathogenicity is critical for generating new 

vaccines and therapies. Genes that are dispensable for in vitro growth (i.e., 

non-essential, NE) but essential (E) for the infection process could be target 

https://paperpile.com/c/ML8f9l/G2X7
https://paperpile.com/c/ML8f9l/xmiV
https://paperpile.com/c/ML8f9l/9LYv
https://paperpile.com/c/ML8f9l/8SSX
https://paperpile.com/c/ML8f9l/oIxH
https://paperpile.com/c/ML8f9l/oVVx
https://paperpile.com/c/ML8f9l/GZHq
https://paperpile.com/c/ML8f9l/nFVV+oVVx+nJrK+CHrn
https://paperpile.com/c/ML8f9l/5nxt
https://paperpile.com/c/ML8f9l/GZHq+xNSi
https://paperpile.com/c/ML8f9l/kRwr
https://paperpile.com/c/ML8f9l/LIdm


 
 

genes for vaccine design. Construction of essentiality maps is a fast way to 

decipher the essential or non-essential character of every single gene found 

in the genome of a given bacterium. Furthermore, these maps can also help 

in the identification of those genes that are not essential but whose disruption 

affects the fitness of the bacteria in a particular environment (i.e., fitness, F). 

The generation of these maps relies on the construction of saturating libraries 

of transposon mutants, followed by high-throughput insertion tracking by 

ultra sequencing (HITS) at different passages 6,15. Furthermore, construction 

of saturating libraries is also relevant for Haystack mutagenesis 16, a 

technique useful to establish gene-function relationships that is widely 

employed in Mycoplasmas, as a consequence of the paucity of other genome 

editing tools for these bacteria 17. 

Tn4001 is a gentamicin, tobramycin and kanamycin resistance-conferring 

transposon that was originally found in Staphylococcus aureus 18, but has 

been widely employed in Mycoplasmas 6,10,19. Few modifications have been 

made to this transposon to adapt it for use in Mycoplasmas aside from i), 

placing the transposase coding gene outside the inverted repeats (in plasmids 

termed mini-transposons) to prevent re-excision from the transposon after the 

first transposition event 20, and ii) replacing the original gentamicin resistance 

marker by tetracycline 18, chloramphenicol 21 or puromycin 22 resistance 

genes. Such a poor adaptation of the Tn4001 transposon to Mycoplasmas 

might partially explain the dramatic differences observed among 

transformation efficiencies (TE) in species from this genus. For example, TE 

is consistently higher in those species belonging to the pneumoniae cluster 

(i.e., species closely related to M. pneumoniae) 23 than in those species 

encompassed in the spiroplasma 24 or hominis clusters 25. 

Here, we explored and identified the reasons underlying the lower transposon 

TE in a set of different Mycoplasma species that differ in their phylogenetic 

distance to M. pneumoniae. We hypothesized that poor recognition of certain 

https://paperpile.com/c/ML8f9l/oVVx+60SD
https://paperpile.com/c/ML8f9l/o8Zy
https://paperpile.com/c/ML8f9l/qFOC
https://paperpile.com/c/ML8f9l/rt97
https://paperpile.com/c/ML8f9l/YsrK
https://paperpile.com/c/ML8f9l/rt97
https://paperpile.com/c/ML8f9l/NQ8P
https://paperpile.com/c/ML8f9l/AhT2
https://paperpile.com/c/ML8f9l/jXcM
https://paperpile.com/c/ML8f9l/jzh5
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gene regulatory regions in the transposon vector might limit TE in some 

species. Therefore, we rationally engineered a vector variant that significantly 

increased the TE in all species tested except for M. pneumoniae, which was 

already transformed at high efficiencies with the unmodified vector. These 

species were selected to encompass the three different clusters described in 

the Mycoplasma phylogenetic tree, thereby opening up the door to more 

global studies of Mycoplasma species. Furthermore, a reporter assay allowed 

us to identify which of the regulatory regions determining expression of the 

antibiotic resistance and transposase protein coding genes found in the native 

transposon vector were inefficiently recognized in each of the strains selected 

for this work. Finally, to show the potential of our transposon vector, we 

performed an essentiality study of M. agalactiae, obtaining an insertional 

coverage similar to the one reported for M. pneumoniae 6. 

 

Results and discussion 

 

1- Transformation efficiencies in Mycoplasmas show 

dramatic differences depending on the strain 

 

As a starting point of the project, we aimed to quantify the transposon 

transformation efficiency (TE) in representative members of each cluster of 

the Mycoplasma genus (Fig.1A). To this end, cultures of M. feriruminatoris 

(spiroplasma cluster), M. agalactiae (hominis cluster), M. pneumoniae, and 

M. gallisepticum (pneumoniae cluster) were transformed with the pMTnGm 

vector 23, a mini-transposon plasmid derived from the original Tn4001 that 

confers resistance to gentamicin and is broadly employed in the Mycoplasma 

field. As expected from previous reports, M. pneumoniae showed the highest 

TE, with approximately one transformant for every 103 cells. M. pneumoniae 

https://paperpile.com/c/ML8f9l/oVVx
https://paperpile.com/c/ML8f9l/jXcM


 
 

was followed by M. gallisepticum and M. agalactiae, with three 

transformants for every 106 cells. Far behind these TEs was that of M. 

feriruminatoris, for which we found one transformant for every 109 cells (Fig. 

1B). 

Since the expression of the gentamicin resistance gene has been found to exert 

a detrimental effect on growth in M. genitalium even in the absence of 

gentamicin itself 23, we wanted to determine whether this effect was 

exacerbated in M. gallisepticum, M. agalactiae and M. feriruminatoris. This 

could be responsible for the low TE observed in these species with the 

pMTnGm vector. To this end, we repeated the same set of transformations, 

but this time with a modified version of pMTnGm vector termed pMTnCm. 

In this vector, the native gentamicin resistance gene as well as its regulatory 

region were replaced by a chloramphenicol resistance under the control of the 

p438 regulatory region, a minimal 22-bp sequence that controls the 

expression of a putative restriction enzyme in M. genitalium.  

For the sake of clarity, from this point on, we will refer to the sequence 

immediately upstream of the translational start codon of each gene as the 

regulatory region (RR), comprising the promoter region involved in 

transcription as well as the 5' UTR involved in translation. 

https://paperpile.com/c/ML8f9l/jXcM


 

51 
 

 

Figure 1. Screening of transposon transformation efficiencies across the 

mycoplasmal landscape. A) Phylogenetic tree of 21 selected Mycoplasma species in 

which three main clusters (pneumoniae, spiroplasma and hominis) can be identified 

using the Maximum Composite Likelihood method. The tree is drawn to scale with 

branch lengths in the same units as those of the evolutionary distances used to infer 

the phylogenetic tree 29. B) Bar plot showing the average of gentamicin resistant 

CFUs (in logarithmic scale) obtained for each of the indicated strains when using 

the pMTnGm vector (n=3). C) Bar plot showing the average of chloramphenicol 

resistant CFUs (in logarithmic scale) obtained for each of the indicated strains when 

using the pMTnCm vector. For the statistical analysis, for those species in which no 

mutants were detected the number of CFU was set to 49, the maximum value below 

the limit of detection. One-tailed t-test p-values are indicated with one asterisk (*) 

when p <0.05 for TE obtained with pMTnGm vector compared to the TE obtained 

with pMTnCm vector.  

 

We found that the number of M. pneumoniae transformants obtained with the 

pMTnCm vector was more than three times higher than the number obtained 

https://paperpile.com/c/ML8f9l/h3LC


 
 

with the pMTnGm vector, thus falling in line with the previous reports of 

toxicity associated with expression of the gentamicin resistance gene 23. On 

the other hand, the TE was dramatically lower in all the other species tested, 

with the number of total transformants falling under our detection limit of 50 

CFU per batch for M. gallisepticum, M. feriruminatoris and M. agalactiae 

(Fig. 1C). The most plausible explanation for these results is that only M. 

pneumoniae is able to efficiently recognize both the regulatory region found 

upstream of the gentamicin resistance gene and the M. genitalium-derived 

p438 sequence driving the expression of the chloramphenicol resistance gene. 

In contrast, it seems that M. gallisepticum, M. feriruminatoris and M. 

agalactiae can recognize the regulatory region controlling the gentamicin 

resistance gene but not the one controlling the chloramphenicol resistance 

gene. 

These results suggest that TE might be directly related to the ability of the 

transcriptional/translational machinery of each strain to efficiently recognize 

the regulatory regions controlling not only the antibiotic resistance gene, but 

also the transposase coding gene.  

 

2- Design of an efficient regulatory region for a broad range 

of Mycoplasma species. 

 

Several aspects might influence the TE of a transposon vector and can be 

classified into two different categories. In the first category, we can include 

those factors that affect the TE of any vector, such as degradation of the 

plasmid by bacterial restriction machinery, or the optimality of the 

transformation protocol itself. Leaving these aside, there is a second group of 

factors that are specific for transposon vectors. Thus, once the vector has 

entered the cell, proper transcription/translation of the transposase coding 

gene is required for the correct insertion of the antibiotic resistance gene into 

https://paperpile.com/c/ML8f9l/jXcM
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the chromosome. Second, the insertion mutant would only be able to grow if 

the protein levels of the antibiotic resistance gene reach a certain threshold 

that is sufficient to promote growth on selective medium. Therefore, in an 

attempt to maximize the protein levels of both the transposase coding gene 

and the antibiotic resistance gene in all Mycoplasma species, we decided to 

design a regulatory region termed SynMyco Regulatory Region (SynMyco 

RR) that would allow efficient transcription and translation in different 

mycoplasma species. 

As a reference for the design, we chose the regulatory region of MPN665, a 

gene whose transcript is in the top 5% of most transcribed genes in the 

transcriptome of M. pneumoniae 41. Also, its protein levels (2,646 copies per 

cell) are among the highest in the of proteome of M. pneumoniae 4. MPN665 

encodes for the Elongation factor Thermo-unstable (EF-Tu) protein. As a 

main component of the ribosome, the protein product of this gene has an 

essential role in translation and is universally conserved in the prokaryotic 

world 42,43. Thus, with the aim of identifying important elements, we aligned 

the regulatory regions of MPN665 orthologues found in a representative set 

of Mycoplasma species (Fig. 2A). For the design of the SynMyco RR, we 

mainly kept those bases found in the MPN665 regulatory region that are not 

changed to another base in other species. However, given that native 

regulatory regions did not evolve to be the most productive transcriptional 

drivers, we also favoured those bases that were found to be optimal as 

transcription/translation determinants in a recent screen of synthetic 

sequences 44. This is exemplified by including an extended Pribnow box motif 

(TGN-Pribnow) within the SynMyco RR, a feature that is not found in any of 

the native EF-Tu regulatory regions analyzed but promotes higher 

transcription rates. Based on the screen mentioned above, we also changed 

the Pribnow box sequence from TAAAAT to the canonical TATAAT motif. 

Lastly, to ensure the functionality of the SynMyco RR in a broad range of 

https://paperpile.com/c/ML8f9l/55YQ
https://paperpile.com/c/ML8f9l/8SSX
https://paperpile.com/c/ML8f9l/zHzo+FRK2
https://paperpile.com/c/ML8f9l/znNh


 
 

Mycoplasma species, we paid special attention to other features found in the 

regulatory regions such as the -35 box or the Shine-Dalgarno region. In 

particular, the -35 box seems to have lost its prevalent role as a transcriptional 

driver during Mycoplasma evolution, as indicated by the absence of any 

consensus sequence among the most productive regulatory regions found in 

the screen of synthetic sequences 44. In fact, only a degenerated -35 box with 

the sequence TTGANN can be found in the regulatory regions of just 20% of 

the genes of M. pneumoniae 45. However, as the most prevalent sequence 

found at the -35 area of the EF-Tu regulatory regions analyzed was TGC, we 

included this in the SynMyco RR. On the other hand, the Shine-Dalgarno 

region, which is responsible for ribosome docking onto the mRNA, is present 

in only 26% of M. pneumoniae genes. In contrast, in other species such as M. 

agalactiae, it is found in as much as 73% of the coding sequences (Fig. 2B). 

For this reason, we also included a Shine-Dalgarno region in the design of 

the SynMyco RR, using the sequence that is most frequently found in the EF-

Tu regulatory regions analyzed (i.e., 5’-AAAGGA-3’). The complete 

sequence of the SynMyco RR with its main sequence determinants indicated, 

https://paperpile.com/c/ML8f9l/znNh
https://paperpile.com/c/ML8f9l/er58
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is shown in Fig. 2C. 

 

Figure 2. Analysis of regulatory regions found in Mycoplasma species. A) 

Sequence alignment of the EF-Tu regulatory regions of ten selected Mycoplasma 

species. Four main domains are highlighted in boxes: the -35 box, Pribnow box, the 

RBS sequence and the Translation Starting Codon. In addition, the experimentally 

determined Transcriptional Start Site (TSS) is also shown for the M. pneumoniae 

regulatory region. B) Bar plot representing the fraction of RBS-positive genes 

normalized by the total number of genes per genome in 21 different Mycoplasma 

species. C) Sequence of the SynMyco regulatory region. The boxes highlight the same 

domains shown in panel A, plus the extended Pribnow domain, and the expected TSS 

inferred from the one experimentally determined in M. pneumoniae. 

 

3- A transposon vector carrying the SynMyco Regulatory 

Region dramatically increases transformation efficiency  

 



 
 

Taking the widely employed pMTnGm vector as reference (Fig. 3A), we 

constructed a new transposon vector termed pMTnGm-SynMyco in which 

both the transposase and the gentamicin resistance coding genes were placed 

under the control of the SynMyco RR (Fig. 3B). Subsequently, we used this 

vector to determine whether TE is higher with pMTnGm-SynMyco than with 

pMTnGm. To this end, cultures of M. pneumoniae, M. agalactiae, M. 

gallisepticum, and M. feriruminatoris were transformed in parallel with both 

vectors. 

We did not find significant differences in TE for M. pneumoniae when 

transformed with either of the two vectors (Fig 3C), which is not surprising 

taking into consideration that M. pneumoniae already showed a high TE with 

the pMTnGm vector. Therefore, these data suggest that the expression levels 

obtained with the regulatory regions of the pMTnGm vector were already 

enough to saturate the system in this strain. 

On the other hand, the TEs obtained with the pMTnGm-SynMyco vector 

were significantly higher (p < 0.05) in all other species when compared with 

the TEs obtained with the pMTnGm vector. In particular, for M. 

gallisepticum, we observed a 30-fold increase in TE, obtaining more than 106 

mutants when transformed with pMTnGm-SynMyco (Fig. 3D). 

For M. feriruminatoris, the strain showing the worst TE with pMTnGm (less 

than 100 total transformed cells per replicate), we observed a 980-fold 

increase in TE when transformed with pMTnGm-SynMyco, resulting in more 

than 90,000 individual clones carrying a transposon insertion (Fig. 3E). 

Lastly, for M. agalactiae, we found that whereas with the pMTnGm vector 

we usually observed slightly more than 200 transformed cells per replicate, 

we obtained more than 3x105 insertion mutants when transformed with 

pMTnGm-SynMyco, a value that represents an increase in TE of more than 

1036 times (Fig. 3F). 
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Thus, when transforming these Mycoplasmas strains with the pMTnGm 

vector, we can classify them into three different groups according to their 

TEs. The first group is the high efficiency group and contains M. pneumoniae, 

which showed a TE of 10-3. This is followed by the intermediate TE group 

(i.e. 10-5-10-6) composed of M. agalactiae and M. gallisepticum, and finally 

by the low TE group (i.e. 10-9) with M. feriruminatoris as the representative. 

In contrast, when transforming with the pMTnGm-SynMyco vector, we are 

only able to distinguish a high TE group (composed of M. pneumoniae, M. 

agalactiae and M. gallisepticum) and an intermediate TE group, (M. 



 
 

feriruminatoris alone).

 

Figure 3. Comparison between the transposon TE obtained with pMTnGm and 

pMTnGm-SynMyco in four different Mycoplasma species. A) Scheme of the key 

modules of the pMTnGm transposon. B) Scheme of the key modules of the pMTnGm-

SynMyco transposon. For both A) and B) the abbreviations that appears in the figure 

are: Tnp for transposase coding gene, Amp for ampicillin resistance coding gene, IR 

for inverted repeats, ColE1 ori for ColE1 origin of replication and GmR for 

gentamicin resistance coding gene. C) Bar plot representing the average CFUs of M. 

pneumoniae resistant to gentamicin (in logarithmic scale) obtained for three 

independent transformation replicates carried out with either pMTnGm (left side of 
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each panel) or pMTnGm-SynMyco (right side of each panel). For each group of bars, 

the average of TE (CFU resistant to gentamicin / total CFU viable after 

transformation) is displayed on top. The fold change in TE is indicated over pink 

arrows connecting both sides of each panel. One-tailed t-test p-values are indicated 

with one asterisk (*) when p <0.05 for TE obtained with pMTnGm-SynMyco vector 

compared to the TE obtained with pMTnGm vector. Similar bar plots are shown in 

D) for M. gallisepticum, E) for M. feriruminatoris and F) for M. agalactiae. 

 

It should be noted that although TE is consistently increased in M. 

gallisepticum, M. feriruminatoris and M. agalactiae when transformed with 

pMTnGm-SynMyco vector, the actual numbers of total mutants obtained 

might be further increased by carefully optimizing the transformation 

protocol for each species, something that we have not addressed in this study. 

In addition, while we have generated only a gentamicin version of the 

SynMyco transposon, we hypothesized that the other resistance markers 

available for Mycoplasmas (i.e. chloramphenicol, puromycin and 

tetracycline) 18 and already implemented in native Tn4001 transposon-

derived vectors, might in the future be included in pMTnGm-SynMyco vector 

in substitution of the gentamicin resistance gene. This would allow the 

generation of a set of four different transposon vectors highly efficient in a 

broad range of Mycoplasmas. Furthermore, as was recently shown for M. 

genitalium, resistance genes can also be flanked by lox sites in vectors 

carrying the SynMyco RR thereby allowing the recycling of antibiotic 

markers when employing protocols that require the iterative use of transposon 

insertion mutagenesis 46. 

 

4- Strength comparison of SynMyco Regulatory Region and 

those in the native pMTnGm vector. 

 

In all species tested, the number of transformed cells was higher when 

transformed with pMTnGm-SynMyco vector than with unmodified 

pMTnGm vector. These results suggested that the protein yields of the 

https://paperpile.com/c/ML8f9l/rt97
https://paperpile.com/c/ML8f9l/BXm4


 
 

transposase and/or the protein conferring resistance to gentamicin were major 

determinants of the TE. In order to find out which of the two gene products, 

or both, were responsible for the increase in TE, we developed a reporter 

assay. This reporter assay allows quantification of the relative strength of 

SynMyco RR compared with the regulatory regions driving the expression of 

the transposase (i.e. Tnp RR) and the gentamicin resistance gene (i.e. Gm 

RR) in the native pMTnGm vector. To this end, we created three different 

vectors derived from the pMTnGm-SynMyco in which the genes coding for 

the mCherry and Venus fluorescent proteins were introduced for 

quantification and normalization purposes, respectively. The region 

controlling the expression levels of the mCherry protein varies between the 

three different vectors, being either SynMyco RR, Tnp RR or Gm RR, 

whereas the regulatory region controlling the expression of Venus reporter is 

constant in all the constructs, being always SynMyco RR (Fig. 4A). The three 

different constructs were transformed in all of the species studied in this 

work. Subsequently, the ratio between mCherry fluorescence and Venus 

fluorescence allowed us to determine the relative strength of each regulatory 

region in M. pneumoniae (Fig. 4B), M. gallisepticum (Fig. 4C), M. 

feriruminatoris (Fig. 4D) and M. agalactiae (Fig. 4E). 

In all species, the ratio between mCherry and Venus fluorescence is close to 

1 (i.e. 0.9 for M. pneumoniae, 1.1 for M. gallisepticum, 1.1 for M. 

feriruminatoris and 1.3 for M. agalactiae) when both reporters were under 

control of the SynMyco RR. Interestingly, in M. gallisepticum and M. 

feriruminatoris, the ratio is also close to one when mCherry is under control 

of Gm RR (i.e. 1 for M. gallisepticum and 1.1 for M. feriruminatoris) but 

drastically drops when the expression of mCherry is driven by Tnp RR (i.e. 

0.2 for M. gallisepticum and 0.03 for M. feriruminatoris). Altogether, these 

data suggest that in these two species, when transforming with pMTnGm or 
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pMTnGm-SynMyco vectors, the difference in TE would be due to the 

expression level of the transposase gene and not the antibiotic resistance gene. 

Poor performance of Tnp RR was also observed in M. pneumoniae and M. 

agalactiae as indicated by the low fluorescence ratio observed when mCherry 

is under control of Tnp RR (i.e. 0.1 for M. pneumoniae, and 0.1 for M. 

agalactiae). Moreover, in contrast to M. gallisepticum and M. feriruminatoris 

where Gm RR and SynMyco RR provide similar protein yields, in M. 

pneumoniae and M. agalactiae the fluorescence ratio is also reduced when 

the expression of mCherry is driven by Gm RR (i.e. 0.1 for M. pneumoniae 

and 0.2 for M. agalactiae). Thus, in M. pneumoniae and M. agalactiae, 

SynMyco RR outperforms not only Tnp RR but also GmRR in terms of 

protein yields. 



 
 

 

Figure 4. Comparison of the SynMyco RR efficiency versus the native regulatory 

regions of pMTnGm transposon. A) Scheme of the key modules of (i) pMTnGm-

SynMyco+SynMyco RR-Venus+SynMycoRR-mCherry transposon, (ii) pMTnGm-

SynMyco+SynMycoRR-Venus+Gm RR-mCherry transposon and (iii) pMTnGm-

SynMyco+SynMyco-Venus+TnpRR-mCherry transposon. The abbreviations that 

appear in the figure are: Tnp for transposase coding gene, Amp for ampicillin 

resistance coding gene, IR for inverted repeats, ColE1 ori for ColE1 origin of 

replication, GmR for gentamicin resistance coding gene, Venus for Venus protein 

coding gene and mCherry as mCherry protein coding gene. B) Bar plot representing 

the ratio obtained in M. pneumoniae for mCherry/Venus fluorescence using 

transposons represented in panel A. In blue, mCherry coding gene is under the 

control of SynMyco RR. In gold, mCherry coding gene is under the control of Gm 
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RR. In brown, mCherry coding gene is under the control of Tnp RR. On the top of 

each bar in pink, the average ratio of mCherry/Venus fluorescence obtained for each 

of the constructs in three replicates. One-tailed t-test p-values are indicated with one 

asterisk (*) in pink when p <0.05 for the ratio of mCherry/Venus under the control 

of SynMyco RR versus either Gm RR or Tnp RR. Similar bar plots are shown in C) 

for M. gallisepticum, D) for M. feriruminatoris and E) for M. agalactiae. 

 

It has not escaped our notice that the reporter assay shows the same 

expression profile for M. agalactiae and M. pneumoniae, whereas TE upon 

using pMTnGm-SynMyco is only drastically increased in M. agalactiae (i.e. 

1036 fold change) but not in M. pneumoniae (i.e. 1.1 fold change). We 

hypothesized that this observation might be related with the different 

doubling times of the species. Slow dividing species, such as M. pneumoniae, 

would have more time to deliver the transposon cargo into the chromosome 

before cell duplication starts to dilute the plasmid within the growing 

population. In contrast, in species dividing faster, such as M. agalactiae, a 

quick transposition into the chromosome mediated by high expression levels 

of the transposase coding gene would represent an advantage to avoid the 

dilution effect associated with cell division and thus would lead to an 

increased TE. An alternative or complementary hypothesis is that M. 

pneumoniae might be somehow more permissive than the other species for 

the presence of extrachromosomal elements inside the cell. In this scenario, 

a fast transposition into the chromosome mediated by high expression levels 

of the transposase coding gene would represent a greater advantage for the 

other mycoplasma strains than for M. pneumoniae. 

In summary, our reporter assay shows that SynMyco RR is efficiently 

recognized in all the species tested, and suggests that the factor limiting the 

TE with native pMTnGm vector in most Mycoplasma species is the 

expression of the transposase coding gene. 

 



 
 

5- Unblocking the global study of essential and dispensable 

genes in M. agalactiae 

 

To the best of our knowledge, studies regarding essentiality in Mycoplasmas 

have only been published so far for M. genitalium 8, M. pneumoniae 6, 

Mycoplasma pulmonis 47, Mycoplasma bovis 10 or Mesoplasma florum 48. 

However, while for M. pneumoniae almost 350,000 unique transposon 

insertion mutants have been tracked, the other studies analyzed a substantially 

lower number of clones. For instance, the M. bovis study only obtained 319 

mutants, representing one insertion every 3,145 bp of the total genome 10, and 

the study in M. genitalium analyzed around 3,300 mutants, showing an 

insertional coverage of one disruption every 175 bp 8. Obviously, the 

accuracy of the assignment of genes to each one of the three categories of 

essentiality (i.e. essential (E), non-essential (NE), and fitness (F)) is directly 

related to the insertional coverage of the transposon mutagenesis. Moreover, 

the existence in bacteria of small open reading frame-encoded polypeptides 

(i.e., Short open reading frame-Encoded Proteins, also known as SEPs) as 

short as 11 amino acids in length is becoming widely accepted 49. Thus, high 

transposon TE is necessary to study the essentiality of these SEPs 6,50. 

To illustrate the potential that our pMTnGm-SynMyco vector could have in 

the study of a broad range of Mycoplasma species, we decided to perform an 

essentiality study for M. agalactiae 7784, a strain for which no essentiality 

map is currently available. First, we sequenced, assembled and annotated for 

the first time the genome of this strain. Then, after transforming the strain 

with pMTnGm-SynMyco vector we were able to map 199,723 transposon 

insertions to the M. agalactiae genome, with a estimated genome size of 

853,960. This represents ~23.3 insertions every 100 bp, which is around half 

of the coverage observed in M. pneumoniae 6 (354,447 transposon insertions 

mapped, representing ~ 43 insertions every 100 bp) but still substantially 

https://paperpile.com/c/ML8f9l/nFVV
https://paperpile.com/c/ML8f9l/oVVx
https://paperpile.com/c/ML8f9l/vwoP
https://paperpile.com/c/ML8f9l/CHrn
https://paperpile.com/c/ML8f9l/61DA
https://paperpile.com/c/ML8f9l/CHrn
https://paperpile.com/c/ML8f9l/nFVV
https://paperpile.com/c/ML8f9l/uObW
https://paperpile.com/c/ML8f9l/oVVx+VhBZ
https://paperpile.com/c/ML8f9l/oVVx
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higher than the ones reported in other essentiality studies (Fig. 5A and Fig. 

5B).  

 

Figure 5. Essentiality study in M. agalactiae using the pMTnGm-SynMyco 

transposon and a comparison with previous studies in M. pneumoniae. A) Genome 

disruption profile for M. pneumoniae. The y-axis represents the logarithmic average 

of total reads covering a window of 1,000 bp (x-axis). B) Genome disruption profile 

for M. agalactiae representing the same information as in the previous panel. C) 

Insertion density by gene distribution in M. pneumoniae (dark blue) and M. 

agalactiae (light blue). The x-axis represents the percentage of bp in a gene that are 

disrupted and the y-axis the frequency of densities in the distribution. To better 

compare M. pneumoniae and M. agalactiae transposon insertion distributions, we 

standardized both distributions using min-max scaling. D) Box-plot representing the 

statistical comparison of specific subsets of genes expected to be essential (E) and 

non-essential (NE) in M. pneumoniae (gray) and M. agalactiae (green). The asterisk 

in gray represents p-value < 0.05 (3.62 e-41) when comparing density of insertions of 

E and NE coding genes in M. pneumoniae. The asterisk in green represents p-value 

< 0.05 (1.20 e-20) when comparing density of insertions of E and NE coding genes in 

M. agalactiae.  

 

When considering the frequency of insertions per gene, we observed a 

bimodal distribution separating essential from non-essential genes in both 

strains (Fig. 5C). Next, we explored the insertional profile at the gene level 



 
 

using sets of known E and NE genes as inferred from the reference 

essentiality study in M. pneumoniae 6. Whereas for M. pneumoniae the 

training sets for E and NE genes comprise 27 and 28 genes respectively, for 

M. agalactiae we generated dedicated training sets based on bibliography 

containing 32 E genes and 17 NE genes. When comparing the average density 

of insertions between E and NE genes in M. pneumoniae and M. agalactiae, 

we observed that the two groups were significantly different within each 

species (two-tailed t-test with equal variances, p-values equal to 1.42e-47 and 

1.05e-20, respectively; Fig. 5D). Taken altogether, we were able to assign one 

category for 689 genes found in the M. agalactiae 7784 genome: E (43.98% 

of genes), F (25.25% of genes) or NE (30.77% of genes) (see supplementary 

table 8), in line with the percentage of E (49.28%), F (13.40%) and NE 

(37.32%) genes obtained for M. pneumoniae 6. 

When M. agalactiae essential genes were classified according to the cluster 

of orthologous groups (COG) functional categories annotation system, we 

found that the categories that were significantly enriched in essential genes 

were: (i) protein coding genes involved in translation, ribosomal structure and 

biogenesis, (ii) functional RNAs, (iii) protein coding genes without assigned 

COG category and (iv) protein coding genes with unknown function (see 

Supplementary table 8). 

However, for the purposes of this work it is more relevant to compare the 

essentiality map of M. agalactiae at high density of insertions with one 

obtained with low density to illustrate the importance of high coverage. 

Unfortunately, there is no essentiality study done in M. agalactiae, but there 

is a low coverage analysis in its closely related specie M. bovis PG45 10 (319 

transposon insertional mutants individually sequenced, versus more than 

199,000 transposon insertions analyzed by deep sequencing in our study). 

Sequencing of individual insertion clones is useful to classify the genes 

within the F-NE categories (i.e. genes disrupted by a transposon insertion) 

https://paperpile.com/c/ML8f9l/oVVx
https://paperpile.com/c/ML8f9l/oVVx
https://paperpile.com/c/ML8f9l/CHrn
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but cannot distinguish between both. Examples of this limitation are the genes 

coding for a tRNA modification GTPase and for the deoxyribonuclease IV. 

In the M. bovis essentiality study, both genes (i.e. MBOVPG45_0060 and 

MBOVPG45_0301) were classified as NE given the isolation of individual 

clones carrying insertions within their coding region. However, our 

essentiality study based on the analysis of at least 600 times more mutants 

than the one of M. bovis and mapped by ultra sequencing classified these two 

genes (i.e. MAGA7784_RS00280 and MAGA7784_RS02715) as F in M. 

agalactiae. This implies that although these genes are non-essential, their 

disruption cause a growth impairment of these particular clones at least for 

M. agalactiae, something that cannot be directly measured by genomic 

sequencing of transposon insertion in a limited number of clones.  

Moreover, aside from its lack of accuracy in distinguishing between NE and 

F genes, the main limitation of small transposon libraries is related with E 

genes. Specifically, the low coverage of these libraries makes it difficult to 

ascertain whether a gene is free of insertions because of its essential character 

or as a result of the randomness of the integration and/or low sampling of the 

mutants. Indeed, only two genes were suggested by the authors as highly 

probable essential genes in the M. bovis study, MBOVPG45_0337 and 

MBOVPG45_0710, coding for an ATP-binding protein and SGNH/GDSL 

hydrolase, respectively. This assumption was based on the lack of clones 

carrying a transposon insertion within the coding regions of these genes in 

spite of their large size (i.e. 3420 bp for MBOVPG45_0337 and 8013 bp for 

MBOVPG45_0710). Nonetheless, it should be noted that the insertional 

coverage of the mutant library of this study, with one insertion every 3145 bp 

of the genome on average, is in the same range of these genes in terms of size. 

In our M. agalactiae essentiality study, the orthologue of the SGNH/GDSL 

hydrolase coding gene (i.e. MAGA7784_RS03410) was found E, confirming 

the hypothesis of the M. bovis report. In contrast, the gene coding for the ATP 



 
 

binding protein (i.e. MAGA7784_RS02615) was determined as NE as 

indicated by the presence of 891 transposon insertions within its sequence. 

This suggests that the absence of clones carrying an insertion within 

MBOVPG45_0337 gene is most likely a consequence of the low coverage of 

the insertional library, rather than the gene being truly essential in M. bovis. 

Furthermore, the limitation of low coverage libraries to assign a truly E 

character for a given gene is even more evident with small coding sequences. 

For instance, in M. bovis there were no clones found to carry a transposon 

insertion within the coding sequences of genes MBOVPG45_0043 (582 bp) 

or MBOVPG45_0596 (963 bp), coding for sigma-70 RNA polymerase factor 

and Holliday junction branch migration DNA helicase ruvB, respectively. 

This might indicate that these genes are E. However, homologues of these 

genes are fully covered with transposon insertions not only in M. agalactiae, 

(MAGA7784_RS00215 and MAGA7784_RS01205) but also in M. 

pneumoniae (MPN626 and MPN536), suggesting the lack of insertions in the 

M. bovis study is more likely related with the small size of the genes rather 

than with their essential character. All of these examples illustrate the 

importance of high coverage transposon insertion libraries for the appropriate 

category assignment of a given gene, something that can be only achieved 

with efficient transposon vectors such as pMTnGm-SynMyco. 

In conclusion, we demonstrate that the regulatory regions driving the 

expression of the transposase and the resistance genes have a tremendous 

impact on the TE achieved after vector transformation. Although problems 

derived from poor recognition of vector regulatory regions can be avoided 

with transformation procedures based on purified transposases 51, it should be 

noted that not all transposases are commercially available and their cost might 

limit use in many research groups. Indeed, screening libraries of regulatory 

regions for the key elements of transposon vectors has already been shown to 

be a useful strategy to produce a moderate increase (i.e., around one order of 

https://paperpile.com/c/ML8f9l/N4DG
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magnitude) in the TE of different bacteria 52. However, an approach such as 

the one followed in our study involving rational design of regulatory regions 

rather than the screen of a limited number of variants might be more effective 

in increasing TE. In fact, we have seen that the pMTnGm-SynMyco vector 

significantly increases the TE in three phylogenetically distant Mycoplasma 

species. For this reason, we hypothesize that this vector might improve the 

reported TE in all species belonging to the Mycoplasma genus. Even though 

we have shown that the SynMyco regulatory region is efficiently recognized 

in different species, it cannot be excluded that other designs of regulatory 

regions could also lead to an increase in TE. As exemplified in this work with 

M. agalactiae, the higher TE obtained using this vector may unblock the 

development of new essentiality maps for other Mycoplasma species, and 

thereby promote global knowledge of these interesting microorganisms. In 

addition, the higher insertional coverage obtained with the pMTnGm-

SynMyco vector should facilitate the isolation of clones of interest from 

libraries of insertional mutants, an advancement which may boost gene-

function assignments in Mycoplasma species that have been poorly studied 

so far.  

 

Materials and methods 
 
Bacteria strains and culture conditions.  
For wild-type M. pneumoniae, the strain M129 (ATTC 29342, subtype 1, 

broth passage no. 35) was used. Wild-type M. agalactiae 7784 was kindly 

provided by Christine Citti. Wild-type M. gallisepticum R high was kindly 

provided by Michael Szostak 25. Wild-type Mycoplasma feriruminatoris 

G5847 was kindly provided by Carole Lartigue 26. All strains were grown at 

37ºC in standard Hayflick medium supplemented with 100 µg/mL ampicillin 

and phenol red (0.005% w/v). M. agalactiae standard Hayflick culture was 

supplemented with sodium pyruvate (0.5%, pH 7.6, Sigma-Aldrich). M. 

feriruminatoris, M. agalactiae and M. gallisepticum were grown in 

suspension (180 rpm, 37ºC). M. pneumoniae was grown without shaking at 

37ºC and with 5% CO2. 

 

https://paperpile.com/c/ML8f9l/MeqV
https://paperpile.com/c/ML8f9l/IHuV
https://paperpile.com/c/ML8f9l/1jaf


 
 

Plasmids.  
The plasmids were generated following the Gibson assembly method 27. The 

list of plasmids as well as a detailed description of the procedure followed to 

build all the constructs are described in Supplementary table 1. For plasmid 

generation, DNA was isolated from NEB® 5-alpha High Efficiency 

(C2987P). The clones were isolated using LB agar + ampicillin (100 µg/mL) 

plates and confirmed by sequencing (GATC biotech). The list of all the 

primers used in this study for the generation of the plasmids can be found in 

Supplementary Table 2. 

 

Transformation protocol.  
Transformation procedures were initially based on methods previously 

described but later slightly modified 24. For M. feriruminatoris, M. agalactiae 

and M. gallisepticum cultures, 10-ml log-phase cultures were harvested at 

10,000 g for 10 minutes at 4ºC. The medium was removed and 10 ml of fresh 

Hayflick was added. After three hours, the culture was centrifuged at 10,000g 

at 4ºC and then washed three times with chilled electroporation buffer (EB; 

272 mM sucrose, 8 mM HEPES, pH 7.4) before final resuspension in 300 µl 

chilled EB. After mixing 50 µL of cells with 1.5 µg of DNA and incubating 

for 20 minutes on ice, the mix was transferred into 0.1-cm electro cuvettes 

and electroporated in a BIO-RAD Gene Pulser Xcell apparatus. For M. 

pneumoniae (i.e. adherent strain) cells were grown in a 75-cm2 tissue flask 

containing 20 mL of fresh Hayflick and incubated at 37ºC under 5% CO2 

until late exponential phase. Cells were washed twice, resuspended in 

precooled EB, scraped off and passed through a 25-gauge (G25) syringe 

needle 10 times. Aliquots of 50 µl of cells in 0.1-cm cuvettes with 1.5 µg of 

the corresponding plasmid were kept on ice during 20 minutes. The 

electroporation settings were common for all strains: 1250 V / 25 µF / 100 Ω. 

Immediately after the pulse, 420 µl of fresh Hayflick was added to the cells. 

Subsequently, the cells were incubated at 37ºC before seeding on agar plates. 

The incubation time was 30 minutes for M. feriruminatoris, 90 minutes for 

M. agalactiae and M. gallisepticum and 120 minutes for M. pneumoniae.  

 

Determination of transformation efficiency in Mycoplasma 
species.  
After incubating the transformations at 37ºC during the above-mentioned 

time depending on the strain, 10-fold serial dilutions of the cultures were 

performed (from -1 to -8). The dilutions were made in a total volume of 100 

µl and 10 µl of each dilution was plated onto Hayflick 0.8% agar plates. 

Transformations done with pMTnGm or pMTnGm-SynMyco vectors were 

counted on agar plates supplemented with 100 µg/mL gentamicin. 

Transformations done with pMTnCm vector were selected in agar plates 

supplemented with 20 µg/mL chloramphenicol. The mutant counts refer to 

https://paperpile.com/c/ML8f9l/SXez
https://paperpile.com/c/ML8f9l/jzh5
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mutants per transformation, where the final volume is 500 µl. Transformation 

efficiency (TE) is defined as the ratio of colony forming units (CFUs) counted 

on antibiotic supplemented plates (i.e., transformed cells carrying a 

transposon insertion) to non-supplemented plates (i.e., viable cells after 

transformation). To assess differences in TE between pMTnGm and 

pMTnCm, one-tailed paired t-tests were applied to three different 

experimental replicates for each strain employed in the study. As the mutants 

obtained for M. agalactiae, M. gallisepticum and M. feriruminatoris using 

pMTnCm transposon were below the limit of detection, for the statistical 

analysis the number of mutants obtained was set to 49 CFU per batch, a value 

that corresponds to the maximum number of CFU under the limit of detection 

for each species. The p-values obtained for TE differences between pMTnGm 

and pMTnCm were 0.470, 0.186, 0.026 and 0.067 for M. feriruminatoris, M. 

agalactiae, M. gallisepticum and M. pneumoniae, respectively (for the raw 

data of these transformations as well as the statistical analysis see 

supplementary table 3). The same statistical approach was applied to compare 

TE obtained with pMTnGm versus pMTnGm-SynMyco in three different 

experimental replicates for each species employed in the study (p-values of 

1.49x10-4, 4.28x10-2, 4.97x10-2, and 0.325 for M. feriruminatoris, M. 

agalactiae, M. gallisepticum and M. pneumoniae respectively). Data of TEs 

obtained with pMTnGm and pMTnGm-SynMyco as well as the statistical 

analysis are shown in supplementary table 4.  

 

Phylogenetic analysis of selected Mycoplasma species 

For the generation of the phylogenetic tree, 21 Mycoplasma species were 

selected. DNA sequences encoding the 16S rRNA of each species were 

aligned using multiple sequence alignment by ClustalW. For those species 

containing more than a single copy coding for the 16S rRNA we selected one 

of the copies arbitrarily. The evolutionary history of these microorganisms 

was inferred using the Neighbor-Joining method 28. The optimal tree with the 

sum of branch length = 0.91 is shown. The percentages of replicate trees in 

which the associated taxa clustered together in the bootstrap test (500 

iterations) are shown next to the branches. The evolutionary distances were 

computed using the Maximum Composite Likelihood method 29,30 and are in 

the units of the number of base substitutions per site. Codon positions 

included were 1st + 2nd + 3rd + Non coding. All positions containing gaps 

and missing data were eliminated. There were a total of 1,464 positions in the 

final dataset. Evolutionary analyses were conducted in MEGA X 31. The 21 

different DNA sequences coding for 16S rRNA and the accession number of 

the species to which they belong are listed in Supplementary Table 5, except 

for M. feriruminatoris whose assembled genome sequence was kindly 

provided by Dr. Carole Lartigue.  

https://paperpile.com/c/ML8f9l/XBZR
https://paperpile.com/c/ML8f9l/h3LC+Qc1S
https://paperpile.com/c/ML8f9l/TWMW


 
 

Ribosome Binding Site inclusion along different 
Mycoplasma species. 

As a reference we used the same set of 21 Mycoplasma species that were used 

to build up the phylogenetic tree. Specifically, for each species we extracted 

the 15 bases before the start codon of all their annotated genes. Within these 

sequences, we then checked for the presence of any of the subsequences 

reported to be RBS 32. This list included: GGA, GAG, AGG, AGGA, GGAG, 

GAGG, AGGAG, GGAGG, AGAAGG, AGCAGG, AGGAGG, AGTAGG, 

AGGCGG, AGGGGG, and AGGTGG. Inclusion was represented as the 

percentage of genes in a bacterial species that included one of these RBS 

motifs (for the percentage of RBS inclusion of the species of the work see 

Supplementary table 6). 

 

Strength evaluation of native regulatory regions driving the 
expression of the transposase and gentamicin resistance 
gene in pMTnGm, and comparison with SynMyco regulatory 
region in different Mycoplasma species.  
Three different reporter plasmids containing the mCherry coding sequence 

under the control of the three different regulatory regions (i.e. pMTnGm-

SynMyco+SynMyco RR-Venus+SynMyco RR-mCherry, pMTnGm-

SynMyco+SynMyco RR -Venus+ GmR-mCherry and pMTnGm-SynMyco+ 

SynMyco RR-Venus+Tnp RR-mCherry) were generated. These plasmids 

contain genes coding for two fluorescent proteins (i.e. Venus and mCherry). 

These proteins have fused in its N-terminal part the mp-200 sequence, a 29 

amino acid signal from M. pneumoniae MPN391a gene that has been 

previously fused to Venus and mCherry sequences to improve protein 

stability 33. Whereas the gene coding for the Venus fluorescent protein was 

included for normalization purposes in all constructs under the control of 

SynMyco RR, the gene coding for mCherry has been placed under the control 

of three different regulatory regions depending on the construct: a) the 

SynMyco RR, b) the 150 bp upstream region of the transposase coding gene 

(Tnp RR) and c) the 150 upstream region of the gentamicin resistance coding 

gene (Gm RR). 

All constructs were transformed in M. agalactiae, M. gallisepticum, M. 

feriruminatoris and M. pneumoniae following the protocol described above. 

To generate a primary stock of the transformations, from each 500 µl batch 

100 µl was inoculated in a flask containing 5 mL of Hayflick medium 

supplemented with 100 µg/mL gentamicin for M. pneumoniae, while for the 

other non-adherent strains the 100 µl was inoculated in 50 ml Falcon tubes 

(Fisher Scientific, 14-432-22) filled with 10 mL of Hayflick medium 

supplemented with 100 µg/mL gentamicin. When cultures were grown, the 

total biomass was resuspended in one mL of Hayflick medium and stored at 

-80ºC.  

https://paperpile.com/c/ML8f9l/nxOU
https://paperpile.com/c/ML8f9l/CtBC
https://www.fishersci.com/shop/products/falcon-50ml-conical-centrifuge-tubes-2/1443222
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To determine the fluorescence levels of each construct, cultures of the four 

different Mycoplasma strains carrying the three different reporter constructs 

plus a negative control for each strain not carrying any construct were used. 

The cultures were grown as described above using 10 µl of their respective 

primary stocks as inoculum (i.e. around 12 h for M. feriruminatoris, 48 h for 

M. gallisepticum and M. agalactiae and 72 h for M. pneumoniae) and cells 

were harvested and washed twice with chilled PBS buffer until final 

resuspension of the cultures in 500 µl of PBS. Five-fold serial dilutions of the 

final cell suspensions were done, and 100 µl of all dilutions were loaded in 

96 Well Optical Btm Plt Polymerbase Black Lid plates (165305, Thermo 

Scientific).  

The absorbance and fluorescence values were measured using Tecan I-

control 1.9.17.0 Infinite 200. The settings were determined for optimal gain, 

25 flashes and 20 µs of integration time. The fluorescence settings were ƛex 

= 514 nm and ƛem = 574 nm for Venus and ƛex = 550 nm and ƛem = 630 nm 

for mCherry. For each strain, the absorbance at ƛ= 600 nm was measured. For 

the fluorescence analysis we took the data of those wells (i.e. dilutions) in 

which OD600nm absorbance values were between 0.075-0.2; 0.2-0.35; 0.075-

0.4; and 0.22-0.66 for M. feriruminatoris, M. agalactiae, M. pneumoniae and 

M. gallisepticum respectively. These dilutions were selected so that 

fluorescent signals were clearly different from negative controls of each 

strain (i.e. not carrying fluorescent constructs) and proportional to the 

absorbance (i.e. not saturating signals). Fluorescence arbitrary units (AU) 

measured for Venus and mCherry were normalized to OD600nm for each 

condition (Venus AU / OD600 and mCherry AU / OD600) to obtain normalized 

fluorescence AU. For each of the four strains of the work, the mCherry and 

Venus fluorescence levels of WT cells (i.e. not carrying any fluorescent 

construct) were determined and subtracted from the fluorescence values 

obtained for each condition, to obtain subtracted AU. Finally, to compare the 

strength of all regulatory regions analyzed we calculated for each strain the 

ratio between normalized and subtracted mCherry UA / normalized and 

subtracted Venus UA. Statistical paired t-test analysis with one-tailed 

distribution was performed for each strain comparing the ratio of mCherry 

AU/ Venus AU for a) SynMyco-mCherry vs Gm RR-mCherry and b) 

SynMyco-mCherry vs Tnp RR-mCherry. For the data of the strength 

evaluation of SynMyco RR and the native RR driving the expression of the 

gentamicin and the transposase coding genes in the native pMTnGm as well 

as the statistical analysis see Supplementary table 7. 

 

M. agalactiae pMTnGm-SynMyco transformation for 
essentiality study.  
M. agalactiae was transformed using the pMTnGm-SynMyco transposon 

following the protocol described above. Two hours after the transformation, 



 
 

⅘ parts of the total 500 µl batch were inoculated into 10 mL Hayflick + 0.5% 

sodium pyruvate (Sigma-Aldrich P8574-5G) + 100 µg/mL gentamicin. After 

24 hours at 37ºC, the culture was centrifuged for 10 minutes at 10,000g. The 

supernatant was discarded and the cells were collected in 500 µl of Hayflick 

constituting passage 1 of the transformation. The procedure described above 

was repeated two more times until passage 3, using a volume of 8 µl of the 

immediately preceding passage, to grow all the passages (1/62.5 dilution). 

Taking into account the doubling time of M. agalactiae (4-5 hours), and the 

passages performed the expected number of cell divisions in passage 3 is 20. 

From passage 3, 350 µl out of the total 500 µl were taken to extract genomic 

DNA using the MasterPure Complete DNA & RNA Purification Kit 

(MC85200, Lucigen) following the protocol described by the manufacturer.  

 

Genome assembly and de novo annotation for M. agalactiae 
7784.  
M. agalactiae was grown 48 hours in 25 mL of Hayflick medium 

supplemented with sodium pyruvate at 37°C as previously described. After, 

the genomic DNA was isolated using the MasterPure Complete DNA & RNA 

Purification Kit (MC85200, Lucigen) following the protocol described by the 

manufacturer. The genomic DNA was sheared to 200-300 bp fragments using 

a Covaris S2 device. Then, paired-end Illumina libraries were created 

following previously described protocols 34 and the size selected was 125 bp. 

The resulting libraries were quantified on an Agilent Bioanalyzer chip 

(Agilent Technologies). Double-stranded templates were amplified and 

sequenced on an Illumina GAII. Raw reads were analyzed using the FastQC 

tool (website: http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc) for 

assessing the quality and the presence of adapters. Contigs were de novo 

assembled using ABySS 35 and M. agalactiae 5632 genome as annotation 

reference resulting in 159 contigs with average length of 5,511 base pairs. In 

total, 503 genes present in M. agalactiae 5632 displayed homologs within 

contigs of M. agalactiae 7784. We increased this value up to 689 with a 

specific BlastN search where we restrictively selected hits with an alignment 

length greater than 95% and a e-value less than 1x10-5. This allowed us to 

provide a more accurate list of genes presented by the strain of interest, to 

assign putative functions by homology as well as to detect gene duplications 

in the studied genome. We observed that 12 contigs were informative enough 

to capture a set of 689 genes. This set of contigs averaged 71,163 bp each in 

length and 853,960 bp in total. The latter value was considered to be the 

genome size for M. agalactiae 7784. The raw data of DNAseq, genome 

assembly and de novo annotation has been submitted as BioProject under 

accession PRJNA528179. 

 

https://paperpile.com/c/ML8f9l/1PWz
http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc
https://paperpile.com/c/ML8f9l/l5WY
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Sequencing of M. agalactiae 7784 transformed with 
pMTnGm-SynMyco.  
Genomic DNA sequencing was performed in the Genomics facility at Centre 

for Genomic Regulation in a HiSeq Sequencing v4 Chemistry controlled by 

Software HiSeq Control Software 2.2.58. Settings, 125 nucleotides in paired-

end format. In the HiSeq sequencing technology from Illumina Genome 

Analyzer, the protocol starts with DNA fragmentation. Then, the fragmented 

DNA is amplified using oligos that add adapters allowing the subsequent 

binding of PCR products to the glass flow cell. Later, the sequencing is 

performed by synthesis cycles, in which a single complementary base for 

each deoxynucleotide (dNTP) is incorporated using a fluorescently labeled 

dNTP. Finally, lasers excite the fluorophores while a camera captures images 

of the flow cell.  

 

Transposon mapping. 

 For M. agalactiae 7784, paired-end sequencing raw reads were filtered to 

remove PCR duplicates using Fastuniq 36. Then, a specific Inverted Repeat 

(IR) associated to the transposon insertion process 

(TTTTACACAATTATACGGACTTTATC, length=26) was trimmed by 

Trimmomatic 37 and then mapped to the reference using Bowtie2 allowing 1 

mismatch 38. Later, we selected paired reads mapped unambiguously with a 

minimum alignment quality of 30 using SAMtools 39. The last step relied on 

shell text processing tools (awk/grep/sed) to identify those pairs where one of 

the reads presented a shorter length than the original read length minus 26 

(expected length if the IR was removed). Position reported represents the first 

mapped position in the chromosome contiguous to the IR. 

 

Essentiality definition and training set generation for M. 
agalactiae and M. pneumoniae 
The essentiality studies were developed using as reference the study 

previously done in M. pneumoniae 6. Specifically, we reanalyzed the T4 

dataset of M. pneumoniae 6. Transposition events are considered to behave as 

random events resembling a Poisson process over large portions of the 

chromosome with a uniform density. The analysis starts with two different 

linear insertion densities (r) for essential (rE) and non-essential genes (rNE). 

These values correspond to the total number of insertions mapped normalized 

by gene length for a training set of genes which, based on prior knowledge, 

we assume are either E or NE and can be used as reference to classify the rest 

of genes. For M. pneumoniae, we used as a training set the same group of 

genes that were defined in its essentiality study 6. In the case of M. agalactiae, 

a new E training set containing 32 genes was generated using the same criteria 

as for M. pneumoniae. For NE genes, we extracted 84 genes with no homolog 

in four closely related species to M. agalactiae: Mycoplasma hyosynoviae, 

https://paperpile.com/c/ML8f9l/tFJQt
https://paperpile.com/c/ML8f9l/tbWVs
https://paperpile.com/c/ML8f9l/t6v8M
https://paperpile.com/c/ML8f9l/qNkr1
https://paperpile.com/c/ML8f9l/oVVx
https://paperpile.com/c/ML8f9l/oVVx
https://paperpile.com/c/ML8f9l/oVVx


 
 

Mycoplasma arthritidis, Mycoplasma pulmonis, and Mycoplasma synoviae. 

Out of this group, we selected 17 genes that had been confirmed as NE in the 

essentiality study done in M. bovis PG45 10 . The probability of a specific 

gene to be essential or not is evaluated predicting two values: PE and PNE using 

formula (1). In this formula, N represents the number of insertions mapped to 

a gene and L the length of that gene. L corresponds to the inner 90% part of 

each gene (removing the 5% in each terminus) since it has been observed that 

these regions allow a higher number of non-disruptive mutations as they 

would not be located in the core regions of the encoded protein. The value of 

r, inferred from the training sets, varies between essential (rE) and non-

essential genes (rNE) and allows us to determine the probability of a particular 

gene to be essential or not with its specific N and L. If PE > 0.0 and PNE = 0.0 

the gene is classified as E (essential), PE = 0.0 and PNE > 0.0 will correspond 

to NE (non-essential), and if both probabilities are non-zero we assume that 

the gene is F (fitness).  

(1)  

After, Clusters of Orthologous Groups (COGs) were associated to the M. 

agalactiae genome using eggNOG-mapper 40 utilizing the DIAMOND 

mapping mode, taxonomic scope set on Firmicutes and prioritizing quality 

over coverage. A subsequent step of manual curation of COG categories was 

performed. For the set of 689 genes found for M. agalactiae 7784, the genes 

included in the training list, the COG category assignment, their essentiality 

assigned class and the statistical analysis see supplementary table 8. 

 
Data availability 
The raw data of DNAseq, genome assembly and de novo annotation was 

submitted as BioProject under accession PRJNA528179. The transposon 

sequencing in Mycoplasma agalactiae dataset can be found in ArrayExpress 

with accession number: E-MTAB-7425. 
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Abstract  

During evolution, each bacterial strain shapes its metabolism in order to 

colonize a diversity of niches. Here we propose an approach to identify active 

metabolic pathways, by integrating gene essentiality analysis and protein 

abundance. As an example, we used two bacterial species (Mycoplasma 

pneumoniae and Mycoplasma agalactiae) that share a high gene content 

similarity yet show significant metabolic differences. After integrating all 

available metabolic knowledge about their enzymes, metabolites and 

reactions, we built detailed metabolic maps of their carbon metabolism. The 

most striking difference being the absence of two key enzymes for glucose 

metabolism in M. agalactiae. We determined the carbon sources that allow 

growth in M. agalactiae and we introduced glucose-dependent growth in M. 

agalactiae to show the functionality of its glycolytic enzymes. By analyzing 

gene essentiality and performing quantitative proteomics, we could predict 

the active metabolic pathways connected to carbon metabolism and show 

significant differences in use and direction of key pathways despite sharing 

the large majority of genes. Comparison between predicted and 

experimentally determined active pathways shows an excellent agreement. 

Thus, protein essentiality profiling using transposon sequencing analysis 

combined with quantitative proteomics and metabolic maps could be used to 

determine activity and directionality of metabolic pathways.  



 
 

Introduction 

Evolution has shaped bacterial metabolism during millions of years, 

allowing these microorganisms to successfully colonize an enormous variety 

of environments, hosts, or tissues within a particular host (Rottem, 2003). 

Aside from its interest from an evolutionary point of view, understanding 

bacterial metabolism is key for a wide variety of applications. For instance, 

bacteria are attractive workhorses for the green production of valuable 

compounds, such as those related with the denim industry, that have been 

classically produced using environmentally hazardous processes (Hsu et al, 

2018). In addition, studying the metabolism of a bacterium is essential to 

understand its interaction with the bacterium’s host. Specifically, it has 

recently been shown that the microbiome metabolism can affect dramatically 

drug pharmacokinetics (Zimmermann et al, 2019), which therefore should be 

taken into account for personalized medicine purposes. Lastly, a detailed 

knowledge of all chemical reactions that take place in a particular strain could 

help to develop attenuated vaccines or bactericidal therapies based on 

selectively toxic metabolic intermediates. 

Understanding metabolism first requires being able to build an accurate 

metabolic map with no dead-end reactions or futile loops. This could be 

hindered by the fact that some metabolic enzymes can use different substrates 

and produce different products. For instance, fructose bisphosphate aldolase 

(Fba) is a key enzyme of the glycolytic pathway that catalyzes the conversion 

of fructose 1,6-bisphosphate (fructose-1,6BP) to dihydroxyacetone 

phosphate (DHAP) and glyceraldehyde phosphate (GAP). However, the 

same enzyme can also perform other less well-known reactions, such as 

conversion of fructose 1-phosphate (fructose-1P) to DHAP and 

glyceraldehyde (GA), or conversion of sedoheptulose 1,7-bisphosphate 

(sedoheptulose-1,7BP) to DHAP and erythrose 4-phosphate (erythrose-4P), 

among others. This catalytic versatility of metabolic enzymes could explain 

https://paperpile.com/c/RMDPwp/VHnO
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why in the experimentally validated metabolic reconstruction performed in 

M. pneumoniae (Yus et al, 2009), some of the predicted reactions were not 

supported by any known enzymatic activity encoded by M. pneumoniae 

genome.  

Here, we addressed whether it is possible to discern active and important 

metabolic pathways using available omics data, such as proteomics and 

transposon-determined gene essentiality. The basis for this hypothesis is that, 

in principle, pathways that produce essential metabolites for the cell must be 

composed of enzymes that are either essential (e.g. cannot be deleted or 

disrupted) or necessary for fitness (e.g. disruption triggers a growth 

impairment). In other words, if the pathway leading to an essential metabolite 

is unique, all enzymes involved should be essential; in contrast, if there is an 

alternative pathway with less capacity or whose use could detract from 

making another important metabolite, the enzymes involved should be for 

fitness. Enzymes involved in pathways that are not actively used under certain 

conditions or that generate non-essential metabolites will be non-essential, 

and their deletion should not compromise bacterial growth. Furthermore, we 

could imagine that, in general proteins in a pathway with no branches should 

exhibit less variation in terms of protein abundance, while proteins upstream 

or downstream of a branching point will have different concentration than 

those in the linear pathway and therefore more variability in terms of protein 

abundance. Depending on the activity of the different branches, protein 

concentrations will be different for each branch. By combining both concepts, 

we potentially would be able to predict the activity and importance of 

metabolic active pathways. This information could be used in metabolic flux 

analysis or bacterial engineering. In fact the use of transposon insertional 

profile analysis have been used in other bacteria for identifying specific 

metabolic genes in a determined condition (Ochsner et al, 2017) or as a tool 

https://paperpile.com/c/RMDPwp/ndxb
https://paperpile.com/c/RMDPwp/ndxb
https://paperpile.com/c/RMDPwp/ndxb


 
 

to validate existing genomic-based metabolic reconstruction and flux balance 

analysis (Yang et al, 2014). 
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Figure 1. Genetic context for selected metabolic genes in M. agalactiae and M. 

pneumoniae. Panel showing genes involved in glycolipids, glycoproteins, arginine, 

and sugar metabolism, and their link to generate DNA or RNA precursors. Blue 

circles indicate orthologous genes present in both species, purple circles, genes 

exclusively present in M. pneumoniae, and yellow circles, genes present only in M. 

agalactiae. Pink indicates assigned genes for which the gene assignation is not 

known. Single asterisks (*) indicate protein-coding genes participating in multiple 

reactions in the cell, and double asterisks (**), protein-coding genes described to 

have multiple functionalities but for which the logics of the pathway architecture (i.e. 

the absence of the antecedent metabolite) hampers the existence of this specific 

function. Arrows connecting different metabolites indicate directionality of chemical 

reactions; molecules or cofactors involved in the different reactions are highlighted 

in squared boxes. 

 

To see whether active metabolic pathways could be inferred from 

proteomics and essentiality data, we selected two bacterial species in the 

Mycoplasma genus: Mycoplasma pneumoniae and Mycoplasma agalactiae, 

which comprises species with streamlined genomes and simplified metabolic 

complexity. For M. pneumoniae, a species that infects the human lung and 

causes atypical pneumonia (Waites & Talkington, 2004), there is a high-

resolution gene essentiality study (Lluch-Senar et al, 2015), metabolic 

reconstruction (Yus et al, 2009), measurement of metabolites and fluxes 

(Maier et al, 2013), metabolic modeling and flux balance analysis (FBA) 

(Wodke et al, 2013). In the case of M. agalactiae, a metabolic analysis with 

isotope tracking using different carbon sources is available for the closely 

related species Mycoplasma bovis (Masukagami et al, 2017). M. bovis and 

M. agalactiae share 89.6% of their genes (Qi et al, 2012) and have a 99% 

sequence similarity in their 16S rRNA (Pettersson et al, 1996). Furthermore, 

for each of the genes involved in carbohydrates, lipids, amino acids, 

nucleotides and vitamins metabolism in M. agalactiae, it has been found an 

orthologous gene in the M. bovis genome evidencing their metabolic analogy 

(Supplementary Table 1). For both bacteria there are high-resolution 
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essentiality studies available (Lluch-Senar et al, 2015 and Montero-Blay et 

al, 2019).  

Here, we first reconstructed the metabolic pathways using genome and 

metabolite information available. Then, we experimentally determined the 

carbon sources that allowed robust growth and determined protein relative 

concentration by mass spectroscopy. Finally we mapped gene essentiality on 

the metabolic maps. Comparisons of the metabolic active pathways predicted 

by our omics analysis with those found in the literature for both bacterial 

species showed an excellent agreement.  

 

Results  

 

Generation of the metabolic maps 

 

We first constructed metabolic maps with all possible enzymes involved in 

carbon metabolism that are capable of producing ATP, as well as with the 

direct branches coming out of them, into nucleotides, lipids, glycolipids, and 

glycoproteins for M. pneumoniae and M. agalactiae (Figure 1).  

For the generation of the metabolic map we used genomics data from M. 

pneumoniae (Himmelreich et al, 1996) and M. agalactiae (Montero-Blay et 

al, 2019). This information was consistent with KEGG database (Kanehisa 

and Goto 2000). Though there are computational methods to fulfil missing 

reactions or existing metabolic gaps (Karp et al, 2018 and Ponce-de-Leon et 

al, 2019), the simplicity of Mycoplasmas with around 700 genes allowed us 

to manually curate the metabolic pathways using the maps for M. pneumoniae 

of Yus et al, 2009 and Wodke et al, 2013 as a reference. A table for 

orthologous genes from M. pneumoniae, M. agalactiae and M. bovis has been 

generated in this work (Supplementary Table 1). 



 
 

Comparative genomics reveals fundamental differences in 

M. agalactiae and M. pneumoniae carbon metabolism 

 

At first glance, M. agalactiae and M. pneumoniae appear to share a common 

core of metabolic reactions (Figure 1, blue circles). However, a more detailed 

look reveals that M. agalactiae has lost some of the pathways involved in 

carbon metabolism during evolution that are present in M. pneumoniae 

(Figure 1, purple circles). Likewise, there are certain enzymatic activities 

missing in M. pneumoniae, which are only encoded by M. agalactiae genome 

(Figure 1, yellow circles).  

M. agalactiae lacks genes encoding transporters involved in the metabolism 

of glucose (ptsG), fructose and mannose (fruA), mannitol (mtlA), and 

glycerophosphocholine (glpU). Accordingly with this lack of transporters, all 

the cytoplasmic processing enzymes whose activity is exclusively involved 

in the metabolism of these carbon sources are also absent in the genome of 

M. agalactiae (i.e. fruK for fructose, mtlD for mannitol and glpQ for 

glycerophosphocholine). The only exception to this is the maintenance of 

cytoplasmic enzymes involved in glucose and mannose metabolism that is 

discussed below.  

Regarding carbon metabolism, M. agalactiae has some unique features. First, 

as indicated above, it lacks a PTS-glucose transporter as well as 

phosphofructokinase (Pfk), and can therefore only enter into glycolysis from 

the phosphate pentose pathway (PPP) or using glycerol-3P. Second, whereas 

the genes encoding lactate dehydrogenase, alcohol dehydrogenase, and 

acetate kinase are present in a single copy in M. pneumoniae genome (i.e. 

MPN674, MPN564, and MPN533, respectively), these same genes are 

duplicated in the M. agalactiae genome 

(MAGA7784_RS00770 / MAGA7784_RS02675, 

MAGA7784_RS02235A / MAGA7784_RS02235B, and 
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MAGA7784_RS00725 / MAGA7784_RS02690 respectively). Third, M. 

agalactiae contains unique genes not present in M. pneumoniae (xfp and 

gpsA). The enzyme D-xylulose 5-phosphate/ D-fructose 6-phosphate 

phosphoketolase (Xfp) reversibly catalyzes the conversion of D-xylulose to 

GAP and acetyl-P. This reaction, which is not present in M. pneumoniae, 

connects the PPP to glycolysis and has been detected in a vast range of 

organisms, from bacteria to yeast (BRENDA: EC4.1.2.9). The GpsA enzyme 

converts reversibly glycerol-3P into DHAP, using NADPH as a reducing 

cofactor. In M. pneumoniae, the reaction connecting glycerol metabolism and 

glycolysis is irreversible and is catalyzed by GlpD, producing H2O2.  

For arginine metabolism, there are genomic but no functional differences 

between the species: M. agalactiae does not carry any gene involved in 

arginine metabolism, while M. pneumoniae contains three genes (i.e. arcA, 

arcB, and arcC) whose protein products could metabolize arginine (to obtain 

one molecule of ATP). However, whereas this pathway is fully active in other 

Mycoplasma species (such as Mycoplasma fermentans), M. pneumoniae has 

lost its ability to metabolize arginine, as indicated by the presence of severe 

truncations in the genes encoding enzymes of this pathway (Rechnitzer et al, 

2013).  

For glycolipid metabolism, both species contain a functional pathway to 

produce UDP-glucose from glucose-6P. However, the conversion of UDP-

glucose to UDP-galactose is only enzymatically supported in M. pneumoniae, 

but not in M. agalactiae. Both metabolites can be used to generate 

glycoproteins as well. In line with this, it has been experimentally 

demonstrated that the levels of UDP-glucose are much higher in the M. 

agalactiae counterpart, M. bovis, than in the M. pneumoniae–related species 

M. gallisepticum (Masukagami et al, 2017). 

Regarding phospholipid production, both organisms share the same set of 

genes. However, M. pneumoniae can only import glycerol through a 

https://paperpile.com/c/RMDPwp/K3YY
https://paperpile.com/c/RMDPwp/K3YY
https://paperpile.com/c/RMDPwp/K3YY
https://paperpile.com/c/RMDPwp/K3YY


 
 

permease (i.e. GlpF), as the predicted ABC transporter for glycerol 3-P 

encoded by its genome has been shown to carry out other functions 

Großhennig et al, 2013). In contrast, aside from the GlpF permease, M. 

agalactiae genome also encodes a dedicated ABC transporter for glycerol 3-

P, that in contrast with the one predicted for M. pneumoniae, shares a high 

homology with the validated glycerol 3-P uptake system form Escherichia 

coli. 

 

Filling gaps in the metabolic map 

 

There are genes present in both species (fba and pgi) whose maintenance in 

M. agalactiae is difficult to explain, given the absence of key enzymes in the 

import and metabolism of glucose. Fba catalyzes the reversible split of 

fructose-1,6BP into DHAP and GAP as part of the glycolytic pathway present 

in M. pneumoniae, and its substrate (i.e. fructose-1,6BP) is produced by Pfk, 

which is absent in M. agalactiae. However, as mentioned in the introduction, 

Fba can also reversibly catalyze the synthesis of sedoheptulose-1,7BP from 

DHAP and erythrose-4P (Vanyushkina et al, 2014) and therefore participate 

in the PPP. This less known enzymatic activity of Fba would explain the 

absence of transaldolase coding gene in both species as well as in other 

Mycoplasma species (Kamminga et al, 2017, Vanyushkina et al, 2014). 

Transaldolase is the enzymatic activity that usually connects PPP and 

glycolysis in most living forms. Of note, the Fba-mediated connection of PPP 

and glycolysis requires the presence of a sedoheptulose-7P kinase to convert 

this metabolite into sedoheptulose-1,7BP, and/or a phosphatase that performs 

the opposite reaction (see below). These two metabolites have been identified 

in M. pneumoniae (sedoheptulose-7P (Maier et al, 2013)) and M. bovis 

(sedoheptulose-7P and sedoheptulose-1,7BP, (Masukagami et al, 2017) 

https://paperpile.com/c/RMDPwp/uPoK
https://paperpile.com/c/RMDPwp/uPoK
https://paperpile.com/c/RMDPwp/uPoK
https://paperpile.com/c/RMDPwp/jSe0
https://paperpile.com/c/RMDPwp/jSe0
https://paperpile.com/c/RMDPwp/jSe0
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(Supplementary Table 2). The existence of both metabolites supports the 

presence of these two activities. 

The reversible enzyme Pgi converts glucose-6P into fructose-6P. This step is 

isolated from the rest of glycolysis in M. agalactiae, as it does not have the 

Pfk or Pts proteins (Figure 1). On the other hand, there is experimental 

evidence in M. bovis that 13C-glycerol can be converted into fructose-6P 

(Masukagami et al, 2017). This suggests the existence of a phosphatase that 

converts fructose-1,6BP into fructose-6P. The metabolic product of this 

phosphatase activity would then be converted into glucose-6-P, which enters 

into the glycolipids and glycoproteins pathway that leads to essential cell 

metabolites. In E. coli, different phosphatases (i.e. YieH, YbiV, YidA and 

YaeD) could dephosphorylate fructose-1,6BP, into fructose-6P. Of these, 

YidA is the enzyme with lowest Km (Kuznetsova et al, 2006). M. agalactiae 

has different sugar phosphatases (e.g. MAGA7784_RS01220, 

MAGA7784_RS00145; MAGA7784_RS03930), and one of these is related to 

YidA in E.coli (MAGA7784_RS03930) (Supplementary Figure 1). Thus, we 

propose that MAGA7784_RS03930 could catalyze the conversion of fructose-

1,6BP into fructose-6P. 

 

Experimental validation of carbon sources capable of 

supporting growth in M. agalactiae 

 

For M. pneumoniae, the carbon sources capable of promoting growth have 

been previously analyzed (Yus et al, 2009). This bacterium grows best when 

using glucose as carbon source, but is also able to grow with mannose, 

fructose, ribose, glycerol, ascorbate (Yus et al, 2009), and phosphoglycerol 

choline (Großhennig et al, 2013), although to a much lesser extent. However, 

https://paperpile.com/c/RMDPwp/ndxb
https://paperpile.com/c/RMDPwp/ndxb
https://paperpile.com/c/RMDPwp/ndxb
https://paperpile.com/c/RMDPwp/ndxb
https://paperpile.com/c/RMDPwp/ndxb
https://paperpile.com/c/RMDPwp/ndxb
https://paperpile.com/c/RMDPwp/ndxb
https://paperpile.com/c/RMDPwp/uPoK
https://paperpile.com/c/RMDPwp/uPoK
https://paperpile.com/c/RMDPwp/uPoK


 
 

it cannot use pyruvate, lactate, mannitol, or arginine. 
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Figure 2. Growth measurement of M. agalactiae under different culture 

conditions, and secondary metabolites measurement for M. agalactiae and M. 

pneumoniae. A Measurement of protein content after 48 h of growth for M. 

agalactiae cultures, under various culture conditions using different carbon sources 

in depleted medium. B, C, D, E Measurement of glucose consumption or lactate, 

acetate, or ethanol production in M. pneumoniae (left) or M. agalactiae (right). F 

Reconstruction of the glycolysis pathway and pyruvate metabolism for M. agalactiae 

is indicated by black letters. Genes introduced via transposon from M. pneumoniae, 

to restore complete glycolytic functionality in M. agalactiae, are indicated by pink 

letters. G Measurement of protein content after 48 h of growth for the synthetic strain 

of M. agalactiae that has restored glycolysis when using pyruvate or glucose as a 

carbon source.  

 

One initial obstacle for determining the carbon sources required for M. 

agalactiae was our lack of a chemically-defined medium in which the 

compounds present could be controlled. Notably, Mycoplasmas are 

characterized by their reduced metabolic and biosynthetic capacities. For this 

reason, the broth used for their growth, termed Hayflick medium, contains 

animal-derived serum with unspecified composition, complemented by the 

addition of the preferred carbon source for each Mycoplasma species. The 

presence of serum in the broth likely explains the modest growth observed 

for M. agalactiae in plain Hayflick medium without any added carbon source 

(Supplementary Table 3). This limited growth could mask the effect of 

exogenous added carbon sources. To prevent this, we first generated a 

“depleted” version of the rich medium in which all carbohydrate likely 

provided by the serum have been exhausted (see Materials and Methods 

section, Supplementary Table 3). We then supplemented this depleted 

medium with 11 different carbon sources, including phosphatidylcholine, L-

arginine, L-lactate, pyruvate, glycerol, fructose, glucose, mannose, mannitol, 

ribose and ascorbic acid, and then assessed the growth of M. agalactiae. 

No significant growth of M. agalactiae was observed in the depleted 

medium (Figure 2A). As expected based on the metabolic map (Figure 1), we 

observed significant growth when the depleted medium was supplemented 

with ascorbic acid or glycerol (Figure 2A). Supplementing with those sugars 



 
 

requiring metabolic enzymes or transporters absent from the M. agalactiae 

genome, such as phosphatidylcholine arginine, ribose, glucose, fructose, or 

mannose, did not lead to significant growth (Figure 2A). We found that 

lactate and especially pyruvate supported robust growth of the bacterium 

(Figure 2A, Supplementary Table 3). This is surprising since these 

metabolites do not support growth in M. pneumoniae and suggests the 

presence of specific transporters for these metabolites in M. agalactiae and 

the existence of a reverse gluconeogenic flow. Only a gluconeogenic flow 

starting from pyruvate could provide the required precursors for 

phospholipids and nucleotide metabolism in a depleted medium 

supplemented with pyruvate. 

In agreement with the metabolic maps, glucose is consumed by M. 

pneumoniae but not by M. agalactiae (Figure 2B). This is in line with the 

observation that M. bovis, a species closely related to M. agalactiae, cannot 

metabolize glucose (Masukagami et al, 2017). M. pneumoniae produces 

lactate as sub-product of its metabolism (Yus et al, 2009), while M. 

agalactiae grown in medium with pyruvate seems to consume the traces of 

lactate present in the non-depleted version of the medium (Figure 2C). 

Notably, while both species produced acetate, the amount of acetate produced 

by M. agalactiae was four times that of the concentration measured for M. 

pneumoniae (3.2 nmol/µl for M. agalactiae vs 0.8 nmol/µl for M. 

pneumoniae, Figure 2D. Finally, it seems that some ethanol could be 

produced in M. pneumoniae (Figure 2E).  

Overall, when metabolizing glucose, M. pneumoniae generated the 

metabolic sub-products of lactate, acetate, and possibly, some ethanol 

(Supplementary table 4). In contrast, M. agalactiae grown in presence of 

pyruvate mainly generated acetate as sub-product, and lactate was consumed 

from the medium. These results indicated that while M. pneumoniae used 

glycolysis for ATP production (2 ATP per molecule or 4 ATP per molecule, 

https://paperpile.com/c/RMDPwp/yx7P
https://paperpile.com/c/RMDPwp/yx7P
https://paperpile.com/c/RMDPwp/yx7P
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depending of type of sub-product; lactate or acetate, respectively), M. 

agalactiae converted lactate, pyruvate and/or glycerol into acetate to generate 

only one ATP per molecule. It would also produce two ATPs per molecule 

when using ascorbate, to produce acetate. 

 

Generation of a synthetic M. agalactiae strain capable of 

metabolizing glucose 

 

Glycolysis is an energy conversion pathway used for many organisms to 

convert glucose to pyruvate. Glucose is the main carbon source used for 

Mycoplasmas, but the M. agalactiae and M. bovis species are unable to use 

glucose for ATP production. Strikingly, despite being unable to metabolize 

glucose, M. agalactiae and M. bovis still conserve eight out of the ten genes 

involved in the glycolytic pathway. We wondered if these remaining genes 

were still functional in glycolysis or could be involved in other 

functionalities. To address this point, we decided to complement the M. 

agalactiae genome with the two genes involved in the glycolytic pathway 

missing in these species (i.e. PTS-glucose transporter and Pfk proteins). 

These two proteins are encoded by the genes MPN207 and MPN302, 

respectively, in M. pneumoniae (Figure 2F). We cloned the genes either 

together or individually in a transposon under the control of a strong native 

regulatory region of M. agalactiae (see construct information in 

Supplementary Table 5) and transformed these constructs into M. agalactiae. 

The expression of both heterologous proteins was verified by mass 

spectrometry (Supplementary Table 6).  

We assessed the ability of the engineered M. agalactiae strains to grow in 

depleted medium supplemented with glucose as the carbon source. Whereas 

the single mutants were unable to grow, as inferred from their inability to 

increase the culture biomass (Supplementary Table 3), the synthetic strain 



 
 

carrying copies of both MPN207 and MPN302 grew even better than in 

depleted medium supplemented with pyruvate (Figure 2G). Moreover, this 

synthetic strain consumed glucose and produced acetate/lactate 

(Supplementary Table 4, glucose consumption). Altogether, these results 

demonstrated that the glycolytic enzymes present in M. agalactiae have 

retained their functionality and could work in both glycolysis and 

gluconeogenesis senses.  

 

Proteomics abundance quantification correlates with 

metabolic pathway activity 

As stated in the introduction we wanted to find out if integration of protein 

copy numbers into a metabolic map could give clues about the magnitude of 

metabolic fluxes. To this end, we performed free-label mass spectrometry 

analyses of M. agalactiae and M. pneumoniae to obtain a quantitative 

proteome overview of both species (Supplementary Table 1 and 7).  

For visualization, we show the relative protein abundance following a color 

code based on the log2 normalized average area of the three top peptides of 

each metabolic enzyme for both species (see Methods section, Figure 3 and 

Supplementary Table 1 for orthologous gene protein comparison). Alcohol 

dehydrogenase (Adh) and lactate dehydrogenase (Ldh) were among the 

proteins whose differences in protein abundance were higher in M. agalactiae 

as compared to their orthologous counterparts in M. pneumoniae. M. 

agalactiae carries a gene duplication for Adh, and one of the isoforms is more 

highly expressed in this bacterium than in M. pneumoniae (i.e. 29.0 log2 vs 

22.3 log2, respectively). Ldh also has two gene copies in M. agalactiae 

coding for two different isoforms, named Ldh and LdhA. LdhA showed a 

moderate expression level (i.e. 28.8 log2) and has limited amino acid identity 

with Ldh from M. pneumoniae. The Ldh protein from both species share a 

high amino acid identity and therefore are likely performing the same role, 
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but their expression levels are quite different (i.e. hereinafter referred to as 

those protein levels whose difference is > 1 log2) in the two species (i.e. 32.6 

log2 for M. agalactiae vs. 28.7 log2 for M. pneumoniae, 3.89 log2 fold 

change with p-value=0.01).  

 

 

Figure 3. Proteomics abundance for selected metabolic pathways in M. agalactiae 

and M. pneumoniae. A, B Normalized protein abundance representation in urea 

samples for M. agalactiae growing in pyruvate (A) or M. pneumoniae growing in 



 
 

glucose (B). The color scale represents a gradient according to protein abundance 

in the set of metabolic enzymes selected, showing a range of minimum (yellow) to 

maximum (magenta). Proteins with expression levels lower than 27 log2 are shown 

as min and represented in green. Double asterisks (**) indicates duplicated genes in 

M. agalactiae. White circles indicate protein-coding genes for proteins with 

unassigned genes, and grey circles, undetected proteins by mass spectrometry. A 

single asterisk (*) indicates proteins not detected in proteomics samples using urea 

as lysis buffer but rescued from SDS samples. 

 

In addition, there are certain proteins whose relative expression levels are 

higher in M. pneumoniae than in M. agalactiae. For instance (and as 

expected), proteins involved in the glycolytic pathway present in both species 

(i.e. Pgi, Fba, Tim, Gap, Pgk, Gpm, Eno, and Pyk) are predominantly 

expressed at higher levels in M. pneumoniae than in M. agalactiae. This is 

especially evident for, those enzymes placed in the upper part of the 

glycolytic pathway (i.e. Pgi, Fba, Tim, and Gap) in which the differences in 

their relative abundances between the two species are remarkable (i.e. 3.2 

log2 fold change p-value=0.04, 3.7 log2 fold change p-value=0.005, 1.9 log2 

fold change p-value=0.1, and 2.1 log2 fold change p-value=0.6, respectively). 

This indicates that, for M. pneumoniae, there is a continuous flow from 

glucose to pyruvate, but that for M. agalactiae, there is a break at the level of 

Tim, in agreement with its incapability to use glucose (see discussion).  

There are two other proteins related with glycolysis whose relative expression 

levels are higher in M. pneumoniae than in M. agalactiae: PtsI and Hpr. These 

proteins are involved in the internalization and subsequent phosphorylation 

of different carbon sources, such as ascorbate, glucose, mannose, and 

fructose. Whereas both Hpr and PtsI were highly expressed in M. pneumoniae 

(29.7 log2 and 28.2 log2, respectively), they were expressed at lower levels 

in M. agalactiae (27.7 log2 and 24.1 log2, respectively and 2.0 log2 fold 

change p-value= 0.001; 4.1 log2 fold change p-value=0.09 for Hpr and PtsI). 

This observation can be explained by the fact that M. pneumoniae has more 

carbon-source transporters that require the use of Hpr and PtsI than M. 

agalactiae. For the PPP, the expression of the transketolase (Tkt) enzyme was 
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also higher in M. pneumoniae than in M. agalactiae (28.2 log2 vs. 24.8 log2, 

respectively). This enzyme not only catalyzes an intermediate reaction in the 

PPP but is also the unique entry point to the PPP from glycolysis in M. 

pneumoniae; in contrast, M. agalactiae can also connect to the PPP through 

the more abundant Xfp enzyme. For ascorbate, both species showed lower 

but close to similar (hereinafter referred to as those differences ≤ 1 log2) 

abundances (27.8 log2 for M. pneumoniae and 26.7 log2 for M. agalactiae), 

suggesting that this metabolite has a subsidiary role as a carbon source.  

Finally, for the metabolism of glycerol/phospholipids as well as 

glycolipids/glycoproteins, we see similar low levels (e.g. for GlpK enzyme 

27.3 log2 and 26.5 log2 for M. pneumoniae or M. agalactiae respectively) for 

the enzymes involved in both species. In summary, for M. agalactiae, higher 

expression levels are found in those enzymes involved in pyruvate and lactate 

metabolism, while for M. pneumoniae, higher expression levels are found in 

general for all glycolytic enzymes and proteins involved in carbohydrate 

import.  

As a general observation derived from the proteomics analysis, proteins 

belonging to a section of metabolic pathways without bifurcation points 

(hereinafter referred to as sub-pathways) tend to have similar expression 

levels. To further demonstrate this, we defined a set of linear sub-pathways 

for both M. pneumoniae and M. agalactiae (see methods). Subsequently, the 

coefficients of variation (CV) for protein abundance were calculated for 

each individual sub-pathway (observed) as well as for artificial sub-

pathways whose members were randomly sampled from the set of 

metabolic genes of each strain (expected) (Supplementary Table 8 and 

Supplementary Figure 2). In general, most of the observed sub-pathways 

showed less CV than expected. However, some exceptions to this trend are 

observed. For instance, sub-pathway two in M. pneumoniae showed a CV 

similar to the expected if genes were randomly sampled. This might be 



 
 

related with the fact that genes belonging to this sub-pathway are expressed 

at low levels (i.e. close to the detection limit), which could impair accurate 

protein abundance determination. Of note, despite these exceptions, when 

the CV of all the sub-pathways analyzed for M. pneumoniae were pooled 

together, the mean of them was significantly lower than the one observed 

for artificial sub-pathways for natural quantification or log2 transformed 

values respectively (Figure 4A and 4B). Moreover, a similar result was 

obtained in the M. agalactiae analysis (Figure 4C and 4D). These results 

support the idea that linear sub-pathways have less variation in protein 

abundance than expected by chance. Furthermore, this correlation in protein 

abundance cannot be explained by operon composition, as numerous 

members of the analyzed sub-pathways belong to different transcriptional 

units (Supplementary Table 9). Therefore, similar protein expression levels 

in consecutive proteins might be taken as an indication of a functional 

pathway lacking bifurcation points. Strikingly, this correlation in protein 

abundance for enzymes belonging to the same sub-pathway seems to be a 

dynamic phenomenon. In fact, M. pneumoniae naturally expresses low 

levels of enzymes related with fructose metabolism and consequently grows 

poorly when this sugar is added as major carbon source. However, 

adaptation to this sugar (i.e. several passages with fructose as main carbon 

source present in the medium) results in a significant increase of the 

expression levels of those genes involved in fructose metabolism (Yus et al, 
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2009, Supplementary Figure 3).

 

Figure 4. Study of the protein variability in linear pathways. For each of the strains 

the coefficient of variation (CV, standard deviation corrected by the mean) for linear 

sub-pathways was calculated and pooled together. In box-plot A and B for M. 

pneumoniae and C and D for M. agalactiae using raw quantification values and a 

log2 transformation respectively. In purple is represented the pooled CV from the set 

of sub-pathways and in green, the pooled expected CV calculated based on artificial 

sub-pathways whose members were randomly sampled from the set of metabolic 

genes of each strain. The P-values obtained for M. pneumoniae are p-value=0.005 

and p-value=0.012 for raw and log2 values, respectively. For M. agalactiae, the p-



 
 

values obtained are for raw and log2 values respectively, p-value=0.045 and p-

value=0.008  

 

High-resolution transposon density and its application for 

flux metabolic directionality ascertainment 

 

We propose that gene essentiality could provide insights about the activity of 

different metabolic pathways of a cell, which together with information about 

protein abundance would complement the information provided by 

metabolomics studies. The assumption behind this is that the level of 

essentiality of a gene will be related to the importance of the pathway and the 

flux that goes through it. However, this exclusively applies for essential and 

fitness genes whilst for non-essential genes the flux going through it does not 

necessarily have to be zero. 

To address this, we plotted the metabolic maps of M. agalactiae and M. 

pneumoniae together with a color-coded scale of transposon insertion density 

(see Methods, Figure 5A and Figure 5B, and Supplementary Table 10). 

Insertion density is related to the impact that disruption of the gene has on the 

fitness of the bacterium (Lluch-Senar et al, 2015; Montero-Blay et al, 2019). 

Our essentiality/metabolic map in M. agalactiae reflected an essential 

footprint along all the genes involved in converting pyruvate into acetate (i.e. 

the four subunits of the pyruvate dehydrogenase complex, NADH oxidase, 

phosphate acetyltransferase, and acetate kinase). Out of the two copies, the 

more abundantly expressed ack gene showed an essential profile (shown in 

magenta), whereas the other less-abundant isoform was clearly non-essential 

(shown in white). This divergence suggests that these two isoforms have 

different functionalities, as if they were performing the same role it would 

impossible to find an essential character for any of the isoforms. Conversely, 

the lactate related genes ldh and ldhA were found as fitness under these 

conditions. This falls in line with the fact that M. agalactiae in order to 

https://paperpile.com/c/RMDPwp/8Agh+aIWG
https://paperpile.com/c/RMDPwp/8Agh+aIWG
https://paperpile.com/c/RMDPwp/8Agh+aIWG
https://paperpile.com/c/RMDPwp/8Agh+aIWG
https://paperpile.com/c/RMDPwp/8Agh+aIWG
https://paperpile.com/c/RMDPwp/8Agh+aIWG
https://paperpile.com/c/RMDPwp/8Agh+aIWG
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generate ATP produces acetate rather than lactate as main sub-product of 

pyruvate metabolism. Unfortunately, the dispensability of the lactate pathway 

in M. agalactiae prevents to ascertain whether the two isoforms Ldh and 

LdhA have the same function. In contrast, in M. pneumoniae, the entire 

pathway from pyruvate to acetate showed a fitness footprint, as did the Ldh 

enzyme. This is expected, as M. pneumoniae glycolysis produces two ATPs 

before bifurcation into lactate or acetate and therefore does not need the ATP 

produced when going from pyruvate to acetate.  

Even though M. agalactiae is unable to use glucose as a carbon source, the 

genes pyk, eno, gpm, pgk, and gap involved in the lower part of the glycolytic 

pathway showed an essential profile. This was not the case for the Fba and 

Pgi enzymes (discussed above). As the essentiality map was performed with 

pyruvate as the main carbon source, this suggests the existence of a 

gluconeogenic flux (i.e. reverse glycolysis) from pyruvate to GAP in this 

bacterium. The essential footprint extended across most of the genes (i.e. xfp, 

rpi, rpe, deoB, and prps) involved in the conversion of GAP to 5‐phospho‐D‐

ribosyl α‐1‐pyrophosphate (PRPP), ribose-5P, and ribose-1P, all of which are 

critical precursors for DNA and RNA metabolism. The xfp gene shows a 

fitness profile that can be explained, as the role of Xfp converting GAP into 

xylulose 5-P can also be mediated by Tkt, and further agrees with the fact that 

we did not observe growth of M. agalactiae with ribose. In M. pneumoniae, 

the entry into ribose-5P and ribose-1P could be direct, as it can grow on ribose 

(as shown its presence in human serum in a range of 7-100 μM, see 

Supplementary Table 11) and as indicated by the non-essential character of 



 
 

the rpe and rpi genes and the very low fitness for Tkl. 

 

Figure 5. Insertional transposon density landscape for M. agalactiae and M. 

pneumoniae for selected metabolic enzymes. A, B Sets of metabolic genes in M. 

agalactiae in presence of pyruvate (A) or in M. pneumoniae in presence of glucose 

(B) are represented in a color gradient, with gene-insertional transposon density 

adjusted to the specific coverage obtained for each of the strains. Minimal 

transposition density is indicated by magenta (showing a more essential profile) and 

maximum transposon density is represented in white (showing a non-essential 
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profile). Blue circles indicate predicted genes but still unassigned. Duplicated genes 

for M. agalactiae are displayed with an asterisk (*). 

 

The whole metabolic pathway of ascorbic acid is clearly non-essential in both 

species. This pathway would represent a route for generation of nucleotide 

precursors that would not require a connection of GAP to the PPP. This 

suggests that the amount of ascorbic acid present in the medium in which 

both species are grown is rather low (see Supplementary Table 11) and 

consequently, that the generation of DNA and RNA precursors is performed 

mainly through the link of glycolysis/gluconeogenesis to the PPP in M. 

agalactiae and/or by importing ribose in M. pneumoniae. 

Lastly, looking into the glycerol pathway, we found that the glycerol 

permease (GlpF) is fitness in both M. agalactiae and M. pneumoniae. We 

also saw that GlpD, which links glycerol to glycolysis in M. pneumoniae, was 

not essential, while GpsA, which does the same in a reversible manner, is 

fitness in M. agalactiae. In M. pneumoniae, we found that glucose is not 

converted to glycerol-3P (Maier et al, 2013). Glycerol-3P is essential for 

generating phospholipids and therefore it should be provided by transport and 

phosphorylation of glycerol and/or by hydrolysis of phosphatidylcholine 

present in the serum that complements the medium. These two possible ways 

of obtaining glycerol 3-P explains the fitness character of both pathways 

observed in M. pneumoniae. In contrast, M. agalactiae does not have the 

enzymes required for production of glycerol-3P from phosphatidylcholine, 

and it therefore needs to import glycerol by (i) the GlpF permease, (ii) 

glycerol-3P through the glycerol ABC transporter, or (iii) obtain it from 

DHAP via GpsA. Again, this redundancy of pathways to obtain glycerol 3-P 

in M. agalactiae explains the fitness character of the genes involved in all 

these pathways. In this respect, it is worth noting that a small amount of 

glycerol is required for growth in M. pneumoniae, suggesting it could have 

another role aside from generating glycerol-3P (Yus et al. 2009). 

https://paperpile.com/c/RMDPwp/jSe0
https://paperpile.com/c/RMDPwp/jSe0
https://paperpile.com/c/RMDPwp/jSe0
https://paperpile.com/c/RMDPwp/ndxb


 
 

In summary, our essentiality maps agree with our metabolic maps and 

experimental analyses of carbon sources. We observed that M. agalactiae 

could be performing a reverse glycolysis to enter into the PPP to generate 

nucleotide precursors. M. pneumoniae uses glucose to produce ATP through 

the glycolytic pathway but also links this pathway to the PPP to generate 

nucleotide precursors. 

 

Discussion 

 

The ascertainment of essential and active or non-active metabolic pathways 

is the starting point for performing metabolic engineering for different 

purposes, such as the development of vaccination strains, deletion of 

virulence factors or the enhancement of biosynthetic capacities. However, 

even for Mycoplasmas, which are bacterial cells characterized by their limited 

biosynthetic pathways, metabolism constitutes an intricate and 

interconnected network of reactions. 

In this work, we integrated genomics, proteomics and gene essentiality data 

at high resolution for M. agalactiae and M. pneumoniae as an example of 

how to elucidate metabolic active pathways without experimental 

metabolomics determination. These predictions are validated by FBA 

analysis in M. pneumoniae and experimental information collected 

previously for M. pneumoniae (and its closely related species, M. 

gallisepticum, and in the case of M. agalactiae, for the closely-related species 

M. bovis (Masukagami et al, 2017)). These two species share 100% of all 

enzymes involved in metabolic pathways linked to the use of carbon sources 

(Supplementary Table 1).  

First, we manually reconstituted the metabolic map regarding the use of 

carbon sources to produce energy and its connections to nucleotides, lipids, 

glycolipids, and glycoproteins. Besides postulating the existence of novel 

https://paperpile.com/c/RMDPwp/0vqd+yx7P
https://paperpile.com/c/RMDPwp/0vqd+yx7P
https://paperpile.com/c/RMDPwp/0vqd+yx7P
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players to fulfil the logics of the pathway architecture, we also propose 

alternative functionalities for proteins. The proposal of specific glycolytic 

enzymes with multiple functionalities has been contemplated previously for 

Mycoplasmas (Pollack et al, 2002). In M. pneumoniae, the pyruvate kinase 

produces NTPs, thereby replacing a nucleotide diphosphate kinase. This 

cannot happen in M. agalactiae when using pyruvate as carbon source, which 

gives gluconeogenesis but not glycolysis. Thus, we propose that acetate 

kinase genes could be involved in the generation of NTPs. It has been 

described that this enzyme can also use CDP, GDP, IDP, TDP, or UDP 

(BRENDA:EC2.7.2.1). We then combined all experimental evidence for 

active metabolic fluxes in M. agalactiae (mainly coming from M. bovis 

(Masukagami et al, 2017) and in M. pneumoniae (Yus et al, 2009, Maier et 

al, 2013 Wodke et al, 2013) (Figures 6A and 6B, respectively). In both cases, 

we have experimental data regarding: i) carbon sources that allow growth, ii) 

metabolites identified, and iii) 13C-glucose and/or 13C-glycerol fluxes. For M. 

pneumoniae, the majority of the metabolites shown in Figure 6 were detected, 

indicating that the different pathways shown are active (to various extents). 

We have experimental evidence showing a limited flux of glucose going into 

the PPP or the phospholipid pathway (Maier et al, 2013), and a major flux 

going to acetate and lactate production. However, both pathways can be used, 

as M. pneumoniae can grow not only on ribose and ascorbate but also on 

glycerol or phosphatidylcholine. For M. agalactiae, experiments with 13C-

glucose and 13C-glycerol (from M. bovis; Masukagami et al, 2017) 

demonstrate that there is no flux from glucose to glycolysis, and that glycerol 

is used not only for making phospholipids but also to enter into 

gluconeogenesis, thereby linking glucose-6P to the generation of glycolipids 

and glycoproteins. Furthermore, the growth of this bacterium with glycerol 

or ascorbate shows that, in the absence of pyruvate and lactate, it can carry 

out at least a set of the reaction involved in the canonical glycolysis. This is 

https://paperpile.com/c/RMDPwp/byqU
https://paperpile.com/c/RMDPwp/byqU
https://paperpile.com/c/RMDPwp/byqU
https://paperpile.com/c/RMDPwp/jSe0
https://paperpile.com/c/RMDPwp/jSe0
https://paperpile.com/c/RMDPwp/jSe0
https://paperpile.com/c/RMDPwp/yx7P
https://paperpile.com/c/RMDPwp/yx7P
https://paperpile.com/c/RMDPwp/yx7P


 
 

further supported by our finding that the introduction of the missing Pfk and 

PTS-glucose transporter enzymes, enables M. agalactiae growth using 

glucose as carbon source. Thus, this bacterium could perform glycolysis or 

gluconeogenesis, depending on the availability of carbon sources.  

We have also integrated the experimental data analyzed in this manuscript 

from genomics, gene transposon density, and proteomics data for M. 

pneumoniae and M. agalactiae, to postulate active metabolic pathways for 

their metabolism of carbohydrates, nucleotide precursors, glycolipids, and 

phospholipids when grown with glucose or pyruvate, respectively, and 

compared that to the ones determined experimentally (Figure 6A and Figure 
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6B for M. agalactiae and M. pneumoniae, respectively). 

 

Figure 6. Integration of metabolic information collected for M. agalactiae and M. 

pneumoniae to date with the metabolic information observed in this work. A For 

M. agalactiae, pink indicated integration of metabolic active pathways predicted in 

this work for nucleotide precursors; blue, metabolic pathways for obtaining energy; 

green, metabolic pathways for generating glycolipids or glycoproteins; and yellow, 

metabolic pathways linked to phospholipids metabolism. Red letters indicate 

metabolites detected for M. bovis, and blue letters indicate possible metabolites 

identified in the same work (Masukagami et al, 2017). Orange arrows indicate active 



 
 

metabolic fluxes inferred from metabolomics studies for M. bovis (Masukagami et al, 

2017). B Integration of metabolic information inferred from this work for M. 

pneumoniae with experimental information collected in previous works. Metabolic 

active pathways proposed here for nucleotide metabolism are highlighted in pink, 

those involved in pathways for energy generation, in blue, metabolic pathways for 

glycolipids and glycoproteins production, in green, and phospholipids metabolism, 

in yellow. Red letters indicate metabolites identified previously for M. pneumoniae 

(Maier et al, 2013) and blue letters, metabolites whose masses make it difficult for 

precise ascertainment. Green arrows indicate metabolic pathways described for M. 

pneumoniae in Großhennig et al. (2013); pink arrows, metabolic pathways predicted 

in Maier et al. (2013); orange arrows, metabolic fluxes predicted for M. 

gallisepticum in Masukagami et al (2017); and blue arrows, active metabolic 

pathways ascertained from experimental validation for M. pneumoniae in Yus et al 

(2009). 

 

In M. agalactiae, when grown on medium with pyruvate, ATP production is 

mediated by the conversion of pyruvate to acetate, as indicated by the 

essential footprint and high abundance of all enzymes involved in this 

metabolic conversion. The enzyme catalyzing the conversion of lactate to 

pyruvate (i.e. Ldh) is not essential. However, the high expression levels of 

Ldh in M. agalactiae suggest that the production of ATP from lactate might 

be a common phenomenon for this species. We showed that M. agalactiae 

can grow using either ascorbate or glycerol as a carbon source. However, the 

enzymes involved in glycerol import and its phosphorylation, or in ascorbate 

metabolism, have a fitness profile or are non-essential, respectively. This is 

logical, as pyruvate was the main carbon source in our essentiality study. 

Glycerol, although essential for phospholipids, can be obtained by two 

different transport systems as well as from gluconeogenesis.  

The generation of nucleotide precursors using pyruvate as carbon source in 

M. agalactiae follows a strategy based on a gluconeogenic flux (i.e. reverse 

glycolysis) from pyruvate to GAP. This hypothesis is supported by the 

essentiality footprint found for all the genes involved this metabolite 

conversion, despite the fact that the glycolytic pathway is truncated in this 

bacterium. To finally enter into the PPP and produce in this way nucleotide 

precursors, GAP has to be converted to Xylulose-5P as a first step. In M. 
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agalactiae this conversion of GAP to xylulose-5P can be mediated by either 

Tkt or Xfp. Tkt needs fructose-6P and GAP to do this. However, we observed 

that although this metabolite (fructose-6P) can be produced by phosphatase 

hydrolysis of fructose-1,6BP, the abundance of Fba was significantly lower 

than that of the downstream glycolytic enzymes (Figure 3A). This, together 

with the low essentiality profile of Fba and the quasi-essential character of 

the xfp gene for M. agalactiae, seems to indicate that this conversion is 

mainly performed by Xfp. Indeed, this assumption is further supported by the 

expression levels of these enzymes in M. agalactiae, as that for Xfp (i.e. 29.3 

log2) is much higher than that for Tkt (i.e. 24.8 log2). Thus, in M. agalactiae, 

there is a flux starting at pyruvate and ending in ribose-5P that enables the 

synthesis of nucleotide precursors, such as PRPP.  

We postulate that synthesis of glycolipids and glycoproteins might be 

mediated by two different fluxes in M. agalactiae. We propose that in M. 

agalactiae, glucose-6P, the major building block for glycolipids synthesis, 

can be generated thanks to the existence of a complete gluconeogenic flux 

from pyruvate to glucose-6P. In this way, the consecutive activity of the 

glycolytic enzymes Pyk, Eno, Gpm, Pgk, Gap, and Fba, as well as a putative 

phosphatase, most likely the YidA-related phosphatase encoded by 

MAGA7784_RS03930 (Figure 6) would enable this conversion. All the 

genes coding for these enzymes show an essential profile (e.g. pyk, eno, gpm, 

pgk, and gap) or a quasi-essential profile (e.g. pgi and fba). Alternatively, the 

generation of glucose-6P could be mediated by a partial gluconeogenic flux 

starting at glycerol. However, as discussed in the previous section, M. 

agalactiae can only produce glycerol-3P from DHAP, or import glycerol or 

glycerol-3P, but it cannot produce it from phosphatidylcholine. The fitness 

profile of the respective enzymes suggests that these pathways are all active. 

Finally, we observed that all the enzymes going from glycerol-3P to 



 
 

phospholipids have an essential profile in both M. agalactiae and M. 

pneumoniae. This indicates the importance of generating glycerol-3P. 

Whereas most of our predictions are based on the essentiality study done for 

M. agalactiae, the proteomics data strongly appear to corroborate our 

hypothesis. In fact, it is curious to observe that expression levels of all the 

enzymes involved in the lower part of the glycolytic pathway (i.e. Gap, Pgk, 

Gpm, Eno, and Pyk) are higher than the ones observed for the enzymes found 

in the upper part (i.e. Fba and Pgi). This observation falls in line with the fact 

that the lower part of the glycolytic pathway feeds both nucleotide 

metabolism and glycolipids metabolism, whereas the enzymes in the upper 

part are intended to exclusively feed glycolipid metabolism. In contrast, M. 

pneumoniae shows a different metabolic strategy. In this species, ATP 

generation is mediated through glycolysis, as indicated by the protein 

abundance and having an essential footprint present of all the enzymes in the 

whole pathway from glucose to pyruvate. Through this set of reactions, two 

molecules of ATP are obtained, which can be increased to four if pyruvate is 

further metabolized to acetate rather than to lactate. Alternatively, under 

glucose depletion conditions, M. pneumoniae can also use alternative carbon 

sources, such as fructose or mannose, which enter glycolysis at different 

point-load levels.  

Regarding the PPP, M. agalactiae can link glycolysis and the PPP using the 

activity of either Tkt or Xfp, but the genome of M. pneumoniae only encodes 

for Tkt. Intriguingly, however, the tkt gene shows a low fitness character in 

both species, which makes sense for M. agalactiae, given the alternative route 

based on Xfp, but not for M. pneumoniae, which lacks the xfp gene. The 

reason could be that M. pneumoniae can use ribose as carbon source as well 

as import nucleosides (Yus et al, 2009), while M. agalactiae does not grow 

with ribose. Finally, the link to glycolipids metabolism is quite obvious in M. 

pneumoniae given its ability to directly import and phosphorylate glucose 
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into glucose-6P which can be later employed for glycolipids synthesis. 

Regarding phospholipids in M. pneumoniae the enzymes downstream of 

glycerol-3P are essential and have as M. agalactiae similar expression levels, 

while those involved in glycerol-3P generation have a fitness profile, as the 

bacterium has three possible routes: from fructose-1P, from 

phosphatidylcholine, and by importing it directly. Essentiality analysis 

suggests that the fructose flux must be very low. In this case, glycolysis 

cannot produce glycerol-3P, as the GlpD enzyme produces DHAP from 

glycerol-3P in an irreversible manner. 

The study of bacterial metabolism may give a hint about their lifestyle within 

a host. In the case of M. pneumoniae, a lung-colonizing bacterium, the 

essentiality profile for its active metabolic pathways might be different in in 

vivo conditions, where phosphatidylcholine and phosphatidylglycerol are the 

main carbon sources present in the lung alveolar surfactant. The fact that M. 

agalactiae or M. bovis have the ability to metabolize acetate or pyruvate, 

products of glycolysis could suggest that they could internalize into the 

cytoplasm of eukaryotic cells (Virulence, persistence and dissemination of 

Mycoplasma bovis, 2015) and use pyruvate as substrate. 

Summing up, integration of the metabolic pathway genomics, the 

experimental analysis on carbon sources supporting growth, the quantitative 

proteome and the essentiality analyses allows us to predict the metabolic 

pathways active under the conditions studied. Notably, our predictions agree 

not only with the metabolic studies done in M. pneumoniae and M. bovis, but 

also with the experimental validation of carbon sources capable to promote 

bacterial growth done in this study. Protein quantification together with gene 

essentiality under different experimental conditions could thus be a way to 

complement metabolic flux analyses that use 13C-tagged compounds or 

metabolic modeling. To conclude, it should be noted that although in some 

aspects the information provided by proteomics and gene essentiality might 

https://paperpile.com/c/v7Qo92/sT1c
https://paperpile.com/c/v7Qo92/sT1c


 
 

seem redundant, both approaches support each other and offer 

complementary information. Gene essentiality shows essential pathways and 

when more than one pathway is connected to an essential metabolite indicates 

if they can replace each other. Protein abundance in pathways connected to a 

metabolite gives an indication of the preferred flow. Combination of both 

could offer new insights. In M. pneumoniae the expression levels of proteins 

converting pyruvate into lactate and acetate are comparable. 

Notwithstanding, the essentiality profile of those genes differs, showing ldh 

a lower density of transposon insertions and therefore pointing to lactate as 

main metabolism sub-product for M. pneumoniae. On the other hand, there 

are other situations in which proteomics data could clarify the information 

provided by gene essentiality. For instance, when there is redundancy in the 

pathways to produce a given metabolite such as xylulose 5-P in M. 

agalactiae, the essentiality profile could suggest which pathway is absorbing 

most of the flux (i.e. xfp is much more essential than the alternative pathway 

based on fba and tkt encoded activities), but this can be further corroborated 

with protein abundance (i.e. Xfp is detected at levels almost ten times higher 

than Tkt). 

Materials and Methods 

Bacteria strains and general culture conditions. The strain 7784 

was used for wild-type M. agalactiae 7784 (kindly provided by Dr. Christine 

Citti), and the strain M129, for wild-type M. pneumoniae (ATTC 29342, 

subtype 1). Both species were grown at 37ºC in standard Hayflick medium (for 

each adjusted 500 ml of Hayflick medium, at pH 7.6 it contains 7.3 g PPLO 

broth, 10 μg phenol red, 11.9 g HEPES, 100 ml inactivated fetal horse serum, 

and 500,000 units sterile penicillin G) supplemented with 0.5% sodium 

pyruvate, pH 7.6 (Sigma-Aldrich) for M. agalactiae or 0.5% glucose, pH 7.6 

(Sigma-Aldrich) for M. pneumoniae. When indicated, M. agalactiae was 
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grown in ‘depleted Hayflick medium’ supplemented with the desired carbon 

source. M. agalactiae was grown in suspension (180 rpm, 37ºC), while M. 

pneumoniae was grown attached to a flask without shaking at 37ºC. 

Experimental metabolic analysis of M. agalactiae. For all 

experiments, an inoculum of 2 µg M. agalactiae cells was used per ml of 

medium. “Depleted medium” was generated by inoculating 2 L of complete 

Hayflick medium (lacking pyruvate) with M. agalactiae, growing at 37 ºC with 

180 rpm orbital shaking for 48 h, centrifuging twice at 9408 g for 10 min at 4 

ºC, discarding the pellet, and filtering the medium using Stericup®-GP Filter 

Units polyethersulfone membrane (0.22 μm pore size) (Millipore Express® 

PLUS, Z660507-12EA). Depleted medium was stored at 4ºC until use, and a 

single batch was used for all experiments in this work when indicated. Different 

carbon sources were prepared in concentrated stocks and then diluted to a fixed 

final concentration. All components analyzed were dissolved in sterile Milli-Q 

water except L-α-phosphatidylcholine, which was dissolved in ethanol (Merck, 

108543). The final concentration used was 0.174% for L-arginine (Sigma-

Aldrich, A5006-100), 4x10-3% for L-α-phosphatidylcholine (Sigma-Aldrich, 

61755-25G), 0.05% for glycerol (Sigma-Aldrich, G5516-1L), and 0.1% for D-

fructose (Sigma-Aldrich, F0127-10MG), D-glucose (Sigma-Aldrich, G8270-

1KG), D-ribose (Sigma-Aldrich, R1757-10G-A), D-mannose (Sigma-Aldrich, 

M6020-25G), D-mannitol (Sigma-Aldrich, M4125-100G), sodium pyruvate 

(pH adjusted to 7.8; Sigma-Aldrich, P2256-25G), L-ascorbic acid (pH adjusted 

to 7.8; Sigma-Aldrich, A0278-25G), and L-lactic acid (provided in solution, 

pH adjusted to 7.3; Sigma-Aldrich, 199257-5G,). For each culture, M. 

agalactiae stock was inoculated in 50 ml Falcon tubes (Fisher Scientific, 14-

432-22) filled with 10 ml depleted medium supplemented with the different 

carbon sources. After 48 h of growth, cultures were centrifuged twice and 

washed with one ml PBS before final resuspension in 250 μl of lysis solution 

(4% SDS, 100 mM HEPES). Growth was measured by protein content using 

https://www.sigmaaldrich.com/catalog/product/sigma/Z660507
https://www.fishersci.com/shop/products/falcon-50ml-conical-centrifuge-tubes-2/1443222
https://www.fishersci.com/shop/products/falcon-50ml-conical-centrifuge-tubes-2/1443222


 
 

the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, 23225) 

following manufacturer’s protocol. For growth curves based on protein content 

for M. agalactiae WT and growth comparison of M. agalactiae WT in Hayflick 

medium versus the depleted version see Supplementary Table 3. 

Generation of a M. agalactiae strain able to metabolize 

glucose. Wild-type M. agalactiae was transformed via transposon with two 

M. pneumoniae genes using plasmids described in Supplementary Table 5. The 

transposon plasmid was generated following the Gibson assembly method 

(Gibson et al, 2009). DNA was isolated from NEB® 5-alpha High Efficiency 

(C2987P). Clones were isolated using LB agar plus ampicillin (100 µg/ml) 

plates and confirmed by sequencing (Eurofins Genomics). Cultures of M. 

agalactiae (25 ml) were grown 48 h in Hayflick medium. After, medium was 

removed, and 10 ml fresh Hayflick medium was added. After 3 h, cultures were 

centrifuged at 9408 g at 4ºC, washed three times with chilled electroporation 

buffer (EB; 272 mM sucrose, 8 mM HEPES, pH 7.4), and resuspended in 300 

µl chilled EB. Cells (50 µl) were then mixed with 1.5 µg DNA, incubated 20 

min on ice, and electroporated in 0.1-cm electro cuvettes using a BIO-RAD 

Gene Pulser Xcell apparatus, using the settings of 1250 V / 25 µF / 100 Ω. 

Immediately after the pulse, 420 µl fresh Hayflick was added, and cells were 

incubated for 90 min (M. agalactiae) at 37ºC before seeding on agar plates. 

Culture (100 µl) was then inoculated into 10 ml Hayflick medium with 100 

µg/ml gentamicin, 0.25% glucose, and 0.25% pyruvate for a progressive 

metabolic adaptation. After 4 days, cultures were centrifuged at 9408 g, 

medium was discarded, and the cell pellet was resuspended in 10 ml Hayflick 

medium with 1% glucose and 100 µg/ml gentamicin and grow further. After 2 

days, the culture of M. agalactiae strain was collected in 1 ml of Hayflick 

medium to generate the primary stock of cells. The expression of both 

heterologous proteins from M. pneumoniae in M. agalactiae have been 

https://paperpile.com/c/RMDPwp/hz4g3
https://paperpile.com/c/RMDPwp/hz4g3
https://paperpile.com/c/RMDPwp/hz4g3
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detected by mass spectrometry (Supplementary Table 6). The growth of M. 

agalactiae synthetic strain double mutant (expressing both heterologous 

proteins) or single mutants (expressing only single protein; or MPN207 or 

MPN302) has been assessed by protein content after 24 hours of growth in the 

depleted version of the medium supplemented with glucose (Supplementary 

Table 3).  

Secondary metabolite measurement. For each metabolite the 

concentration was measured at the initial point and then after 48 h of growth. 

M. agalactiae and M. pneumoniae cultures were grown for 48 h in standard 

Hayflick medium (supplemented with pyruvate or glucose, respectively). For 

M. agalactiae, the culture was centrifuged at 4ºC for 10 min at 9408 g, and the 

supernatant was collected and placed on ice. For M. pneumoniae (which grows 

attached), supernatant was collected directly and placed on ice. Concentrations 

were measured for ethanol with the enzymatic kit for ethanol assay 

(Megazyme, K-ETOH), for glucose with the Glucose 

Colorimetric/Fluorometric Assay Kit (Biovision, #K606), for L-lactate with 

the Lactate Colorimetric/Fluorometric Assay Kit (Biovision, #K607), and for 

acetate with the Acetate Colorimetric Assay Kit (Biovision, #K658); all 

methods followed the manufacturers’ instructions. Analyses of the different 

metabolites were performed on different days and collected in Supplementary 

Table 4. 

Preparing samples for mass spectrometry analysis. For M. 

pneumoniae, 50 µg of cells were inoculated in two T25 flask with 5 ml Hayflick 

medium supplemented with glucose 0.5% and grown for 48 h. Cells were then 

washed twice with PBS and scraped for final collection in a 1.5 ml collection 

tube. For M. agalactiae, 5 ml cultures inoculated in Falcon tubes were grown 

for 48 h in standard Hayflick medium supplemented with sodium pyruvate 

0.5%. Cultures were then centrifuged and washed twice in PBS. For both 



 
 

species, pelleted cells were then resuspended ten times with a 25-gauge needle 

to separate individual cells and resuspended in 150 μl of urea lysis buffer (6 M 

urea, 0.2 M NH4CO3) or SDS lysis buffer (4% SDS, 100 mM HEPES). For 

samples resuspended in urea buffer, two biological replicates were performed 

for each species. The protein concentration of each lysate was measured using 

the Pierce BCA Protein kit following manufacturer’s protocol. For urea 

samples, 10 µg samples were reduced with 30 nmol dithiothreitol (37 ºC, 60 

min) and alkylated in the dark with 60 nmol iodoacetamide (25ºC, 30 min). 

The resulting protein extract was first diluted to 2 M urea with 200 mM 

ammonium bicarbonate for digestion with endoproteinase LysC (1:10 w:w, 

overnight at 37ºC; Wako, cat # 129-02541) and then diluted 2-fold with 200 

mM ammonium bicarbonate for trypsin digestion (1:10 w:w, 8 h at 37ºC; 

Promega, cat # V5113). Samples with SDS lysis buffer were reduced with 90 

nmol dithiothreitol (30 min at 56°C) and alkylated in the dark with 180 nmol 

iodoacetamide (30 min at 25°C). Following the filter-aided sample preparation 

(FASP) method described in (Kwasniewski 2016), samples were then digested 

with 3 μg LysC (Wako, cat # 129‐02541) overnight at 37°C, and then with 3 

μg of trypsin (Promega, cat # V5113) for eight hours at 37°C. After digestion, 

peptide mixes were acidified with formic acid and desalted with a MicroSpin 

C18 column (The Nest Group, Inc) prior to LC-MS/MS analysis.  

Chromatographic and mass spectrometric analyses. Samples were 

analyzed using a LTQ-Orbitrap Velos Pro-mass spectrometer (Thermo Fisher 

Scientific, San Jose, CA, USA) coupled to an EASY-nLC 1000 (Thermo Fisher 

Scientific (Proxeon), Odense, Denmark). Peptides were loaded onto a 2-cm 

Nano Trap column with an inner diameter of 100 μm packed with 18C particles 

of 5 μm particle size (Thermo Fisher Scientific) and separated by reversed-

phase chromatography using a 25-cm column with an inner diameter of 75 μm, 

packed with 1.9 μm 18C particles (Nikkyo Technos Co., Ltd. Japan). 

Chromatographic gradients started at 93% buffer A, 7% buffer B with a flow 

https://paperpile.com/c/RMDPwp/FEg1
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rate of 250 nl/min for 5 min, and gradually increased to 65% buffer A, 35% 

buffer B over 120 min. After each analysis, the column was washed for 15 min 

with 10% buffer A, 90% buffer B. Buffer A was 0.1% formic acid in water, 

and buffer B, 0.1% formic acid in acetonitrile. The mass spectrometer was 

operated in positive ionization mode with nano spray voltage set at 2.1 kV and 

source temperature at 300°C. Ultramark 1621 was used for external calibration 

of the FT mass analyzer prior to analyses, and an internal calibration was 

performed using the background polysiloxane ion signal at m/z 445.1200. 

Acquisition was performed in data-dependent acquisition (DDA) mode, and 

full MS scans with 1-micro scans at a 60,000 resolution were used over a mass 

range of m/z 350–2000 with detection in the Orbitrap. Auto gain control (AGC) 

was set to 1 x106, dynamic exclusion (60 seconds) and charge state filtering 

disqualifying singly charged peptides was activated. In each cycle of DDA 

analysis, following each survey scan, the top twenty most intense ions with 

multiple charged ions above a threshold ion count of 5000 were selected for 

fragmentation. Fragment ion spectra were produced via collision-induced 

dissociation (CID) at normalized collision energy of 35% and they were 

acquired in the ion trap mass analyzer. AGC was set to 1x 104, and an isolation 

window of 2.0 m/z, an activation time of 10 ms, and a maximum injection time 

of 100 ms were used. Data was acquired with Xcalibur software v2.2. Digested 

bovine serum albumin (New England Biolabs cat # P8108S) and was analyzed 

between each sample run to avoid sample carryover and to assure stability of 

the instrument. Finally QCloud (Chiva et al, 2018) was used to control 

instrument longitudinal performance during the project. 

Data analysis. Acquired spectra were analyzed using the Proteome 

Discoverer software suite (v2.0, Thermo Fisher Scientific) and the Mascot 

search engine (v2.6, Matrix Science (Perkins et al, 1999)). Data were searched 

against a M. agalactiae strain 7784 database (76,678 entries) or M. pneumoniae 

M129 database (87,070 entries) plus a list of common contaminants and all the 

https://paperpile.com/c/RMDPwp/ucQD
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corresponding decoy entries (Perkins et al, 1999; Beer et al, 2017). For peptide 

identification, a precursor ion mass tolerance of 7 ppm was used for the MS1 

level, trypsin was used as an enzyme, and up to three missed cleavage sites 

were allowed. The fragment ion mass tolerance was set to 0.5 Da for MS2 

spectra. Oxidation of methionine and N-terminal protein acetylation were used 

as variable modifications, with carbamidomethylation on cysteine set as a fixed 

modification. False discovery rate (FDR) in peptide identification was set to a 

maximum of 5%. Peptide quantification data were retrieved from the 

“Precursor ion area detector” node from Proteome Discoverer (v2.0) using 2 

ppm mass tolerance for the peptide extracted ion current (XIC). The obtained 

values were used to calculate protein top 3 area with the unique peptide for 

ungrouped proteins. The raw proteomics data were deposited in the PRIDE 

repository (Vizcaíno et al, 2016) with the dataset identifier PXD015800. The 

obtained dataset was normalized assuming equal total protein content for both 

species (using two biological replicates per species). Total protein content of 

sample 170718_TFLS_01_01 from M. pneumoniae was used as a reference for 

normalization (Supplementary Table 1 and 7). The average for the area 

obtained for each of the protein have been calculated and log2 values were then 

obtained for both biological replicates. The fold change in log2 protein 

abundance have been calculated for each of the species. The t-test statistical 

analysis have been performed for each of the selected orthologous genes, two-

tailed distribution and assuming unequal variances; later we corrected the 

obtained p-values for multiple tests using Benjamini-Hochberg correction. For 

the specific comparison of individual orthologous genes p-values were 

calculated assuming one-tailed distribution and assuming unequal variances. 

Orthology between M. pneumoniae M129, M. agalactiae 7784 and M. bovis 

PG45 was generated using the Microbial Genomes Database (MBGD) server 

considering default parameters and curated for duplicated using BlastP. We 

added up mass spectrometry areas of duplicated forms in M. agalactiae when 

https://paperpile.com/c/RMDPwp/xLbi+RFmI
https://paperpile.com/c/RMDPwp/xLbi+RFmI
https://paperpile.com/c/RMDPwp/xLbi+RFmI
https://paperpile.com/c/RMDPwp/xLbi+RFmI
https://paperpile.com/c/RMDPwp/xLbi+RFmI
https://paperpile.com/c/RMDPwp/h6LL
https://paperpile.com/c/RMDPwp/h6LL
https://paperpile.com/c/RMDPwp/h6LL


 

123 
 

the two copies were conserved respect the same protein in M. pneumoniae 

(Supplementary Table 1). The average area under the curve of the three best-

flying peptides was used to estimate the relative concentration of each protein. 

Data for both species were normalized assuming equal total protein content. As 

proteins highlighted with asterisk (*) in Figure 3 were not detected in the urea 

samples, the values obtained in SDS are shown after normalization, with an 

assumption of equal total protein content. The protein encoded by gene 

MPN637 in M. pneumoniae was not detected in these experiments but data was 

inferred from other M. pneumoniae proteomics datasets published in (Miravet-

Verde et al, 2019) with an average value of 25.75 log2. To represent protein 

abundance in Figure 3, all enzymes with an expression value of lower than 27 

log2 were arbitrarily represented with same color code (green) to indicate 

“minimum”. Note that below this value, peptide detection becomes random, 

and protein concentrations cannot be accurately estimated. Thus, in Figure 3, 

protein expression levels range from 27 to 32.6 log2. The upper value 

corresponds to the maximum expression value obtained for the set of genes 

involved in sugar metabolism for the two species and is represented in magenta 

color (i.e. ldh, MAGA7784_RS02675). 

Protein abundance variability analysis. In order to study if the 

protein abundance variability is reduced when considering proteins pertaining 

to a unique linear metabolic pathway, we extracted eight linear sub-pathways 

from the studied set of metabolic pathways (Supplementary Table 1). Please 

note that for M. agalactiae the number of sub-pathways analyzed is seven 

because enzyme Pgi was included in linear sub-pathway one (genes involved 

in glycolipids) while in M. pneumoniae Pgi was grouped with Pfk, enzyme 

absent in M. agalactiae.  

The selection was based on single entry and single exit genes (nodes with one 

entry edge and one exit edge) (Supplementary Table 8). For both species 

separately, the coefficient of variation was calculated (CV, standard deviation 

https://paperpile.com/c/RMDPwp/aPqe
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corrected by the mean) and a background model of expected CVs by random 

sampling (1000 iterations with each of them a size equal to the number of 

proteins in the sub-pathway analyzed). The same process was repeated using 

raw quantification (natural) and using a log2 transformation (log) 

(Supplementary Figure 2A and 2B for M. pneumoniae and Supplementary 

Figure 2C and 2D for M. agalactiae). In parallel, we merged all sub-pathways 

together (independent for each species and alternatively with raw values and 

logarithmic values) and compared using Wilcoxon signed-rank tests the 

distribution of observed CVs to a distribution of average expected CVs by 

each linear sub-pathway (Supplementary Table 8, Figure 4). P-values 

obtained for M. pneumoniae for raw and log2 values are p-value=0.005 and 

p-value=0.012, respectively. P-values obtained for M. agalactiae for raw and 

log2 values are p-value=0.045 and p-value=0.008, respectively 

To unravel whether the similarity in protein abundances observed for 

enzymes involved in the same sub-pathway arises as a consequence of 

belonging the same transcriptional unit we showed operon distributions in M. 

pneumoniae from previously available literature (Güell et al, 2009 and Junier 

et al, 2016). In the case of M. agalactiae, operon distribution information was 

collected from DOOR database, which predicts operon organization based on 

genomic features (Mao et al, 2009) using as reference organism the strain 

NC_013948. 

 The information of operon distribution for both strains is available in 

Supplementary Table 9. 

Gene essentiality. Transposon density values were different for both 

species, with a higher coverage obtained in the M. pneumoniae (Supplementary 

Table 10 for the reanalyzed M. pneumoniae dataset) compared to M. agalactiae 

dataset (Montero-Blay et al, 2019). In both datasets, the culture medium used 

to perform the experiments was Hayflick supplemented with 0.5% glucose in 

the case of M. pneumoniae or 0.5% sodium pyruvate for M. agalactiae. The 
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maximum values of transposon density observed for a gene in these species 

were 0.98 and 0.40 for M. pneumoniae and M. agalactiae, respectively. To 

represent these values in Figure 4, the range of transposon density values was 

normalized for each species independently. In Figure 4, colors are shown along 

a min–max scale after normalization for each of the species (from low 

transposon density in magenta, to high transposon density in white).  

Acknowledgements  

The proteomics analyses were performed in the CRG/UPF Proteomics Unit, 

which is part of the Proteored, PRB3, and is supported by grant PT 17/0019, of 

the PE I+D+i 2013-2016, funded by ISCIII and ERDF. We are especially 

grateful to Guadalupe Espadas-Garcia and Eduard Sabidó for technical and 

scientific guidance for proteomics. We thank V.A. Raker for manuscript 

editing. This project was financed by the European Research Council (ERC) 

under the European Union’s Horizon 2020 research and innovation program, 

under grant agreement Nos 634942 (MycoSynVac) and 670216 

(MYCOCHASSIS). 

Author Contributions 

AMB performed the experiments. AMB and SMV performed data analysis. 

LS, MLS and CPL contributed with ideas and direct supervision of the project. 

All authors participated in evaluating results and discussions about the project. 

AMB, CPL and LS wrote the paper. AMB and SMV prepared tables. AMB 

prepared figures. LS, CPL, SMV and MLS reviewed the manuscript. All 

authors read and approved the final manuscript. 

References 

Beale DJ, Pinu FR, Kouremenos KA, Poojary MM, Narayana VK, Boughton BA, 

Kanojia K, Dayalan S, Jones OAH & Dias DA (2018) Review of recent developments 

http://paperpile.com/b/RMDPwp/Rlh0
http://paperpile.com/b/RMDPwp/Rlh0


 
 

in GC–MS approaches to metabolomics-based research. Metabolomics 14: Available 

at: http://dx.doi.org/10.1007/s11306-018-1449-2 

Beer LA, Liu P, Ky B, Barnhart KT & Speicher DW (2017) Efficient Quantitative 

Comparisons of Plasma Proteomes Using Label-Free Analysis with MaxQuant. 

Methods Mol. Biol. 1619: 339–352 

Chiva C, Olivella R, Borràs E, Espadas G, Pastor O, Solé A & Sabidó E (2018) 

QCloud: A cloud-based quality control system for mass spectrometry-based 

proteomics laboratories. PLOS ONE 13: e0189209 Available at: 

http://dx.doi.org/10.1371/journal.pone.0189209 

Gibson DG, Young L, Chuang R-Y, Venter JC, Hutchison CA 3rd & Smith HO 

(2009) Enzymatic assembly of DNA molecules up to several hundred kilobases. Nat. 

Methods 6: 343–345 

Glass JI, Assad-Garcia N, Alperovich N, Yooseph S, Lewis MR, Maruf M, 

Hutchison CA 3rd, Smith HO & Venter JC (2006) Essential genes of a minimal 

bacterium. Proc. Natl. Acad. Sci. U. S. A. 103: 425–430 

Großhennig S, Schmidl SR, Schmeisky G, Busse J & Stülke J (2013) Implication 

of glycerol and phospholipid transporters in Mycoplasma pneumoniae growth and 

virulence. Infect. Immun. 81: 896–904 

Güell M, van Noort V, Yus E, Chen W-H, Leigh-Bell J, Michalodimitrakis K, 

Yamada T, Arumugam M, Doerks T, Kühner S, Rode M, Suyama M, Schmidt S, 

Gavin A-C, Bork P & Serrano L (2009) Transcriptome complexity in a genome-

reduced bacterium. Science 326: 1268–1271 

Himmelreich R, Hilbert H, Plagens H, Pirkl E, Li BC & Herrmann R (1996) 

Complete sequence analysis of the genome of the bacterium Mycoplasma 

pneumoniae. Nucleic Acids Res. 24: 4420–4449 

Hsu TM, Welner DH, Russ ZN, Cervantes B, Prathuri RL, Adams PD & Dueber 

JE (2018) Employing a biochemical protecting group for a sustainable indigo dyeing 

strategy. Nature Chemical Biology 14: 256–261 Available at: 

http://paperpile.com/b/RMDPwp/Rlh0
http://paperpile.com/b/RMDPwp/Rlh0
http://paperpile.com/b/RMDPwp/Rlh0
http://paperpile.com/b/RMDPwp/Rlh0
http://paperpile.com/b/RMDPwp/Rlh0
http://paperpile.com/b/RMDPwp/Rlh0
http://dx.doi.org/10.1007/s11306-018-1449-2
http://paperpile.com/b/RMDPwp/RFmI
http://paperpile.com/b/RMDPwp/RFmI
http://paperpile.com/b/RMDPwp/RFmI
http://paperpile.com/b/RMDPwp/RFmI
http://paperpile.com/b/RMDPwp/RFmI
http://paperpile.com/b/RMDPwp/RFmI
http://paperpile.com/b/RMDPwp/ucQD
http://paperpile.com/b/RMDPwp/ucQD
http://paperpile.com/b/RMDPwp/ucQD
http://paperpile.com/b/RMDPwp/ucQD
http://paperpile.com/b/RMDPwp/ucQD
http://paperpile.com/b/RMDPwp/ucQD
http://paperpile.com/b/RMDPwp/ucQD
http://paperpile.com/b/RMDPwp/ucQD
http://dx.doi.org/10.1371/journal.pone.0189209
http://paperpile.com/b/RMDPwp/hz4g3
http://paperpile.com/b/RMDPwp/hz4g3
http://paperpile.com/b/RMDPwp/hz4g3
http://paperpile.com/b/RMDPwp/hz4g3
http://paperpile.com/b/RMDPwp/hz4g3
http://paperpile.com/b/RMDPwp/hz4g3
http://paperpile.com/b/RMDPwp/hz4g3
http://paperpile.com/b/RMDPwp/0vqd
http://paperpile.com/b/RMDPwp/0vqd
http://paperpile.com/b/RMDPwp/0vqd
http://paperpile.com/b/RMDPwp/0vqd
http://paperpile.com/b/RMDPwp/0vqd
http://paperpile.com/b/RMDPwp/0vqd
http://paperpile.com/b/RMDPwp/0vqd
http://paperpile.com/b/RMDPwp/uPoK
http://paperpile.com/b/RMDPwp/uPoK
http://paperpile.com/b/RMDPwp/uPoK
http://paperpile.com/b/RMDPwp/uPoK
http://paperpile.com/b/RMDPwp/uPoK
http://paperpile.com/b/RMDPwp/uPoK
http://paperpile.com/b/RMDPwp/uPoK
http://paperpile.com/b/v7Qo92/GKKX
http://paperpile.com/b/v7Qo92/GKKX
http://paperpile.com/b/v7Qo92/GKKX
http://paperpile.com/b/v7Qo92/GKKX
http://paperpile.com/b/v7Qo92/xOXc
http://paperpile.com/b/v7Qo92/xOXc
http://paperpile.com/b/v7Qo92/xOXc
http://paperpile.com/b/RMDPwp/17gV
http://paperpile.com/b/RMDPwp/17gV
http://paperpile.com/b/RMDPwp/17gV
http://paperpile.com/b/RMDPwp/17gV
http://paperpile.com/b/RMDPwp/17gV
http://paperpile.com/b/RMDPwp/17gV
http://paperpile.com/b/RMDPwp/17gV


 

127 
 

http://dx.doi.org/10.1038/nchembio.2552 

Jang C, Chen L & Rabinowitz JD (2018) Metabolomics and Isotope Tracing. Cell 

173: 822–837 

Junier I, Unal EB, Yus E, Lloréns-Rico V & Serrano L (2016) Insights into the 

Mechanisms of Basal Coordination of Transcription Using a Genome-Reduced 

Bacterium. Cell Syst 2: 391–401 

Kamminga T, Slagman S-J, Bijlsma JJE, Martins Dos Santos VAP, Suarez-Diez 

M & Schaap PJ (2017) Metabolic modeling of energy balances in Mycoplasma 

hyopneumoniae shows that pyruvate addition increases growth rate. Biotechnol. 

Bioeng. 114: 2339–2347 

Kanehisa M & Goto S (2000) KEGG: kyoto encyclopedia of genes and genomes. 

Nucleic Acids Res. 28: 27–30 

Karp PD, Weaver D & Latendresse M (2018) How accurate is automated gap 

filling of metabolic models? BMC Syst. Biol. 12: 73 

 Kühner S, van Noort V, Betts MJ, Leo-Macias A, Batisse C, Rode M, Yamada 

T, Maier T, Bader S, Beltran-Alvarez P, Castaño-Diez D, Chen W-H, Devos D, Güell 

M, Norambuena T, Racke I, Rybin V, Schmidt A, Yus E, Aebersold R, et al (2009) 

Proteome Organization in a Genome-Reduced Bacterium. Science 326: 1235–1240 

Available at: http://dx.doi.org/10.1126/science.1176343 

Kuznetsova E, Proudfoot M, Gonzalez CF, Brown G, Omelchenko MV, Borozan 

I, Carmel L, Wolf YI, Mori H, Savchenko AV, Arrowsmith CH, Koonin EV, 

Edwards AM & Yakunin AF (2006) Genome-wide analysis of substrate specificities 

of the Escherichia coli haloacid dehalogenase-like phosphatase family. J. Biol. Chem. 

281: 36149–36161 

Lluch-Senar M, Delgado J, Chen W-H, Lloréns-Rico V, O’Reilly FJ, Wodke JA, 

Unal EB, Yus E, Martínez S, Nichols RJ, Ferrar T, Vivancos A, Schmeisky A, Stülke 

J, van Noort V, Gavin A-C, Bork P & Serrano L (2015) Defining a minimal cell: 

essentiality of small ORFs and ncRNAs in a genome-reduced bacterium. Mol. Syst. 

http://dx.doi.org/10.1038/nchembio.2552
http://paperpile.com/b/RMDPwp/OUxb
http://paperpile.com/b/RMDPwp/OUxb
http://paperpile.com/b/RMDPwp/OUxb
http://paperpile.com/b/RMDPwp/OUxb
http://paperpile.com/b/RMDPwp/OUxb
http://paperpile.com/b/RMDPwp/OUxb
http://paperpile.com/b/v7Qo92/XR2f
http://paperpile.com/b/v7Qo92/XR2f
http://paperpile.com/b/v7Qo92/XR2f
http://paperpile.com/b/v7Qo92/lCyT
http://paperpile.com/b/v7Qo92/lCyT
http://paperpile.com/b/v7Qo92/lCyT
http://paperpile.com/b/v7Qo92/lCyT
http://paperpile.com/b/v7Qo92/1eMX
http://paperpile.com/b/v7Qo92/1eMX
http://paperpile.com/b/v7Qo92/Q1VQ
http://paperpile.com/b/v7Qo92/Q1VQ
http://paperpile.com/b/RMDPwp/06vJ
http://paperpile.com/b/RMDPwp/06vJ
http://paperpile.com/b/RMDPwp/06vJ
http://paperpile.com/b/RMDPwp/06vJ
http://paperpile.com/b/RMDPwp/06vJ
http://paperpile.com/b/RMDPwp/06vJ
http://paperpile.com/b/RMDPwp/06vJ
http://paperpile.com/b/RMDPwp/06vJ
http://paperpile.com/b/RMDPwp/06vJ
http://paperpile.com/b/RMDPwp/06vJ
http://paperpile.com/b/RMDPwp/uaOn
http://paperpile.com/b/RMDPwp/uaOn
http://paperpile.com/b/RMDPwp/uaOn
http://paperpile.com/b/RMDPwp/uaOn
http://paperpile.com/b/RMDPwp/uaOn
http://paperpile.com/b/RMDPwp/uaOn
http://paperpile.com/b/RMDPwp/uaOn
http://paperpile.com/b/RMDPwp/uaOn
http://paperpile.com/b/RMDPwp/aIWG
http://paperpile.com/b/RMDPwp/aIWG
http://paperpile.com/b/RMDPwp/aIWG
http://paperpile.com/b/RMDPwp/aIWG
http://paperpile.com/b/RMDPwp/aIWG


 
 

Biol. 11: 780 

Long CP & Antoniewicz MR (2019) High-resolution 13C metabolic flux 

analysis. Nature Protocols 14: 2856–2877 Available at: 

http://dx.doi.org/10.1038/s41596-019-0204-0 

Maier T, Marcos J, Wodke JAH, Paetzold B, Liebeke M, Gutiérrez-Gallego R & 

Serrano L (2013) Large-scale metabolome analysis and quantitative integration with 

genomics and proteomics data in Mycoplasma pneumoniae. Mol. Biosyst. 9: 1743–

1755 

Mao F, Dam P, Chou J, Olman V & Xu Y (2009) DOOR: a database for 

prokaryotic operons. Nucleic Acids Res. 37: D459–63 

Masukagami Y, De Souza DP, Dayalan S, Bowen C, O’Callaghan S, Kouremenos 

K, Nijagal B, Tull D, Tivendale KA, Markham PF, McConville MJ, Browning GF & 

Sansom FM (2017a) Comparative Metabolomics of Mycoplasma bovis and 

Mycoplasma gallisepticum Reveals Fundamental Differences in Active Metabolic 

Pathways and Suggests Novel Gene Annotations. mSystems 2: Available at: 

http://dx.doi.org/10.1128/msystems.00055-17 

Masukagami Y, De Souza DP, Dayalan S, Bowen C, O’Callaghan S, Kouremenos 

K, Nijagal B, Tull D, Tivendale KA, Markham PF, McConville MJ, Browning GF & 

Sansom FM (2017b) Comparative Metabolomics of and Reveals Fundamental 

Differences in Active Metabolic Pathways and Suggests Novel Gene Annotations. 

mSystems 2: Available at: http://dx.doi.org/10.1128/mSystems.00055-17 

Miravet-Verde S, Ferrar T, Espadas-García G, Mazzolini R, Gharrab A, Sabido 

E, Serrano L & Lluch-Senar M (2019) Unraveling the hidden universe of small 

proteins in bacterial genomes. Mol. Syst. Biol. 15: e8290 

Montero-Blay A, Miravet-Verde S, Lluch-Senar M, Piñero-Lambea C & Serrano 

L (2019) SynMyco transposon: engineering transposon vectors for efficient 

transformation of minimal genomes. DNA Research Available at: 

http://dx.doi.org/10.1093/dnares/dsz012 

http://paperpile.com/b/RMDPwp/aIWG
http://paperpile.com/b/RMDPwp/aIWG
http://paperpile.com/b/RMDPwp/aIWG
http://paperpile.com/b/RMDPwp/aIWG
http://paperpile.com/b/RMDPwp/3gi9
http://paperpile.com/b/RMDPwp/3gi9
http://dx.doi.org/10.1038/s41596-019-0204-0
http://paperpile.com/b/RMDPwp/jSe0
http://paperpile.com/b/RMDPwp/jSe0
http://paperpile.com/b/RMDPwp/jSe0
http://paperpile.com/b/RMDPwp/jSe0
http://paperpile.com/b/RMDPwp/jSe0
http://paperpile.com/b/RMDPwp/jSe0
http://paperpile.com/b/RMDPwp/jSe0
http://paperpile.com/b/RMDPwp/jSe0
http://paperpile.com/b/v7Qo92/WFZ8
http://paperpile.com/b/v7Qo92/WFZ8
http://paperpile.com/b/RMDPwp/yx7P
http://paperpile.com/b/RMDPwp/yx7P
http://paperpile.com/b/RMDPwp/yx7P
http://paperpile.com/b/RMDPwp/yx7P
http://paperpile.com/b/RMDPwp/yx7P
http://paperpile.com/b/RMDPwp/yx7P
http://paperpile.com/b/RMDPwp/yx7P
http://paperpile.com/b/RMDPwp/yx7P
http://paperpile.com/b/RMDPwp/yx7P
http://paperpile.com/b/RMDPwp/yx7P
http://dx.doi.org/10.1128/msystems.00055-17
http://paperpile.com/b/RMDPwp/eE6c
http://paperpile.com/b/RMDPwp/eE6c
http://paperpile.com/b/RMDPwp/eE6c
http://paperpile.com/b/RMDPwp/eE6c
http://paperpile.com/b/RMDPwp/eE6c
http://paperpile.com/b/RMDPwp/eE6c
http://paperpile.com/b/RMDPwp/eE6c
http://paperpile.com/b/RMDPwp/eE6c
http://dx.doi.org/10.1128/mSystems.00055-17
http://paperpile.com/b/RMDPwp/aPqe
http://paperpile.com/b/RMDPwp/aPqe
http://paperpile.com/b/RMDPwp/aPqe
http://paperpile.com/b/RMDPwp/8Agh
http://paperpile.com/b/RMDPwp/8Agh
http://paperpile.com/b/RMDPwp/8Agh
http://paperpile.com/b/RMDPwp/8Agh
http://paperpile.com/b/RMDPwp/8Agh
http://paperpile.com/b/RMDPwp/8Agh
http://dx.doi.org/10.1093/dnares/dsz012


 

129 
 

Ochsner AM, Christen M, Hemmerle L, Peyraud R, Christen B & Vorholt JA 

(2017) Transposon Sequencing Uncovers an Essential Regulatory Function of 

Phosphoribulokinase for Methylotrophy. Curr. Biol. 27: 2579–2588.e6 

Perkins DN, Pappin DJ, Creasy DM & Cottrell JS (1999) Probability-based 

protein identification by searching sequence databases using mass spectrometry data. 

Electrophoresis 20: 3551–3567 

Pettersson B, Uhlén M & Johansson KE (1996) Phylogeny of some mycoplasmas 

from ruminants based on 16S rRNA sequences and definition of a new cluster within 

the hominis group. Int. J. Syst. Bacteriol. 46: 1093–1098 

Pollack JD, Myers MA, Dandekar T & Herrmann R (2002) Suspected utility of 

enzymes with multiple activities in the small genome Mycoplasma species: the 

replacement of the missing ‘household’ nucleoside diphosphate kinase gene and 

activity by glycolytic kinases. OMICS 6: 247–258 

Ponce-de-León M, Apaolaza I, Valencia A & Planes FJ (2019) On the 

inconsistent treatment of gene-protein-reaction rules in context-specific metabolic 

models. Bioinformatics Available at: 

http://dx.doi.org/10.1093/bioinformatics/btz832 

Qi J, Guo A, Cui P, Chen Y, Mustafa R, Ba X, Hu C, Bai Z, Chen X, Shi L & 

Chen H (2012) Comparative geno-plasticity analysis of Mycoplasma bovis HB0801 

(Chinese isolate). PLoS One 7: e38239 

Rechnitzer H, Rottem S & Herrmann R (2013) Reconstitution of an active 

arginine deiminase pathway in Mycoplasma pneumoniae M129. Infect. Immun. 81: 

3742–3749 

Rottem S (2003) Interaction of Mycoplasmas With Host Cells. Physiological 

Reviews 83: 417–432 Available at: http://dx.doi.org/10.1152/physrev.00030.2002 

Virulence, persistence and dissemination of Mycoplasma bovis (2015) Vet. 

Microbiol. 179: 15–22 

http://paperpile.com/b/RMDPwp/lWMh
http://paperpile.com/b/RMDPwp/lWMh
http://paperpile.com/b/RMDPwp/lWMh
http://paperpile.com/b/RMDPwp/lWMh
http://paperpile.com/b/RMDPwp/lWMh
http://paperpile.com/b/RMDPwp/lWMh
http://paperpile.com/b/RMDPwp/lWMh
http://paperpile.com/b/RMDPwp/xLbi
http://paperpile.com/b/RMDPwp/xLbi
http://paperpile.com/b/RMDPwp/xLbi
http://paperpile.com/b/RMDPwp/xLbi
http://paperpile.com/b/RMDPwp/xLbi
http://paperpile.com/b/RMDPwp/xLbi
http://paperpile.com/b/RMDPwp/tIYJ
http://paperpile.com/b/RMDPwp/tIYJ
http://paperpile.com/b/RMDPwp/tIYJ
http://paperpile.com/b/RMDPwp/tIYJ
http://paperpile.com/b/RMDPwp/tIYJ
http://paperpile.com/b/RMDPwp/tIYJ
http://paperpile.com/b/RMDPwp/tIYJ
http://paperpile.com/b/RMDPwp/byqU
http://paperpile.com/b/RMDPwp/byqU
http://paperpile.com/b/RMDPwp/byqU
http://paperpile.com/b/RMDPwp/byqU
http://paperpile.com/b/RMDPwp/byqU
http://paperpile.com/b/RMDPwp/byqU
http://paperpile.com/b/RMDPwp/byqU
http://paperpile.com/b/RMDPwp/byqU
http://paperpile.com/b/v7Qo92/keqL
http://paperpile.com/b/v7Qo92/keqL
http://paperpile.com/b/v7Qo92/keqL
http://paperpile.com/b/v7Qo92/keqL
http://dx.doi.org/10.1093/bioinformatics/btz832
http://paperpile.com/b/RMDPwp/URto
http://paperpile.com/b/RMDPwp/URto
http://paperpile.com/b/RMDPwp/URto
http://paperpile.com/b/RMDPwp/URto
http://paperpile.com/b/RMDPwp/URto
http://paperpile.com/b/RMDPwp/URto
http://paperpile.com/b/RMDPwp/URto
http://paperpile.com/b/RMDPwp/K3YY
http://paperpile.com/b/RMDPwp/K3YY
http://paperpile.com/b/RMDPwp/K3YY
http://paperpile.com/b/RMDPwp/K3YY
http://paperpile.com/b/RMDPwp/K3YY
http://paperpile.com/b/RMDPwp/K3YY
http://paperpile.com/b/RMDPwp/K3YY
http://paperpile.com/b/RMDPwp/VHnO
http://paperpile.com/b/RMDPwp/VHnO
http://paperpile.com/b/RMDPwp/VHnO
http://paperpile.com/b/RMDPwp/VHnO
http://paperpile.com/b/RMDPwp/VHnO
http://paperpile.com/b/RMDPwp/VHnO
http://dx.doi.org/10.1152/physrev.00030.2002
http://paperpile.com/b/v7Qo92/sT1c
http://paperpile.com/b/v7Qo92/sT1c


 
 

Vanyushkina AA, Fisunov GY, Gorbachev AY, Kamashev DE & Govorun VM 

(2014) Metabolomic analysis of three Mollicute species. PLoS One 9: e89312 

Vizcaíno JA, Csordas A, Del-Toro N, Dianes JA, Griss J, Lavidas I, Mayer G, 

Perez-Riverol Y, Reisinger F, Ternent T, Xu Q-W, Wang R & Hermjakob H (2016) 

2016 update of the PRIDE database and its related tools. Nucleic Acids Res. 44: 

11033 

Wodke JAH, Puchałka J, Lluch-Senar M, Marcos J, Yus E, Godinho M, 

Gutiérrez-Gallego R, dos Santos VAPM, Serrano L, Klipp E & Maier T (2013) 

Dissecting the energy metabolism in Mycoplasma pneumoniae through genome-

scale metabolic modeling. Mol. Syst. Biol. 9: 653 

Yang H, Krumholz EW, Brutinel ED, Palani NP, Sadowsky MJ, Odlyzko AM, 

Gralnick JA & Libourel IGL (2014) Genome-scale metabolic network validation of 

Shewanella oneidensis using transposon insertion frequency analysis. PLoS Comput. 

Biol. 10: e1003848 

Yus E, Maier T, Michalodimitrakis K, van Noort V, Yamada T, -H. Chen W, 

Wodke JAH, Guell M, Martinez S, Bourgeois R, Kuhner S, Raineri E, Letunic I, 

Kalinina OV, Rode M, Herrmann R, Gutierrez-Gallego R, Russell RB, -C. Gavin A, 

Bork P, et al (2009) Impact of Genome Reduction on Bacterial Metabolism and Its 

Regulation. Science 326: 1263–1268 

Zimmermann M, Zimmermann-Kogadeeva M, Wegmann R & Goodman AL (2019) 

Separating host and microbiome contributions to drug pharmacokinetics and toxicity. 

Science 363: Available at: http://dx.doi.org/10.1126/science.aat9931 

 

 

 

 

 

 

 

 

 

http://paperpile.com/b/v7Qo92/H4Ow
http://paperpile.com/b/v7Qo92/H4Ow
http://paperpile.com/b/RMDPwp/h6LL
http://paperpile.com/b/RMDPwp/h6LL
http://paperpile.com/b/RMDPwp/h6LL
http://paperpile.com/b/RMDPwp/h6LL
http://paperpile.com/b/RMDPwp/h6LL
http://paperpile.com/b/RMDPwp/h6LL
http://paperpile.com/b/RMDPwp/h6LL
http://paperpile.com/b/RMDPwp/h6LL
http://paperpile.com/b/RMDPwp/cGCo
http://paperpile.com/b/RMDPwp/cGCo
http://paperpile.com/b/RMDPwp/cGCo
http://paperpile.com/b/RMDPwp/cGCo
http://paperpile.com/b/RMDPwp/cGCo
http://paperpile.com/b/RMDPwp/cGCo
http://paperpile.com/b/RMDPwp/cGCo
http://paperpile.com/b/RMDPwp/cGCo
http://paperpile.com/b/RMDPwp/rWQt
http://paperpile.com/b/RMDPwp/rWQt
http://paperpile.com/b/RMDPwp/rWQt
http://paperpile.com/b/RMDPwp/rWQt
http://paperpile.com/b/RMDPwp/rWQt
http://paperpile.com/b/RMDPwp/rWQt
http://paperpile.com/b/RMDPwp/rWQt
http://paperpile.com/b/RMDPwp/rWQt
http://paperpile.com/b/RMDPwp/ndxb
http://paperpile.com/b/RMDPwp/ndxb
http://paperpile.com/b/RMDPwp/ndxb
http://paperpile.com/b/RMDPwp/ndxb
http://paperpile.com/b/RMDPwp/ndxb
http://paperpile.com/b/RMDPwp/ndxb
http://paperpile.com/b/RMDPwp/ndxb
http://paperpile.com/b/RMDPwp/ndxb
http://paperpile.com/b/RMDPwp/ndxb
http://paperpile.com/b/RMDPwp/Ue9t
http://paperpile.com/b/RMDPwp/Ue9t
http://paperpile.com/b/RMDPwp/Ue9t
http://paperpile.com/b/RMDPwp/Ue9t
http://paperpile.com/b/RMDPwp/Ue9t
http://paperpile.com/b/RMDPwp/Ue9t
http://dx.doi.org/10.1126/science.aat9931


 

131 
 

To access all the material available for this article, please visit the 

following QR. 

 

 



 
 

  



 

133 
 

4. Chapter 4: Towards the use of M. 
pneumoniae as immunomodulatory 
agent in the lung 

 

The work performed in this chapter has been accomplished with the 

collaboration of Dr. Claire Lastrucci in the in vitro part and Dr. Irene 

Rodriguez in the in vivo part. 

 Introduction 

 

Idiopathic Pulmonary Fibrosis (IPF) is a chronic, progressive interstitial lung 

disease distinguished by lung scarring and characterized by an aberrantly 

activated lung epithelium that produces mediators fibroblast proliferation, 

and differentiation into active myofibroblasts. The main consequence is the 

exacerbated reparation of injured epithelial alveolar tissue associated with 

increasing cough and dyspnoea and impaired life quality (Barratt et al., 2018). 

This disease affects more than three million people globally, and its incidence 

is related to aging (Martinez et al., 2017). 

The pathobiology of IPF combines the convergence of three main elements: 

(i) genetic architecture affecting epithelial cell integrity; (ii) environmental 

factors; and (iii) accelerated aging-associated changes that result in a complex 

epigenetic reprogramming that promotes aberrant epithelial cell activation. 

The activated epithelium secretes mediators, including interleukins, that 

induce migration, proliferation, and activation of fibroblasts and 

myofibroblasts, which are resistant to apoptosis and persistently secrete 

extracellular matrix (ECM) components.  

From an immunologic point of view, a set of interleukins is dysregulated in 

IPF; therefore, they are appealing therapeutic candidates. For instance, high 



 
 

levels of IL-1, IL-4, IL-11, IL-13, IL-17A favor fibrosis. i) IL-1b is 

recognized as a mediator in the inflammation of multiple tissues, including 

the lung (Lappalainen et al., 2005). ii) IL-4 is involved in pro-fibrotic 

macrophage activation and maintenance in the lung (Groves et al., 2016), and 

its precise role in pulmonary fibrosis is under study. iii) The overexpression 

of IL-11 induced lung fibrosis, and the deletion of one of its receptor subunits 

prevented bleomycin-induced fibrosis, iv) IL-13 overexpression is associated 

with fibrosis and its enhanced blocking tissue repairing processes and 

diminished fibrotic processes in the lung (Murray et al., 2014). v) IL-17A is 

a pro-inflammatory interleukin produced by T helper 17 cell types and has 

been associated with an increase of collagen secretion, signifying a transition 

from alveolar epithelial cells epithelial-mesenchymal in a TGF-β1 linked 

manner. Additionally, IL-17 is highly expressed in fibrotic models, and its 

neutralization demonstrated attenuated pulmonary fibrosis in a bleomycin-

induced mice model (Cipolla et al., 2017; Fabre et al., 2018). Other 

interleukins are being under consideration for their possible role in favoring 

lung fibrosis (e.g., IL-25, IL-33, or TSLP) (Nejman-Gryz et al., 2017) for 

their implications in IPF. 

There are many ongoing clinical trials using antibodies against the above 

interleukins or their receptors and antagonist mutants. For example, antibody 

antagonists competitively block IL-4 signaling by blocking IL4Rα (i.e., 

pitrakinra) (Wenzel et al., 2007), while lebrikizumab or anrukinzumab aims 

to prevent IL-4 signaling through the blocking of the IL4Rα/IL13Rα1 

complex (Simpson et al., 2018). There are also antibodies anti-IL-11 or anti-

IL-17A. 

 

Other interleukins are being explored as agonist drugs for IPF treatment: i) 

IL-9, an interleukin produced by T-cells and active in T and B lymphocytes 

whose overexpression results in improvement of IPF in a mice model induced 
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by silica particles (Arras et al., 2001). ii) The IL-10 protein family participates 

in maintaining tissue homeostasis during infection, upregulation of innate 

immunity, and also promotes tissue repair and wound healing (Ouyang and 

O’Garra, 2019). IL-10, when combined with a hydrogel-based lung delivery 

system, suppressed collagen production by lung fibroblasts via TGF-β 

(Shamskhou et al., 2019). In a mice IPF bleomycin model. Besides, murine 

IL-10 delivery via adeno-associated virus serotype 6 showed reduced 

inflammatory infiltrating cells in fibrotic tissues, decreased IFN-α levels, and 

increased survival of those animals (Kurosaki et al., 2018). Although 

unrelated to IPF, it has been shown that perfusion gene therapy using IL-10 

delivered intra-airway ex vivo showed improved function and restored 

alveolar-blood barrier when a patient's diseased lungs are replaced by a living 

or deceased donor in the pulmonary transplantation field. This is a result of 

improved function and restored alveolar-blood barrier. Therefore, 

inflammation downregulation through IL-10 improved lung functionality 

(Cypel et al., 2009). However, there are also reports showing that continuous 

systemic delivery of IL-10 could cause toxic effects (Mueller et al., 2009; 

Saxena et al., 2015). Within the IL-10 family, all cytokines share structural 

similarity (alpha-helical cytokines), and IL-10 is known to have 

immunosuppressive effects on myeloid cells. In the IL-10 family, we find the 

IL-20 cytokine subfamily (i.e., IL-19, IL-20, IL-22, IL-24, and IL-26) that 

acts mainly on stroma and epithelial cells. This subfamily's biological 

function, especially IL-22, is related to the control mechanism that defends 

organisms from cellular pathogens. Finally, inside the IL-10 family, we can 

encounter the IL-28 subfamily that encompasses IL-28 AB and IL-29 (type 

III Interferons) that preferentially target epithelial cells and seems to be 

involved in defense against viral infections (Rutz et al., 2014).  

 



 
 

IL-22 is the unique interleukin in the IL-10 family regulated by a natural 

inhibitor (a soluble receptor) produced by T-cells (Th17 and Th22), 

neutrophils, NK, and T cells (Lanfranca et al., 2016). In a mice model of 

pneumonia caused by Klebsiella's infection, IL-22 was detected in higher 

amounts than non-infected mice demonstrating the antimicrobial role of IL-

22 and increasing proliferation and transepithelial resistance of primary 

bronchial epithelial cells in vitro (Aujla et al., 2008). The pathophysiological 

role of IL-22 in IPF is still under investigation. IL-22 lung levels decreased 

when compared to the control condition in a bleomycin-induced fibrosis 

model. Moreover, the recombinant administration of IL-22 in a model of 

adenocarcinoma human alveolar epithelial cells (A549) almost reversed the 

loss of cell viability induced by bleomycin (Lim and Savan, 2014). In other 

organs like liver, high IL-22 levels 

suppresses liver fibrosis by senescence of hepatic stem cells (Kong et al., 

2012) and helps regenerate the liver. Also, IL-22 seems to block acute kidney 

injury (Wang et al., 2017). Despite these possible therapeutic applications of 

IL-22, there is data showing that under chronic inflammatory processes 

activated by IL-1β and IL-23, the combination of IL-22 with IL-17A can 

promote psoriasis and inflammation (Ward and Umetsu, 2014). In parallel, it 

has been shown that IL-17A is upregulated in the bleomycin-induced model 

and possibly activating TGF-β. It is also suggested that due to its 

antiapoptotic effects and induction of cell division in regeneration, it can 

promote cancer by indirectly stimulating the immunosuppressive tumor 

microenvironment (Reppert et al., 2012).  

The above evidence suggests that local temporal delivery of IL-10 and/or IL-

22 could alter the aberrant IPF immune signature and facilitate lung recovery, 

opposite to systemic administration of these cytokines. One way of doing it 

could be through bacterial therapy using our non-pathogenic M. pneumoniae 

chassis. This chapter shows the engineering of M. pneumoniae to express and 
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secrete to the medium human interleukins with two disulfide bridges (i.e., IL-

10. IL-22). Then we have assessed the functionality of the expressed IL-10 

and IL-22 in vitro and in vivo.  

 Results 

 

 Quantification of IL-10 secreted to the medium by M. 
pneumoniae 

 

We cloned the genes coding for human IL-10 and IL-22 in a transposon 

vector under the control of two designed strong promoters, P3 and pSynL 

(Mazzolini et al., manuscript submitted) (see methods). Then we tested the 

amount of secreted protein by M. pneumoniae to the medium. To do so, we 

took the cell medium after 48 hours of Mycoplasma growth, spin it down to 

remove any floating cells, and in parallel, we scrapped the cells attached to 

the plate. We inferred the bacterium's cell expression capacity after 

concentrating the supernatant and independently performing hydrolysis of the 

urea buffer cells (see Methods). The relationship between Mass-Spectrometry 

(MS) areas and the equivalence in copies per cell is known in M. pneumoniae. 

Using this equivalence, we found that the approximate IL-10 concentration 

measured by proteomics in the supernatant of cells was four femtogram/cell 

(See methods). The capacity of recombinant proteins' expression capacity 

(e.g., interleukins, nanobodies, or enzymes) by this bacterium seems to be 

within the same range for different proteins, in the range of 2-11 femtograms 

per cell. In parallel and using commercial IL-10 and IL-22 (Peprotech), we 

performed an ELISA assay to quantify both ILs in the M. pneumoniae 

medium. We found values within the same order of magnitude as those 

determined by mass spectroscopy for IL-10 (12.8 +- 17.0 SD µg/mL average 

value calculated by ELISA and 7.9 µg/ul calculated by MS) see Table 1. 

  



 
 

ELISA for IL-10   

IL-10 Concentration ug/mL Average ug/ml 

R1 0.51 12.8 

R2 0.99  

R3 36.9  

MS quantification Concentration ug/mL 7.9 

 

Table 1. Protein quantification for IL-10 expressed by M. pneumoniae in three 

independent biological replicates (R) by ELISA and Mass Spectrometry (MS). 

 M. pneumoniae expresses functional IL-10  

 

Once the production of IL-10 was confirmed, IL-10 functionality was 

assessed. For this purpose, we used primary blood monocytes CD14+ isolated 

from four independent, healthy blood donors (see methods). After two days 

of growth of M. pneumoniae expressing IL-10, a sample of 300 µl taken from 

the medium was directly added to one million blood monocytes representing 

0.23% of the total medium volume. As a positive control, we used 

recombinant IL-10 at approximately the same concentration as the one in 

Mycoplasma supernatant (20 ng/mL; see Methods) (see figure 11).  

To check the functionality of the expressed IL-10, we did two separate 

experiments. The first one addressed the activation of STAT3 via 

phosphorylation on a critical residue (Tyrosine 705) that triggers STAT3 

dimerization and posterior translocation to the nucleus, where it activates 

gene transcription. The second assessed monocyte polarization towards M1 

(prototypic inflammatory responses) and M2 phenotypes (antagonize 

prototypic inflammatory responses) by flow cytometry looking at three 

classical anti-inflammatory markers (CD163, CD16, and MerTK) and three 

pro-inflammatory markers (CCR2, MHC2, and CD86) (Lastrucci et al., 

2015).  

By western blot, we observed phosphorylation of Tyr705 (Yu et al., 2009), 

showing that our WT M. pneumoniae expressing IL-10 was binding to the 
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IL-10 receptors and activating STAT3 signaling cascade. We also tested the 

CV2 chassis' capacity to express IL-10 to activate STAT3 signaling cascade 

in two independent donors. We found that both WT and CV2 strains could 

secrete active IL-10 activating the IL-10/STAT3 axis (See Figure 11). 

Regarding monocyte polarization, we first tested the recombinant 

commercial IL-10 and found that it increased the expression of three anti-

inflammatory markers, especially CD16, and decreased significantly 

inflammatory markers like MHC2 and CD86. We found the same effect with 

the supernatant from Mycoplasma cells expressing IL-10 (Figure 11).  

The above results demonstrate that IL-10 expressed by M. pneumoniae is 

fully functional. 

 
Figure 11. Effect of IL-10 recombinant and IL-10 produced by M. pneumoniae on 

monocyte primary cells from four independent donors. A) Overview of the 

experimental approach. B) Western blot results from monocytes isolated from two 

independent donors. The conditions measured were: Control (unstimulated cells), 

IL10 (recombinant IL-10 stimulation), WT-Control (supernatant of WT M. 

pneumoniae), WT-IL-10 supernatant of M. pneumoniae expressing IL-10, CV2 

(supernatant of the CV2 chassis), and CV2-IL10 supernatant of CV2 expressing IL10. 

C) We show on the left the flow cytometer results for four anti-inflammatory markers 

measured (CD163, CD16, MerTK, and CCR4) for the conditions above described, 

and on the right panel the results for four classical pro-inflammatory markers 

(CCR2, MHC2, CD86, PD-L1). Those comparisons with a significant statistical test 

(paired t-test, one-tailed) were marked with an asterisk. The number of blood donors 

is four. 

 

 M. pneumoniae expresses functional IL-22  

 

IL-22 is known to stimulate a wound healing repairing process in epithelial 

cells, downregulating IL-8 (McGee et al., 2013). To determine if M. 

pneumoniae could express functional IL-22, we used the alveolar cell line 

A549 previously used in wound healing assay (Cheng et al., 2015). The assay 

measures cell migration induction after scratching a monolayer of cells and 

taking different microscopic images spaced in time (see Figure 12). For the 



 
 

assay, we used as control recombinant commercial IL-22 and the supernatant 

of M. pneumoniae cells expressing IL-22 (see Methods) mixed with the cell 

culture medium (final concentration of expressed IL-22 around 20ng/ml). 

Figure 12 shows the closure of the wound in the cell culture assay with time. 

First, when cultivating A549 cells with recombinant IL-22 for 44 hours, a 

decrease in the scar area was measured compared to non-stimulated cells. We 

found no significant differences between the activation of cell migration and 

proliferation induced by recombinant or Mycoplasma expressed IL-22. 

Therefore, IL-22 is capable of stimulating epithelial repair and is functional 

when expressed by M. pneumoniae. 

We also looked at the suppressor effect on IL-8 expression by IL-22. Upon 

M. pneumoniae infection, there is an increase in gene expression of pro-

inflammatory cytokines (IL-1, TNF-α, and IL-8) with a peak at four hours 

post-infection for TNF- α and 16h post-infection for IL-1β and IL-8 (Yang et 

al., 2004). When A549 cells are not stimulated, the IL-8 concentration after 

24 hours is 1.68 +/- 0.07 ng/ml, and when stimulated with M. pneumoniae 

supernatant, it increases up to 2.22 +/- 0.04 ng/ml. Incubation with IL-22 

recombinant drops IL-8 levels down to 0.94 +/- 0.69 ng/ml. The same 

happens when cells are incubated with IL-22 from M. pneumoniae 

supernatant (0.85 +/- 0.46 ng/ml of IL-8). Finally, we observed a synergistic 

effect when co-administering both recombinant proteins (IL-10 and IL-22) 

for IL-8 production (Figure 12C). 

 

 

Figure 12. Effect of IL-22 on A549 lung epithelial cells. In panel A, two photos taken 

during the wound healing experiment exemplifies how a scar is resolved over time in 

the presence of IL-22. In panel B, we show the percentage of remaining scar area 

compared to the area measured at the initial time at two-time points: 18 and 44 hours 

after the scar was performed. The conditions tested are the following: untreated 

control cells (CTL), cells with supernatant of M. pneumoniae WT (WT), cells plus IL-

22 recombinant at a determined concentration (IL22REC), and cells with M. 

pneumoniae supernatant at a determined concentration of IL-22 (WTIL22) for three 

biological replicates. In panel, C we show the IL-8 production of A549 cells across 
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different conditions. The conditions assessed are the same explained before, plus a 

condition in which both recombinant IL-10 and IL-22 are supplemented 

concomitantly (IL10IL22 REC) or supernatant of M. pneumoniae strain expressing 

both proteins IL-10 and IL-22 (WTIL10IL22) over three biological replicates. 

This reduction is higher (0.23 ng/ mL +/- 0.23, almost 4-fold decrease) when IL-10 

and IL-22 are co-expressed by M. pneumoniae (Figure 12). These results showed that 

M. pneumoniae secretes functional IL-22. 

 

 Mycoplasma expresses active IL-10 and IL-22 in mice lung 

 

To assess the bacterium's capacity to express immunotherapeutic molecules 

in vivo, we tested M. pneumoniae expressing human IL-10, IL-22, or IL-10 

and IL-22 at the same time. The strains were inoculated in a healthy mice 

Balb/C model. As a positive control, animals were infected with the M. 

pneumoniae WT strain plus commercial recombinant proteins (IL-10 or IL-

22) (1 µg/mice). The initial bacterial inocula were comparable across all 

conditions tested (7x107 CFU/mouse). At two days post-infection, mice were 

sacrificed, and lungs were removed. The left one was used for bacterial load 

quantification, and the right one, for analysis of expression of inflammatory 

markers by RT qPCR (tnf-α, kc/IL-8, mcp-1, mip-1a, il-1β, il-6, il-12p40, and 

il-23). Similar bacterial load was detected for the different strains tested (i.e., 

between 4.8-5.6 Log10 CFU/mice) (see Figure 13) 

 

 

Figure 13. Lung bacterial load of M. pneumoniae strains at two days post-infection. 

M. pneumoniae was inoculated into healthy Balb/C animals. After two days, animals 

were sacrificed, and the lung was removed for bacterial load quantification (see 

methods). WT is WT strain, WT_hIL-10, WT_hIL-22, and WT_hIL-10/h22 are M. 

pneumoniae strains expressing human IL-10, IL-22, or both, respectively. WT + hIL-

10r, WT + hIL-22r and WT + hIL-10r + hIL-22r, WT strain was co-administered 

with recombinant (r) protein of human IL-10 (1 µg), IL-22 (1 µg), or both proteins 

simultaneously (0.5 µg + 0.5 µg, respectively). We analyzed five animals in each 

experiment 

 



 
 

Then, lungs were homogenated, and RNA was extracted from the inferior 

lobe. We measured the changes in RNA levels of inflammatory lung markers 

by RT-qPCR (Figure 14). 

 

Figure 14. Inflammatory profile of the lung of mice infected with different 

Mycoplasma expressing cells. Panels from left to right showing the expression profile 

changes of mRNA extracted from mice lungs for tnf-α, kc/IL-8, mcp-1, mip-1a, il-1b, 

il-6, il-12p40, and il-23. The set of strains analyzed are seven, PBS-administered 

control condition (CON), WT for WT strain, WT_hIL10, WT_hIL22, and 

WT_hIL10/hIL22 are M. pneumoniae strains expressing human IL-10, IL-22, or 

both, respectively. The following conditions share M. pneumoniae WT strain but co-

administered with one ug of human recombinant protein (i.e., IL-10, IL-22, or both 

proteins simultaneously at 0.5 µg each). RNA was extracted from five animals in each 

condition using gadph as an internal control. The statistical test performed is One-

way ANOVA plus Sidak's multiple comparisons test 

 

 

The Mycoplasma WT strain resulted in increased expression of the genes tnf-

α, il-8, mcp-1, il-1β, il-6, and il-12p40, and a similar trend, although not 

statistically significant, was observed for mip-1a and il23 (see figure 14) 

compared to control, non-infected animals (CON). The strain expressing 

human IL-10 did not increase inflammatory makers compared to the WT in 

the same way as administering recombinant IL-10 with the WT mycoplasma 

strain (see Figure 15).  

 

Figure 15. Recapitulation of the inflammatory profiles observed after M. pneumoniae 

strains administration in Balb/C healthy mice model 

 

For IL-22, the results were intriguing. On the one hand, the strain expressing 

IL-22 increased the expression of all the genes analyzed except for il-1β as 

previously described. On the other, IL-22 co-administered with WT strain 

decreased many inflammatory markers. Finally, both proteins' co-expression 

simultaneously produced a similar phenotype as expressing IL-10 alone (see 

Figure 15). 
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In conclusion, Mycoplasma strains expressing interleukins have a 

physiological effect in vivo capable of modulating the immune response. The 

Mycoplasma WT strain upregulates the response of inflammatory markers 

(tnf-α, il-1β, il-6, or il-12p40); however, when this strain expresses IL-10, 

those inflammatory markers significantly decrease. 

 

 Discussion 

 

The development of genome engineering tools has unleashed the possibilities 

of generating genetically modified organisms displaying novel properties. 

However, the exploitation of bacterial therapies has been historically focused 

on gut afflictions and, more recently, in the skin. Nevertheless, the field of 

bacterial lung therapies remains desert. 

In this work, we have demonstrated the M. pneumoniae WT's and CV2's 

strains' capacity to downregulate the macrophage inflammatory response by 

expressing IL-10. We have then provided evidence for the increase in 

epithelial cell migration and IL-8 downregulation in an epithelial cell line 

(A549) upon human IL-22 expression by WT M. pneumoniae. These results 

obtained in two in vitro contexts denote the capacity of M. pneumoniae to 

express and secrete active human interleukins containing two disulfide 

bridges. Finally, we have demonstrated that this bacterium could express 

active immunomodulators in the mice lung (see Figure 14) at enough 

concentration to have a physiological effect, supporting the idea that it can be 

exploited for lung inflammatory medical care diseases.  

 

IL-22 is responsible for maintaining the mucosal barrier's integrity and offers 

a protective inflammatory response against extracellular pathogens (Liang et 

al., 2010). This protein can induce the expression of antimicrobial peptides, 

chemokines, or proteases. However, it also has been described that IL-22, in 



 
 

combination with IL-17A, can promote inflammation via TGF-β in a fibrotic 

context (Fabre et al., 2018). Opposite to IL-10, we have found significant 

differences between M. pneumoniae WT's effects expressing IL-22 or mixing 

the bacterial strain with IL-22. This could be due to a local synergistic effect 

where the WT strain induces local inflammation and probably IL-17a, which 

combined with the local secretion of IL-22 could have a pathological effect. 

Mixing IL-22 with the bacteria could result in a low local concentration of 

IL-22 not enough to trigger the synergic effect with IL-17a. 

 

The fact that IL-10 expressed by Mycoplasma exhibited an effect in vivo 

opens the door for the use of this bacterium in the context of diseased lungs. 

The WT strain provokes an inflammatory cascade; therefore, we should use 

an attenuated version of this bacterium (CV8) for therapy. The therapeutic 

models contemplated for testing Mycoplasma-based therapy are fibrosis 

induced by bleomycin or inflammation induced by the presence of another 

bacterium.  

Endotracheal administration bleomycin is a good model for IPF in mice. This 

model changes the percentage of neutrophils (between days 3 and 6) and then 

in lymphocytes (days 6, 14, and 21) and showed increased hydroxyproline 

levels at days 14 and 21. On day 14, after administration, a 3-fold fibrosis 

increase was observed, and enhancement of the wall area was observed 

(Izbicki et al., 2002). This model has also been used to characterize how 

adenovirus-mediated IL-10 lung expression (Kurosaki et al., 2018) or 

hydrogel-based IL-10 delivery (Shamskhou et al., 2019) are promising 

therapeutic strategies for treating fibrotic lung disorders. As a continuation of 

this work, we will test in vivo the therapeutic role of the CV8 chassis 

expressing IL-10 and/or IL-22 in IPF and in lung's infections with P. 

aeruginosa.  
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 Material and Methods 

 

4.4.1.1 Bacterial strains and culture conditions 

The bacterium Mycoplasma wild-type strain M129 (ATTC 29342) was 

grown at 37ºC in standard Hayflick medium (for each adjusted 500 ml of 

Hayflick medium, at pH 7.6 it contains 7.3 g PPLO broth, 10 μg phenol red, 

11.9 g HEPES, 100 ml inactivated fetal horse serum, and 500,000 units sterile 

penicillin G) supplemented with 0.5% glucose, for M. pneumoniae. This 

bacterium was grown attached to a flask without shaking at 37ºC and 5% 

CO2.  

4.4.1.2 Plasmid generation and bacterial transformation 

The plasmids were generated following the Gibson assembly method (Gibson 

et al., 2009). For plasmid generation, DNA was isolated from NEB® 5-alpha 

High Efficiency (C2987P). The clones were grown using LB agar + 

ampicillin (100 µg/mL) plates and confirmed by Sanger sequencing in 

Eurofins Genomics. M. pneumoniae cells were grown in a 75-cm2 tissue flask 

(Corning) containing 20 mL of fresh Hayflick and incubated at 37ºC under 

5% CO2 until late exponential phase. Cells were washed twice, resuspended 

in a precooled electroporation buffer (272 mM sucrose, eight mM HEPES, 

pH 7.4), scraped off, and passed through a 25-gauge (G25) syringe needle ten 

times for avoiding cell aggregation. Aliquots of 50 µl of cells in 0.1-cm 

cuvettes with two µg of each of the desired plasmid were kept on ice for 20 

minutes. The electroporation settings were 1250 V / 25 µF / 100 Ω in a BIO-

RAD Gene Pulser Xcell apparatus. Immediately after the pulse, 420 µl of 

fresh Hayflick was added to the cells. From this culture, 80 µl were inoculated 

in a 25-cm2 tissue flask (Corning) with 5 mL of fresh Hayflick with the 

selection antibiotic (i.e., 20 μg mL–1 for chloramphenicol, 2 μg mL–1 for 

tetracycline). When the flask was confluent, stocks of each of the strains were 



 
 

performed. For the synthetic IL-10 clones designed, gBLOCKs double-

stranded fragments were ordered to IDT and resuspended in pure water at ten 

ng/ µl for the proceeding with the Gibson cloning procedure. 

 

4.4.1.3 Construction of interleukin-expression vectors 

For achieving expression and secretion of human (h) IL-10, IL-22, or IL-10-

IL-22 by M. pneumoniae, transposon vectors were generating by fusing 

Mycoplasma synthetic promoter P3 for IL-10 or pSynL for IL-22 to M. 

pneumoniae signal peptide (s142) to the part of the gene encoding IL-10 or 

IL-22. Both promoters were tested previously and showed the highest 

strength in the existing promoters' repertoire for M. pneumoniae (Yus et al., 

2017). From the different M. pneumoniae-expressing cells, 50 μl of inoculum 

were added to a 75-cm2 tissue flask (Corning) containing 20 mL of fresh 

Hayflick plus chloramphenicol or tetracycline (for IL10 or IL-22 constructs, 

respectively) and grown for 48 hours. Then, the culture media were collected, 

centrifuged at 10.000 rpm for ten minutes, and the supernatant stored at −80 

°C using one mL aliquots. The list of strains used in this chapter is shown in 

table 2.  

 

Strain Resistance Vector type Heterologous gene 

M129 Tc Tn4001 pSynL-s142-IL22 human 

M129 Cm Tn4001 p3-s142-IL10ORF- no tag 

CV2 Cm Tn4001 p3-s142-IL10ORF- no tag 

M129 Cm Tn4001 p3-s142-IL10ORF + pSynL-s142-IL22human 

 

Table 2. Strains generated and used in this chapter. M129 is M. pneumoniae WT 

strain, and CV2 is the chassis version 2 described in the previous section 

 

 

For IL-10 quantification, ELISA MAX Deluxe Set Human IL-10 (Biolegend; 

#430604) has been used following manufacturer instructions. Supernatants 

have been diluted up to 100000 fold for this assay to enter the dynamic range. 
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Supernatants of IL-10 produced by M. pneumoniae have been sent to mass 

spectrometry. From those, supernatant human IL-10 has been detected. For 

IL-22 quantification, Human IL-22 ELISA Kit has been used (Sigma-

Aldrich, #RAB0290-1KT), and dilutions up to 100-fold have been 

performed. The recombinant IL-10 (Peprotech, #200-10, Peprotech) and IL-

22 (Peprotech, #200-22, Peprotech) proteins have been reconstituted in PBS 

at 10 μg/ mL and stored at -80ºC in 20 μl aliquots. 

4.4.1.4 Protein quantification by Mass Spectroscopy 

Mycoplasma strains were grown at an exponential phase of growth for the 

proteome samples of different mutant expressing cell strains. Then, cells were 

collected and washed three times with PBS and collected in 1 ml of PBS by 

scraping. The cells' sample was centrifugated at 14000g for 15 min, and the 

pellet was resuspended in 50 µl of 6M urea (in 200mM of ammonium 

bicarbonate). After 15 min of sonication, protein samples were quantified by 

BCA, and the samples were processed for MS as described in the following 

paragraph. 

The sample was centrifugated at 14000g and then filtered (by 0.1 µm 

syringe), and 800 µl were concentrated to 50 µl by using 3K MWCO 

columns. After 75 µl of 10M urea in 200 mM of ammonium bicarbonate were 

added, achieving 6M urea final concentration. After 15 min of sonication, 

protein concentration was quantified by BCA, and the samples were 

processed for MS as described below.  

LC/MS/MS analyzed the protein extracts of two biological replicates. Briefly, 

samples were dissolved in 6M urea, reduced with 10 mM dithiothreitol (37°C, 

60 min), and alkylated with 20mM iodoacetamide (25ºC, 30 min). Samples 

were diluted 6-fold with 0.2M NH4HCO3 before being digested at 37°C 

overnight with trypsin (ratio protein: enzyme 10:1). Peptides generated upon 

digestion were desalted, evaporated to dryness, and dissolved in 0.1% formic 

acid. An aliquot of 2.5 µl of each fraction (amounts ranging from 0.17 to 4 



 
 

µg) was run on an LTQ-Orbitrap Velos (Thermofisher) fitted with a 

nanospray source (Thermofisher) after a nano-LC separation in an Easy-LC 

system (Proxeon). Peptides were separated in a reversed-phase column, 75 

μm x 250 mm (Nikkyo Technos Co., Ltd.), with a gradient of 5 to 35% 

acetonitrile in 0.1% formic acid for 60 min at a flow rate of 0.3 mL/min. The 

Orbitrap Velos was operated in positive ion mode with the nanospray voltage 

set at 2.2 kV and its source temperature at 325°C. Besides, 20 µg of the total 

extract was digested and desalted, and one µg of the resulting peptides was 

analyzed on an Orbitrap Velos Pro in the same conditions as the fractions but 

with a more extended gradient (120 min). The spectra were assigned to 

peptides using a Mascot and a customized database comprising all the ORFs 

longer than 19 amino acids. Only the areas of the three best unique peptides 

were used to estimate the protein amounts. The µg/cell values were obtained, 

assuming that each flask contains 1 million cells per flask after the determined 

time of growth.  

4.4.1.5 Ethics Statement for Blood samples 

Blood samples from healthy donors were provided by the Banc de Sang i 

Teixits (Barcelona, España), under agreement n° 160002 approved by the 

Spanish Ministry of Science and Technology. The written informed consent 

was obtained from the donors before sample collection. Blood was tested 

before arrival for a set of infectious diseases. 

 

4.4.1.6 Blood monocytes isolation 

According to the manufacturer's instructions, Peripheral Blood Mononuclear 

Cells were isolated from the buffy coat using Leucosep® tubes. Briefly, 10 

mL of blood samples were diluted with a ratio of 1:5 with phosphate-buffered 

saline solution, poured into the Leucosep® tubes, and centrifuge for 15 min 

at 800g at room temperature. Peripheral blood mononuclear cells (PBMC) 
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were collected using Pasteur pipette, washed twice with PBS, and finally 

resuspended with PBS three mL. Monocytes were isolated by CD14+ 

magnetic labeling and differentiated into macrophages. Briefly, cells were 

purified using CD14+ microbead positive selection and MACS separation 

columns (Miltenyi Biotec), according to the manufacturer's instructions. For 

differentiation of monocyte-derived macrophages, monocytes were allowed 

to adhere to glass coverslips (VWR international) in 6-well plates (Thermo 

Scientific), at 1.5x106 cells/well for one hour at 37°C in warm RPMI 1640 

medium (GIBCO). The medium was then supplemented to a final 

concentration of 10% Fetal Bovine Serum (FBS, Sigma-Aldrich) and human 

recombinant Macrophage Colony-Stimulating Factor ([M-CSF], Peprotech) 

at 20 ng/ml. Cells were allowed to differentiate for 6-8 days.  

4.4.1.7 Western blotting 

For the blood monocytes previously extracted and differentiated and after two 

days of co-culture for the different Mycoplasma-expressing cells supernatant, 

protein extraction has been performed for Western Blot. After protein 

transfer, membranes were incubated overnight at four °C with rabbit 

monoclonal anti Signal transducer and activator of transcription STAT3 and 

anti-phospho Y705-STAT3 (Cl: D1A5 and D3A7 respectively; Cell 

Signaling Technology) or a monoclonal anti-Actin (20-33; Sigma-Aldrich). 

Proteins were visualized with the SuperSignal™ West Femto Maximum 

Sensitivity Substrate kit (Thermo Fisher Scientific, 34096) and visualized 

with iBright CL1500 Imaging System, Thermo Fisher Scientific. 

 

4.4.1.8 Flow cytometry analyses 

Staining of conditioned monocyte-macrophages was performed as previously 

described (Troegeler et al., 2015). Adherent cells were harvested using the 

Cell Dissociation Buffer (Life technologies), centrifuged for 5 min at 300g at 



 
 

four °C. Then, cells were blocked for 20 min in cold FACS buffer (PBS pH 

7.2, 1% FBS) with Fc-Block Trustain FcX solution (Biolegend) and then 

stained for 30 min with fluorophore-conjugated antibodies (Table 3) and in 

parallel, with the corresponding isotype control antibody using a general 

dilution of 1:200. After staining, the cells were washed with cold FACS 

buffer, centrifuged for 5 min at 300g at four °C, and analyzed by flow 

cytometry using an LSR-II flow cytometer (B.D. Biosciences). Data was then 

acquired and analyzed using the FlowJo 7.6.5 software.  

 

Antigen Clone number Supplier 
CD16 3G8 Biolegend 

MerTK 590H1 1G1E3 Biolegend 

CD163 GH1/61 Biolegend 

B7-H1 PD-L1 MIH2 Biolegend 

CD86 IT2.2 Biolegend 

HLA-DR I.243 Biolegend 

CD16/32 (FcBlock) 93 Biolegend 

 

Table 3. List of Antibodies used for the flow cytometry analysis. Each row describes 

the antigen the antibody is recognizing, the clone number, and finally, the supplier. 

 

4.4.1.9 Culture of A549 cells 

The adenocarcinoma human alveolar basal epithelial cells (A549) cell line 

was obtained from ATCC. Cells were cultured using DMEM supplemented 

with 10% FBS, 100 U/ml penicillin, and 100 µg/ml streptomycin. The 

medium was refreshed every three days. The incubation conditions were 

maintained at 37°C with a humidified atmosphere of 5% CO2. 

 

4.4.1.10 Wound healing assay 

For the wound healing assay, A549 cells were seeded at a concentration of 3 

xe5 cells/well (6- well plates, Corning) and incubated for 72 hours at 37°C. 

After yielding a cell-monolayer, three wound tracks were scored, ~5 mm in 

the distance, in each well using a 200 µl pipette tip. The suspended cells were 
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washed with PBS, and the wounded cell monolayer was incubated in DMEM 

medium supplemented with 30% Hayflick media to a final concentration of 

10 ng/mL IL-10 or IL-22, at 37°C. The concentration of Mycoplasma 

conditioned media has been previously quantified by ELISA and adjusted to 

10 ng/mL with fresh Hayflick for the assay. The assay's total volume was 1 

mL of supplemented DMEM plus 300 µl of Hayflick media adjusted to have 

ten ng/mL of ILs each 1.3 mL. The wound area images were captured at 0 

and 18h and 44h using a confocal microscope (Leica DM6000 B). The areas 

in the scratch wound are considered those which were not covered in cells. 

The closure rate was determined as the area's percentage at the different time-

points and quantified using ImageJ 2.1.4.7 software (Media Cybernetics, Inc., 

Rockville, MD, USA). The experiments were performed in triplicate. 

4.4.1.11 IL-8 measurement 

A549 cells were seeded at 1×106 cells/ml and cultivated in the presence of 

mycoplasma-conditioned medium for 24 hrs prepared at ten ng/mL IL-22 and 

ten ng/ml for IL-10 and IL-22. Maintaining the proportion of 1 mL of DMEM 

medium/300 µl Mycoplasma medium, the cell culture supernatants were 

collected after 24 hours of growth at 37ºC, 5% CO2, and cytokine levels were 

determined using ELISA MAX™ Deluxe Set Human IL-8 (431504, 

Biolegend), according to the manufacturer's instructions. Dilutions of the cell 

culture have been performed up to 10 fold to enter into the dynamic range. 

 

4.4.1.12 In vivo testing of immunomodulatory activity in a lung 
mice model  

 

Balb/c female mice (20–22 g) aged 6-7 weeks were purchased from Charles 

River Laboratories (France), housed under pathogen-free conditions at the 

Institute of Agrobiotechnology facilities (registration number E.S./31-2016-



 
 

000002-CR-SU-US). Animal handling and procedures were under the current 

European (Directive 86/609/EEC) and National (Real Decreto 53/2013) 

legislations, following the FELASA and ARRIVE guidelines, and with the 

approval of the Universidad Pública de Navarra (UPNa) Animal 

Experimentation Committee (Comité de Ética, Experimentación Animal y 

Bioseguridad) and the local Government authorization. Mice (N=40) were 

randomly divided into three groups (n=5): (i) mice infected with M. 

pneumoniae WT, WT_hIL10, WT_hIL-22 or WT_hIL10_hIL22 strains; (ii) 

mice co-inoculated with M. pneumoniae WT strain and recombinant human 

IL-10 (1 μg/mouse), IL-22 (1 μg/mouse) and the combination IL-10 (0.5 

μg/mouse) + IL-22 (0.5 μg/mouse); (iii) animals inoculated with vehicle 

solution (PBS 1x). For bacterial inoculum preparation, M. pneumoniae strains 

were cultured in a T75 flask with 25 mL of Hayflick liquid medium 

supplemented with 100 μg/ml ampicillin, chloramphenicol 20 μg/ml, or 

tetracycline 2 μg/ml, when necessary. After three days of incubation (37°C, 

5% CO2), the supernatants were discarded, and bacterial cultures were 

washed twice, scraped, homogenized in 10 mL of PBS with the help of a 

syringe, and used to prepare the correspondent inoculum by serial dilutions 

in PBS. The number of CFU/mL administered was retrospectively assessed 

by plating on Hayflick-Amp agar after incubation for 2-3 weeks. For 

infections, 100 μl of this bacterial suspension generated containing ~0.5-

1x108 CFU/ml (~0.5-1x107 CFU/mouse) was used for intratracheally (I.T.) 

infection in mice previously anesthetized with isoflurane 2% (ISOFLO, 

Covegan). At two days post-infection (dpi), animals were euthanized using 

cervical dislocation, and lungs were removed for different purposes. The left 

one was individually weighed in sterile bags (Stomacher80, Seward Medical) 

and homogenized 1:10 (wt/vol) in PBS. Each homogenate was serially 10-

fold diluted in PBS and plated in triplicate on Hayflick-Amp agar to 

determine the number of viable bacteria per lung (Log10 CFU/lung). By 
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following standardized published procedures (Grilló et al., 2012), we 

considered that we could have a minimum of 3.3 CFU in 1 ml of the sample 

without detecting bacteria (limit of detection <3–4 CFU/lung), rendering 

Log10=0.7-0.9. The right lung piece was: (i) fixed in 1 ml of 10% methanol 

stabilized formalin (Panreac) for histopathological analyses; (ii) immediately 

frozen in N2 and stored at -80ºC until use for RNA extraction.  

Right lungs were prepared for whole lung RNA extraction and real-time 

quantitative PCR (RT-qPCR) analysis. The lungs previously-stored at -80ºC 

were homogenized using Ultra-Turrax (IKA), and total RNA was isolated 

using RNeasy® Mini Kit (Qiagen), following the manufacturer's instructions. 

RNA concentration was measured spectrophotometrically using Nanodrop 

One (Thermo-Scientific), and sample RNA integrity was confirmed by 1% 

agarose gel electrophoresis. RNA samples with ratios absorbance 260 

nm/280 nm of 1.8-2.1 were used. Complementary DNA (cDNA) from whole 

lung cells was synthesized from total RNA (1 μg) using SuperScript II 

Reverse Transcriptase reagents (Invitrogen). PCR amplification was 

performed by using SYBR Premix Ex Taq II (Tli RNaseH Plus) (Takara), 

and fluorescence was analyzed with AriaMx Real-Time PCR System 

(Agilent Technologies). The comparative threshold cycle (Ct) method was 

used to obtain relative quantities of mRNAs that were normalized using 

gadph as an endogenous control. Primer pairs used in this study are shown in 

Table 4. 

 

Gene Forward [F] / Reverse [R] Sequence  

gapdh F CCCACTAACATCAAATGGGG  

gapdh R CCTTCCACAATGCCAAAGTT 

tnf-α F AGGCACTCCCCCAAAAGA 

tnf-α R GCTCCTCCACTTGGTGGTTT 

kc/IL8 F GACAGACTGCTCTGATGGCA 

kc/IL8 R TGCACTTCTTTTCGCACAAC 

mcp1 F CTTCTGGGCCTGCTGTTCA 



 
 

mcp1 R CCAGCCTACTCATTGGGATCA 

mip1a F CCCAGCCAGGTGTCATTTTCC 

mip1a R GCATTCAGTTCCAGGTCAGTG 

IL-1β F GCTGCTTCCAAACCTTTGAC 

IL-1β R AGCTTCTCCACAGCCACAAT 

IL-6 F TGATGCACTTGCAGAAAACA 

IL-6 R GGTCTTGGTCCTTAGCCACTC 

IL-12 F CAGCACCAGCTTCTTCATCAG 

IL-12 R TCTTCAAAGGCTTCATCTGCAA 

IL-23 F TGCTGGATTGCAGAGCAGTAA 

IL-23 R GCATGCAGAGATTCCGAGAGA 

Table 4. Primers for RT-qPCR used in this study. The table shows the gene-targeted, 

the directionality of the primer F, forward; R, reverse and the sequence in 5’ to 3’ 

orientation 
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5. Chapter 5. Interleukin 10 protein 
engineering 

 

The work showed in this chapter has been performed with the collaboration 

of Dr. Javier Delgado, ModelX creator and developer, and Prof. Luis Serrano, 

FoldX creator, and developer. 

 

 Introduction 

Natural existing proteins (so-called biologics: antibodies and cytokines) are 

nowadays being used in clinics. Despite their potent immunomodulatory role, 

nature has not shaped these proteins to have all the properties and 

requirements to be used in clinics. In most cases, when applied systemically, 

they can produce toxic effects; in many cases, they have a short half-life in 

the blood, producing auto-immune responses, and also, they are expensive to 

produce. This work presents a computational-experimental hybrid approach 

to design biologics with a novel or improved properties. In this thesis, we 

have set up the experimental approach to their validation using M. 

pneumoniae as an expression system and IL-10 as the first proof of concept. 

Interleukin-10, also known as the human cytokine synthesis inhibitory factor, 

is an anti-inflammatory protein encoded by the IL-10 gene, which binds to a 

pair of cell receptors (two IL-10/R1 and two IL-10/R2). Structurally, this 

interleukin is a domain-swapped protein, where two protein monomers could 

exchange helical subdomains for creating a dimer (see Figure 16). In 

eukaryotic cells, the IL-10 dimer is folded in the endoplasmic reticulum, 

where domains are exchanged, and intramolecular disulfide bonds are made 

with chaperons' help. There is a mutant variant of IL-10 where a short loop is 

extended by introducing a six-glycine stretch resulting in a monomeric 

version of the molecule (Josephson et al., 2000). Monomeric IL-10 binds to 
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a single molecule of IL-10/R1 and IL-10/R2, activating to a lesser extent the 

downstream STAT3 / JAK / TYK cell signaling cascade (see Figure 16). 

 

Figure 16. The scheme recapitulates how two IL-10 monomers (in purple and blue) 

generate a domain-swapped dimer. B shows how the monomer described in 

(Josephson et al., 2000) can bind to one IL-10 receptor pair. When IL-10 holds a 

dimeric conformation, the molecule can activate two receptor pairs. 

 

IL-10 has a crucial role in anti-inflammatory processes, but it has failed in 

several clinical trials because of its short half-life in the bloodstream, the 

complex and regulated network of cells that acts as IL-10 production sources. 

and its pleiotropic effects (Saxena et al., 2015). Hence, different engineering 

approaches have been attempted to improve its half-life in blood, like fusing 

it to an Fc region from an IgG (Terai et al., 2009) or fused to PEG (Duncan 

et al., 2019). Also, mutants have been designed to increase IL-10/R2 complex 

affinity and, consequently, decreasing treatment doses and production costs 

(Gorby et al., 2020). As we indicated in previous chapters, IL-10 has been 

cloned in L. lactis and expressed in the colon, decreasing systemic toxicity 

and production cost.  

We have shown that M. pneumoniae can express active IL-10 in the mice 

lung. However, M. pneumoniae protein expression machinery is not as 

efficient as E. coli since the amount of secreted proteins is not high (it has 

around 150-220 ribosomes per cell and divides every 8-10 hours). We also 

know that M. pneumoniae WT is pathogenic. Although the CV8 strain 

triggers only a very mild inflammatory response, we should ideally reduce as 

much as possible the number of bacteria administered in the lung. To do so, 

we should increase the amount of functional secreted protein and the affinity 

for the IL-10 receptors to keep the same physiological effect at a lower 

bacterial dose. 



 
 

Since the promoters and the secretion signals we are using are very strong 

and optimized, it is difficult to increase the amount of IL-10 produced in the 

lung by CV8 just by mutating the gene secretion and regulatory sequences. 

However, as indicated above IL-10, is a swapped domain. This means that 

when CV8 secretes the protein in the lung tissue, it is a monomer, and hence, 

a significant proportion of it could be lost because it will not dimerize. Thus 

one strategy could be to make a single-chain out of the swapped domain. The 

other strategy is to introduce mutations in the IL-10 surface with IL-10/R1 

and IL-10/R2 to increase affinity. We have used both strategies independently 

and integrated them by introducing the best mutations into a single-chain IL-

10 genetic background. 

To engineer this interleukin, we used the IL-10 crystal structures available at 

the PDB database in complex with the R1 receptor (1j7v and 1y6k), plus we 

generated an in silico IL-10/R2 complex model (Cianferoni et al., 2020). 

Using FoldX and ModelX and residue conservation information in IL-10 

across species, we have designed a single-chain IL-10 with increased 

expression in bacteria and increased receptor affinity. 

 Results  

 

 Testing IL-10 variants 

 

To determine the differences in affinity for the receptors between the IL-10 

mutants, we generated a set of Mycoplasma strains expressing the different 

variants. After 48 hours, we measured the secreted IL-10 variant's protein 

concentration in the supernatant by ELISA and adjusted it to around 15 

ng/mL. Then, we explored eight different concentrations ranging from 15 

ng/mL to 0.245 ng/mL that encompass the dynamic range described for the 

commercial cell line (HEK-IL10 Blue) utilized in the experiment to detect 
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IL-10 (see Material and Methods section). These reporter cells are engineered 

to detect human IL-10 by monitoring the activity of STAT3. They have a 

reporter termed SEAP (secreted embryonic alkaline phosphatase) under the 

control of a promoter (IFN-β) fused to two binding sites: AP1 and STAT3. 

When IL-10 is bound to both R1 and R2, it triggers a JAK1/STAT3 mediated 

response resulting in the SEAP product expression. SEAP production can be 

measured by absorbance at 630 nm. The intensity of the signal before 

saturation is proportional to the activation of STAT3. The titration data can 

be fitted to a saturation binding mathematical model where all nonspecific 

background was subtracted, and three parameters were calculated: Kd, Hill-

slope, and Bmax. The Kd is the ligand concentration that binds to half the 

receptor sites at equilibrium. The hill slope gives a clue about the 

cooperativity of the monomer and receptor interaction. Higher than one 

indicated that receptor or ligand has more than one binding site with positive 

cooperativity, shaping the curve towards a sigmoidal look. Bmax 

recapitulates the maximum number of binding sites. The equation used to fit 

a mathematical model is showed below, and the values obtained are indexed 

in table 5. 

Y=Bmax*X^h/(Kd^h + X^h); 

Equation 1. Specific binding with Hill slope equation, h is Hill slope, X is ligand 

concentration, and Y is absorbance. The Kd value obtained is an apparent Kd, as the 

number of active receptors per cell is unknown. 

 Engineering IL-10 for increased receptor affinities 

To generate IL-10 versions with an increased affinity towards the R1 

receptor, we used the human IL-10 molecule's crystalized complex with the 

R1 receptor that has better crystal resolution (PDB 1y6k). After repairing the 

PDB structure using the RepairPDB command of FoldX 

(http://foldxsuite.crg.eu/), we did a position scan where we mutated 



 
 

individually the IL-10 residues interacting with R1 to the other 19 amino 

acids and measured the changes in binding energy and stability. Out of these 

mutants, we selected those that were not conserved in IL-10 in other species 

and improved binding to the R1 receptor without decreasing protein stability, 

and designed a set of two multiple mutants, Mut6 and Mut7 (see Table 5).  

 

ID Mutations 

Mut 6 DL28E SL31R N45S T155M 

Mut 7 DL28E SL31K N45S T155M 

Mut 9 DL28E SL31K N45S T155M N18I N92I K99N 

 

Table 5. List of residues mutated in each of the strains explored for IL-10. The 

mutations are performed in the human IL-10 molecule genetic background (scaffold 

IL-10). 

 

We then run the same mutations in other structures of IL-10 alone (2ILK and 

2H24) or IL-10 with R1(1J7V) to see if the improvement instability and/or 

interaction energy with the receptor were independent of the structure used 

(see Table 6). The mutations explored across different structures showed in 

general energetic stabilization and improved binding to R1. 

 
Mut

ant  

Struc

ture 

BuildModel 

energy  

Interaction Energy 

WT model  

Interaction Energy 

Mutant generated AAG 

6 2ILK -2.27366    

6 2H24 0.60487    

6 1Y6K -5.27339 -17.2693 -22.712 -5.4427 

6 1J7V -2.75579 -18.8379 -21.5494 -2.7115 

7 2ILK -2.65812    

7 2H24 0.36843    

7 1Y6K -3.27268 -17.2693 -20.3493 -3.08 

7 1J7V -2.19286 -18.8379 -20.757 -1.9191 

9 2ILK -0.500659    

9 2H24 2.79865    
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9 1Y6K -3.64808 -17.2693 -22.1201 -4.8508 

9 1J7V -1.48458 -18.8379 -21.315 -2.4771 

 

Table 6. For a set of PDBs, changes in stability complex and interaction with the 

receptor were calculated for the mutants generated in this section using as reference 

the mutations performed in mutants 6, 7, and 9. The mutations have been calculated 

in four different structures for human IL-10 from PDB, 2ILK (1.6A), 2H24 (2 A), 

1Y6K (2.52 A), 1J7V (2.9A). The energy values provided are in kcal/mol. 

 

The individual impact of each of the mutations performed was assessed in the 

four structures available for IL-10 (see Table 7). In this case, we also included 

mutations previously reported that favor interaction with R2 (N18I, N92I and 

K99N (Gorby et al., 2020)).  

 

 

Mutation 1Y6K 1J7V 2ILK 2H24 

D28E -0.2 -0.6 -0.3 -0.1 

S31K 0.5 0.3 0.4 -0.6 

S31R -0.2 0.5 0.7 -0.4 

N45S -0.3 -0.3 -0.3 0.4 

T155M -2.2 -1.3 -2.4 -1.7 

N18I -0.4 -0.9 0.5 0.6 

N92I 1.1 1 0.8 0.8 

K99N 1.2 -1.2 1 0.3 

 

Table 7. Differences in stability of four different IL-10 structures, two containing the 

IL-10/R1 receptor (1y6k and 1j7v) and two without it (2ilk and 2h24) upon 

introducing different point mutations (the energy values are in kcal/mol).

 

For those structures in which IL-10 is in complex with the receptor, we 

calculated the energetic changes in the complex IL-10/R1 for each residue. 

While all mutations decreased the complex's energy in the structure 1y6k, 

mutation S31K did not decrease binding energy for the structure 1j7v (Table 

8). This is due to a different arrangement of residues S31and and R32 in 1jv7 

and emphasizes the importance of having different structures available when 

engineering a protein. 



 
 



Mutation  1Y6K 1J7V 

D28E -0.1   

S31K -0.7 0.3 

S31R -2.4 0 

N45S 0 0 

T155M -0.4 -1.1 

N18I 0 0 

N92I 0 0 

K99N 0 0 

 

Table 8. The differences in binding energy (kcal/mol) between IL- 

10 and the IL-10/R1 receptor upon mutation of individual residues. 

 

We then tested the activity of Mut6 and Mut7 experimentally. We found that 

Mut7 was better than Mut6 and WT IL-10 molecule (IL-10 ORF) (see Figure 

17).  

 

Figure 17. Readout of absorbance at 630 wavelengths of HEK-Blue commercial cell 

line cultured for 24 hours with supernatant of Mycoplasma cells expressing IL-10 

with different mutations at a fixed concentration of 15 ng/mL. 

 

Regarding mutations that increase affinity for receptor 2, we selected a non-

explored combination of mutations previously described in the literature 

(Gorby et al., 2020). We used our ModelX docked model of IL-10/R2 on IL-

10 to confirm that these positions interact with the R2 receptor (Figure 18). 

Although we see that they are at the predicted interface, we could not use 

FoldX to predict interaction energy changes since we used a low-resolution 

model. Interestingly some of these mutants (N92I, K99N) are slightly 

destabilizing in the four structures used above that do not have IL-10/R2 (see 

Table 7). This could suggest a slight conformational change of these positions 

in the IL-10 structure upon binding that these mutations could favor. We 

introduced the three R2 mutations in Mut7 to generate Mut9. 
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Figure 18. The model was generated for human IL-10 interacting with IL-10/R1/R2 

(Cianferoni et al., 2020). In blue is displayed human IL-10 and in grey R2. Those 

mutations tested in (Gorby et al., 2020) are presented in red (positions 18, 92, and 

99). 

 

We found experimentally that Mut9 has a significantly increased stimulatory 

effect on HEK293-blue cells compared to the IL-10 monomer form described 

in the literature (Josephson et al., 2000) and to the IL10-ORF (Figure 19). 

 

 

Figure 19. Absorbance at 630 nm measured for HEK-IL10 cells normalized to 1 for 

non-engineered IL-10 (IL-10 Orfome), the monomer of IL-10 (Monomer IL-10) and 

engineered Mutant 9 in this work. The concentration of the different IL-10 molecules 

tested ranged from 0.24 to 15 ng/mL. 

 

We then determined the apparent Kd binding of the non-engineered IL-10 

(IL-10 ORF), Monomeric IL-10 (Josephson et al., 2000) and Mutant 9 (see 

Table 9). Mut9 has a 20-fold better Kd than the WT IL-10 ORF.  

 

Mutant Monomer IL-10 ORF Mutant 9 

Bmax 1.09 ± 0.29 0.97 ± 0.15 1.09 ± 0.29 

Hill constant 1.9 ± 0.7 1.9 ± 0.5 2.3 ± 0.8 

Kd 2.9e-10 ± 3.2e-11 3.37e-11 ± 4.1e-12 1.46e-11 ± 5.8e-12 

 

Table 9. Calculated Bmax, Hill constant, and Kd values for non-engineered IL-10, 

monomeric IL-10, and Mutant 9. 

 



 
 

 

Finally, we designed another mutant, Mut17, by exploring positions in IL-10 

that are not conserved across evolution at the interaction interface with R2 

(model generated in (Cianferoni et al., 2020)). We also considered the 

stability of IL-10 upon mutation as a selection criterium. The alignment of 

the IL-10 sequence for six species is shown in Figure 20. The list of mutants 

generated and their effect on stability are shown in Table 10. Figure 21 shows 

the mutated residues' position-taking regarding the model generated for IL-

10/R1/R2.  

 

Structure  

Energy dG 

(kcal/mol) 

17jv -5.224 

1y6k -5.94522 

2h24* -0.4744 

2ilk -4.50917 
 

Table 10. The list of mutations performed in mutant 17 (DL28E SL31K N45S T155M 

T13I N21H D25E A89E N97K) and the mutations' energy are listed in the table. For 

structure 2h24, position 13 is not crystallized and therefore not considered in this 

specific mutant 

 

Figure 20. Alignment of IL-10 sequences across six different species. In boxes have 

been highlighted in those not conserved in nature, we selected for a mutation (13, 21, 

25, 89, 97). 

 

Figure 21. IL-10/R1/R2 docking model generated in (Cianferoni et al., 2020). IL-10 

is shown in blue, while R1 and R2 receptors are displayed in grey. In magenta are 

displayed those positions found in the receptor interface selected in mutant 17. 

 

We expressed this mutant in Mycoplasma and assessed its activity in HEK-

IL10 cells. The apparent Kd (M) was determined (2.51 e-11, error 3.1 e-12). 

Although we see an improvement compared to IL-10 ORF, the multiple 
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mutants were not as good as Mut9, and therefore we did not investigate 

further Mut17.  

 Single-chain IL-10 

Expression of the swapped IL-10 in bacteria could result in a significant 

amount of the expressed protein being degraded or misfolded since the 

protein is secreted as a monomer and needs to find another monomer in a 

large volume to make the active folded dimer. We thought of engineering a 

single-chain IL-10 mimicking folding of two IL-10 monomers (see Figure 

22). To do so, we thought of linking the N-and C-termini of an IL-10 

monomer in the swapped dimer (see figure 22).  

 

Figure 22. 3D Structure of IL-10 and some versions assessed in this work. Panel A 

shows one of the two monomer IL-10 structures that interlace to generate a dimeric 

IL-10. In B, the two IL-10 monomers (in grey and purple) forming a domain-swapped 

IL-10 dimer. In panel C, we have engineered a single-chain IL-10 molecule in blue 

by linking the N- and C-termini of one monomer (mutant 14). In D, we show the 

superimposition of the domain-swapped IL-10 Mut14. The square highlights the main 

structural differences in both proteins where the C-N terminal of both monomers 

protein have been bridged. 

 

To design the linker, we used the ModelX software and its protein fragment 

libraries. The libraries are made of three-dimensional peptides digested from 

high-resolution X-ray structures and stored in highly optimized MySQL 

databases. The databases are PepXDB (5k protein structures, up to 1.5 Å 

resolution, 95% sequence similarity), PepXDB_37k (37k protein structures, 

up to 1.5 Å resolution, 100% sequence similarity), and PepXDB_120k (120k 

protein structures, up to 2.5 Å resolution, 100% sequence similarity). The 

peptides' lengths range from 3 to 45 amino acids in PepXDB_120k and from 

4 to 20 amino acids in the case of PepXDB and PepXDB_37k. We used the 

ModelX Bridging command (Cross-Linking mode, not published) that 



 
 

bridges a pair of residues selected as anchors with all geometrically 

compatible fragments from a selected PepXDB database allowing the user to 

select different peptide lengths. The output is an ensemble of bridged models 

where models with forbidden phi and psi dihedrals in the Ramachandran plot 

are discarded. 

 For the IL-10 case, we took the structure of the IL-10 dimer from 1y6k, then 

put the two monomers into a single PDB molecule and renumbered the 

second molecule (residues 12-156 to 163-307). Extensive linker screening 

was performed running the Bridging algorithm over previously generated 

combinations of anchoring points for different peptide lengths (6-20 aa) over 

overlapping sliding windows extending from residues 146 to 174 (see figure 

23). We obtained 541 models that were side-chain repaired using FoldX 

(Schymkowitz et al., 2005) and ranked by FoldX energy. We selected as best 

anchor points residues 147 and 169 connected by a 17 amino acid length 

peptide fragment from PDB 2WYU (residues 73-89) (see Fig 21 and 22).  

 

Figure 23. Structural sewing pattern for single-chain IL-10 generation. In panel A 

we show the renumbering of 1y6k from C12 to M307. In red, gap positions (M156 

and N169) that Model X explores to encounter bridges. In panel B, we show how 

various purple protein bridges have been introduced at different anchoring points. 

 

 

The original sequence of the chosen bridge segment was LDALFAGVKEA. 

We visually inspected the resulting single-chain structure. We maintained the 

IL-10 original sequence for those residues superimposing with the peptide 

fragment and consequently mutated some of the linker residues 

(INYIEAYMTMN) using FoldX to improve the overall stability of the 

single-chain molecule in -11.64 kcal/mol.  

Then, we addressed whether the strategy of expressing a single-chain IL-10 

instead of swapped dimer increases functional protein expression in bacteria. 
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The protein expression per cell was calculated by ELISA from the cell culture 

supernatants (see Methods). We found that Mut14 expressed 5.6 +- 6.9 

fg/cell). The IL-10 WT and Mut9 had around three times less protein 

expressed per cell (1.8 +- 2.5 and 2.1 +- 2.8 fg/cell, respectively) (see Figure 

24). This supports the idea that an IL-10 swapped dimer produced by 

Mycoplasma is a mixture of unfolded monomeric and active dimeric forms. 

Thus, it seems that converting a swapped dimer into a single-chain molecule 

is an effective strategy to increase the amount of secreted protein. 

  

Figure 24. Expression per cell for non-engineered IL-10, Mutant 9, and Mutant 14 

and non-engineered IL-10 ORF. The ratio was calculated after measuring protein 

production in femtograms (fg) and CFU for two biological replicates. 

 

We also tested the activation of HEK cells by the single-chain Mut14. We 

found that the single-chain mutant is more effective than the WT IL-10 and 

has a similar Kd as the high-affinity Mut 9 (see Figure 27).  

 Combining point mutations with the single-chain IL-10 

 

Since we found that Mut9 increased the receptor's affinity compared to non-

engineered IL-10, we decided to introduce the same mutations in the single-

chain Mut14 to create Mut15. We also generated a Mut16 by comparing the 

IL-10 human and murine structures, looking for interface changes specific to 

one species. While in mice, there are uncharged or hydrophobic residues in 

positions 24 (Leu) and 28 (Thr) interacting with R1 receptor residues, in 

humans, the interaction is mediated by positive and negatively charged amino 

acids (Arg, Asp, respectively). Therefore, to ‘murinize’ IL-10, both positions 

24 and 28 were mutated to Leu and Thr.  



 
 

 

Figure 25. Superimposition of IL-10 murine (grey) and human (pink) shows the 

difference in the residues in positions 24 and 28 of the mouse and human molecule. 

 

 
Mut

14 Single-chain scaffold   

Mut

15 

 D179E D28E S182K S31K N45S N196S T155M T306M N18I 

N92I K99N K250N 

Single-

chain 

Mut

16 

 D179T D28T S182K S31K N45S N196S T155M T306M N18I 

N92I K99N K250N R24L R175L 

Single-

chain 

 

Table 11. Mutations explored in the single-chain scaffold. 

 

The antibodies recognized all the mutants in ELISA assays. We did as before, 

and we prepared different concentrations of the mutants and assayed their 

effect on HEK293 reporter cells (see methods, Table 11 and Figure 26). We 

made three biological replicas for each mutant.  

 

Figure 26. Absorbance values normalized to 1 for HEK-IL10 reporter cells incubated 

with different concentrations of the mutants. The graph represents IL-10 Orfome 

(non-engineered IL-10), Mutant 9, Mutant 14, Mutant 15, Mutant 16, and Mutant 17. 

The values represented recapitulates two biological replicates with two technical 

replicates each.  

 

Compared to non-engineered IL-10 (IL-10 Orfome), all the mutants 

generated in this section showed better Kd values than the WT IL-10 (Table 

12), supporting the idea that both the structural design and the mutations 

explored improved the molecule affinity for the receptors.  

 

 

  
IL-10 

Orfome Mut9 Mut14 Mut15 Mut16 

Bmax 1.09 ± 0.3 1.09 ± 0.3 1.16 ± 0.3 1.23± 0.3 1.21± 0.92 

Hill slope 1.95 ± 0.7 2.33 ± 0.8 1.91 ± 1.1 2.51 ± 0.9 2.33 ± 0.9 
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Kd 
3.37 e-11 ± 

4.1 e-12 

1.46 e-11 ± 

5.8 e-12 

1.66 e-11 ± 

5.8 e-12 

1.07e-11 ± 

5.0 e-13 

1.10 e-11 ± 

5.88 e-12 

 

Table 12. Table recapitulates the Bmax, hill slope, and Kd calculated for IL-10 ORF, 

Mutant 9, Mutant 14, Mutant 15, and Mutant 16. The values are calculated from 

three biological replicates. 

 

The single-chain Mut14 not carrying any mutation improves the apparent Kd 

by around 3-fold compared to WT IL-10 Orfome. This supports the idea that 

part of the protein in the swapped domain WT IL-10 is not correctly folded 

and has an apparent Kd less than the real value. When the mutations tested in 

Mut9 were introduced into the Mut14 scaffold, it generated Mut15, with 

increased R1 and R2 receptors' affinity that improves the apparent Kd by 2.5 

times (see Table 12).  

Finally, the ‘murinized’ version of Mut15 (Mut16) has a Kd similar to Mut15 

(Table 12), suggesting that the mutations do not affect binding to human 

receptors. 

 Discussion 

This chapter provided evidence about how protein engineering strategies 

might enhance the expression in bacteria and the affinity of a biomolecule, in 

this case, IL-10. The software and algorithms used in this work can be applied 

to many other cases, not only interleukins but also antibodies or enzymes. For 

IL-10, we have shown we can design mutations that increase the affinity for 

R1. Then, selected reported mutations for R2 affinity have been integrated 

with the R1 mutations leading to a ‘superkine’ IL-10 mutant, Mut9, with a 3-

fold improvement in apparent Kd. 

Structural biology-assisted software, such as ModelX, has the limitation of 

relying on existing crystallographic complexes. Unfortunately, there are only 

structures available for IL-10 binding to the R1 receptor. The lack of high-

resolution structure information about this molecule's interaction with R2 

receptors hampers the use of the position scan subroutine in FoldX to find 



 
 

mutations that will improve binding to R2. In the laboratory, we have 

developed a novel algorithm termed ‘Protein Fishing’ integrated into the 

ModelX package that predicts protein docking (Cianferoni et al., 2020). This 

command uses protein complexes as input, and one selected structural 

template is selected to retrieve novel docking partners. We have used Protein 

fishing to reconstruct the whole complex with both R1 and R2 receptors. The 

retrieved IL-10/R1/R2 model allows the protein designer to identify the 

residues that might contact R2 and could be mutated. However, the resolution 

of the models produced by Protein Fishing is not of enough quality to run 

FoldX.  

Once we know the residues of IL-10 at the interface with R2, we have looked 

at those positions that are often mutated across different phylogenetic clades. 

Then we have selected those for which, in many species, the residue was 

different from the one found in human IL-10, assuming that they could be 

beneficial for binding to R2 (Figure 20). 

We identified residues in positions 13, 21, 25, 89, 97 (see Figure 25), then we 

mutated them to the most frequent residue found in other species as long as 

they did not destabilize IL-10, and we integrated the mutations in Mut7. 

When compared, Mut17 (R1 mutations tested in this work plus R2 mutations 

proposed in this work), there is an improvement in affinity compared with 

WT IL-10, but we did not outperform Mut9 that includes mutations described 

in the literature obtained by mutagenic PCR (Gorby et al., 2020). 

In this work, we have not determined each mutation's impact on affinity. It 

could be that not all the mutants introduced in Mut7 and Mut9 are beneficial. 

For the future, it might be interesting to study the impact of each mutation 

individually. 

In parallel, taking advantage of the bridging capacities of ModelX, we were 

able to connect the C and N terminal of two swapped IL-10 monomers 

generating a single-chain scaffold (i.e., Mut14). The bridging strategy 
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improved protein expression in Mycoplasma and decreased Kd more than 3-

fold compared to the WT IL-10 ORF. This result suggests that the WT IL-10 

is partially functional (probably part of it is not correctly folded). We have 

created what we call a Foldikine (a single-chain interleukin containing two 

receptor-binding domains). We have then introduced the mutations of Mut9 

in Mu14 generating Mu15 that, in effective terms (better expression and 

lower Kd), is around 15 times better than the WT IL-10 ORF. This means 

that for in vivo use in M .pneumoniae in the lung, we could reduce the number 

of bacteria by 15 times and still have the same effect. As mentioned at the 

beginning of this chapter, this is important to decrease our chassis' possible 

harmful effects.  

The work performed in this thesis opens the door to exploit commercially the 

novel enhanced versions of IL-10. Further, it is logical to think that IL-10 can 

be taken as a sewing pattern for generating synthetic single-chain structural 

dimers of linked-monomers or chimeras of two different monomeric helix 

bundles interleukins with a rigid structure inspired by what nature has done 

for IL-10. With two different downstream effects in a single molecule, 

produced at high yield in bacteria, it can open a blue ocean of therapeutic 

chimeras not explored in the medical field. 

 

 Materials and methods 

 

 Bacterial strains and culture conditions 

The bacterium Mycoplasma pneumoniae wild-type strain M129 (ATTC 

29342) was manipulated as described in the previous chapter to generate 

different strains producing IL-10 mutants. Cells were grown in standard 

Hayflick medium, attached to a flask without shaking at 37ºC and 5% CO2.  



 
 

 Plasmid generation and bacterial transformation 

The plasmids were generated following the Gibson assembly method (Gibson 

et al., 2009). We have proceeded with the same protocol described in the 

previous chapter for plasmid generation. For the synthetic IL-10 clones 

designed, gBLOCKs double-stranded fragments were ordered to IDT and 

resuspended in pure water at ten ng/µl for the cloning procedure. For 

achieving expression and secretion of the different versions of human IL-10 

by M. pneumoniae, transposon vectors were generating by fusing 

Mycoplasma synthetic promoter P3 for all IL-10 variants to M. pneumoniae 

signal peptide (s142) to the part of the gene encoding IL-10. From the 

different M. pneumoniae -expressing cells, 50 μl of stock inoculum were 

added to a 25-cm2 tissue flask (Corning) containing 5 mL of fresh Hayflick 

and grown for 48 hours. Then, the culture media were collected, centrifuged 

at 10.000 rpm, 10 minutes, and the supernatant stored at −80 °C using 1 mL 

aliquots. The supernatant was quantified by ELISA (ELISA MAX Deluxe 

Set Human IL-10, Biolegend; #430604) procedure, yielding in all the cases a 

concentration higher than 30 ng/ml, the maximum concentration used for the 

experiments. Therefore, from this ‘Master Mix’ batch, it has been prepared 

dilutions for each condition assessed. 

 Testing IL-10 candidates transposition in Mycoplasma 
genome 

After their generation, the plasmids were transformed to the cell for inserting 

the heterologous DNA piece into the chromosome. For testing that the 

transposition event was performed correctly and the heterologous DNA was 

inserted into the Mycoplasma genome without mutations, 75 μl of the stock 

was heated at 98 ºC for 10 minutes, and 30 μl Strataclean Resin (Agilent, 

#400714) was added. After 10 minutes, a spin-down was performed, and 

three μl of this solution were used as a template for a standard PCR product 

using oligos amplifying the coding sequence introduced. These PCR products 
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were then cleaned using the QIAquick PCR Purification Kit (Qiagen, 

#28106) and sent to Eurofins Genomics for Sanger sequencing. The 

sequencing results showed that no mutations were detected for all mutant 

candidates when introduced into the bacterium’s genome. 

 Testing IL-10 expression in Mycoplasma  

To test each of the mutant candidates' expression capacity, the cells were 

collected in 1 mL of fresh Hayflick medium (cells grow attached to the flask, 

the medium was aspirated, and 1 mL of fresh medium was added). Then, cells 

were plated in 10 μl dots in solid Hayflick solid plates and let them grow for 

ten days at 37ºC, 5% CO2. After, Colony Forming Units (CFU) were counted. 

 Heterologous proteins quantification 

For IL-10 quantification, ELISA MAX Deluxe Set Human IL-10 (Biolegend; 

#430604) has been used following manufacturer instructions. Supernatants 

have been diluted up to 100000 fold for this assay. As a positive control for 

each of the assays, commercial recombinant IL-10 (Peprotech, #200-10, 

Peprotech) has been reconstituted in PBS at 10 μg/ mL and stored at -80ºC in 

20 μl aliquots. 

 Culture of HEK-Blue cells 

HEK-BLUE ™ cell lines carrying a SEAP reporter construct were purchased 

from InvivoGen (San Diego, CA, USA) in July 2020. Cells were grown in 

DMEM supplemented with 10% FBS, two mM L-glutamine, 100 µg/mL 

Normocin in the presence of selection antibiotic, and passaged when 70% 

confluence was reached following the manufacturer’s recommendation. Cells 

were scraped and resuspended in test media (DMEM supplemented with 10% 

FBS, two mM L-glutamine, no antibiotics) suggested by the manufacturer for 

testing (InvivoGen, San Diego, CA, USA). 



 
 

 Testing IL-10 candidates in HEK Blue Cells 

After supernatant quantification through ELISA, different supernatants 200 

µl aliquots have been stored at -80ºC. Then, using fresh Hayflick medium for 

diluting the samples, different 500 µl ‘candidate aliquots’ of the following 

concentrations (15, 7.5, 3.75, 1.875, 0.9375, 0.46875, and 0.2343 ng/mL) 

have been prepared for each of the mutants candidates and as well for the 

recombinant protein. Therefore, we could ascertain the volume of supernatant 

needed through ELISA quantification, and volume was adjusted accordingly 

with a fresh Hayflick medium. 

In parallel, HEK-BLUE™ IL-10 cell suspension was prepared at 280000 

cells/ml in pre-warmed DMEM supplemented with 10% FBS, two mM L-

glutamine, no antibiotics. After, 180 µl per well were seeded in a 96-well 

plate (Nunc Microwell, ThermoFisher Scientific, #167008). From this, 20 µl 

of each ‘candidate aliquots’ or the recombinant protein at fixed concentration 

prepared in Hayflick medium were added, and cells were kept 24 hours at 

37ºC and 5% CO2 (induced HEK-cells). After 24 hours, in a new 96-well 

plate, 180 µl of QUANTI-Blue Solution (Alkaline phosphatase detection 

medium, #repqbs, InvivoGen) was mixed with 20 µl of induced HEK-cells. 

The cells were then incubated 60 minutes at 37ºC, and absorbance (630 nm) 

was measured in the spectrophotometer Tecan i-control, 2.0.10.0. For each of 

the experiments shown in this chapter, we performed two biological 

replicates with two technical replicates. 

 Inferring Kinetic data values  

After measuring IL-10 concentration in the supernatant of M. pneumoniae by 

ELISA, the patron curve of IL-10 used to infer the concentration of the mutant 

has been fitted to a linear equation, as indicated by the manufacturer. Based 

on the ELISA quantification, the volume has been adjusted to a specific 

concentration and after assessed in HEK-IL-10 cells for three biological 



 

175 
 

replicates. Later, the ELISA quantifications have been re-analyzed, and the 

patron has been fitted to a polynomial grade 2. Accordingly, the 

concentrations initially established have been reanalyzed and corrected to 

calculate Bmax, Kd, and Hill constant. The correction has been applied to 

data from biological replicate one and two, while biological replicate three 

ELISA patron inference has been directly adjusted to a polynomial grade 2 

equation. From the three biological replicates available for the mutants, we 

did not consider replicating 2 for the calculation of Kd, hill constant, and 

Bmax because we detected a technical deviation in plates dedicated for 

mutant 15, 16, and 17 because of a technical problem in the experiment that 

deviated the results obtained. 
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6. Chapter 6. Mycoplasma 
feriruminatoris as high-throughput 
cell model for protein engineering 
screening 

In this chapter, Samuel Miravet performed the assembly of M. 

feriruminatoris genome. 

 Introduction 

This chapter of the thesis aims to set up M. feriruminatoris as a protein 

expression vector replacing M. pneumoniae. M. pneumoniae, as we have 

shown in this thesis, seems to be very good in secreting the medium folded 

proteins with one or two disulfide bridges such as IL-10 and IL-22. On the 

other hand, it divides very slowly (at its best every eight hours) and produces 

little protein. As a result, we need to wait ten days to test a given protein 

activity whenever we clone.  

For these reasons, we decided to test for expression of cytokines and 

biologicals, another Mycoplasma species that retains the advantage of M. 

pneumoniae in not having a cell wall but dividing much faster. This species 

is M. feriruminatoris, whose dividing time is comparable to E. coli (27 

minutes).  

First, we sequenced and reassembled the genome of M. feriruminatoris since 

the available sequence contains many individual contigs. Then, to identify the 

existence of peptide secretion signals, we analyzed the secretome of this 

bacterium. From this analysis, 16 proteins were found to have the highest 

extracellular to intracellular ratios (See Table 16). We then looked at the 

sequences at the N-terminus of the selected proteins to identify putative 

secretion signals using the SignalP software (Almagro Armenteros et al., 

2019). We then designed five expressing vectors containing differently 



 
 

designed promoters and a standard secretion signal fused with a reporter 

fluorescent protein (mCherry). One of the promoters used was designed in 

chapter two of this thesis (pSynMyco promoter), which we know is functional 

in M. feriruminatoris. We designed four other promoters based on sequence 

analysis of existing natural promoters in M. feriruminatoris regulating genes 

that express large amounts of proteins as determined in this bacterium by 

mass spectroscopy (iI.e., ldh, ef-tu). We then assessed these five promoters' 

levels of expression and the medium's amount of secreted protein. 

 Results 

 

 Secretion signals identification in M. feriruminatoris 

 

We grew M. feriruminatoris as indicated in methods, and after 24 hours, we 

collected the supernatant and the cells separately and performed free label 

mass spectroscopy. The proteins found in the concentrated supernatant are 

listed in Table 13, ranked from high to low. We calculated the protein ratio 

identified in the supernatant compared to the ratio found in the intracellular 

proteome.  

 
 

Protein ID 

Secretome 

area 

Average 

intracellula

r proteome 

Ratio 

secreto

me/pro

teome Description 

Myfer_167 3.76E+07 1.80E+06 20.93 
Hypothetica

l protein 

Myfer_166 4.26E+07 6.66E+06 6.40 
Transmemb

rane domain 

Myfer_163 3.15E+07 1.02E+07 3.09 
Hypothetica

l protein 

Myfer_153 2.50E+07 8.85E+06 2.82 
Putative 

lipoprotein 

Myfer_162 1.50E+07 9.85E+06 1.52 
Transmemb

rane domain 

Myfer_790 1.00E+08 7.37E+07 1.36 
Putative 

liporotein 

Myfer_326 1.70E+07 1.82E+07 0.93 
Hypothetica

l protein 
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Myfer_152 1.23E+08 2.27E+08 0.54 
Putative 
lipoprotein 

Myfer_113 4.60E+07 1.92E+08 0.24 

Biogenesis 

of 
lysosome-

related 

organelles 
complex 

Myfer_112 5.43E+07 2.85E+08 0.19 
Hypothetica

l protein 

Myfer_987 1.70E+07 1.28E+08 0.13 
Transgluta
minase-like 

Myfer_476 2.00E+07 2.20E+08 0.09 
p37 family 

protein 

Myfer_220 5.30E+07 9.85E+08 0.05 
Hypothetica
l protein 

Myfer_1087 8.96E+08     

Peptidase 

S41 family 

protein 

Myfer_164 3.45E+07     
Transmemb

rane domain 

Myfer_404 2.50E+07     
Prolipoprot

ein 

 

Table 13. The ratio of proteins found in the secretome and proteome of M. 

feriruminatoris. The secretome is the area calculated for proteins identified in the 

medium's supernatant where we grown M. feriruminatoris. The intracellular 

proteome average is the area obtained for the proteome of pelleted cells for two 

biological replicates. The ratio secretome/proteome corresponds to the ratio of the 

areas measured for a given protein in the secretome compared to the proteome. The 

calculated area under the curve is based on the top three peptides of each protein 

found. 

 

We then looked at the genes, and we selected those having a putative N-

terminal transmembrane for experimental testing (s112, s167, s987, and 

s1087) from genes annotated as Myfer_112 Myfer_167, Myfer_987, and 

Myfer_1087, respectively (Table 14). 

 

Signal 

identifier Selected secretion sequence 

s167 

MAKINFKKYVWHKYAISAGLIIAATATILGSAYKYST

TSV 

s1087 MKLVKKLGFLSLSAISILGPLAAINNLT 

s112 MKKLLAVLIGLTLFTTSGVSYVAYDNITSVSANQQKD 

s987 MRKTKLISILTFLTTLTTSAVVVSCSTDDK 

 

Table 14. Secretion signals we selected for experimental study in M. feriruminatoris 

and their sequence (in bold the hydrophobic transmembrane sequence). 



 
 

 

Then we fused the Cherry fluorescent protein to these four putative secretion 

signals using the pSynMyco promoter. As an internal reporter, to ensure we 

had the same number of cells, we expressed the Venus protein with no 

secretion signal (see Methods for the construct). By comparing the amount of 

mCherry detected in the supernatant to the Venus fluorescence detected in 

the pelleted cells, we could normalize the production and secretion of 

mCherry (Figure 27). The strain selected as control contains both fluorescent 

proteins without any secretion signal, and this strain provides a clue to any 

background noise in the supernatant coming from broken dead cells or 

autofluorescence of the medium. We found that all secretion signal 

candidates work and can export mCherry outside the cell. The best ratio was 

for s987. Therefore, for the subsequent experiments, the secretion signal we 

selected was s987. 

 

Figure 27. Signal peptide identification for M. feriruminatoris. Graph showing the 

ratio of mCherry measured in the supernatant normalized by Venus fluorescence 

measured in the pelleted cells for M. feriruminatoris expressing Venus protein and 

mCherry. The graph is showing two independent biological replicates. The 

conditions measured are non-sp as control strain with both fluorescents proteins 

without any signal peptide or 112, 167, 987, and 1087 where Venus protein 

expression does not have a signal peptide while the mCherry protein is fused to s112, 

s167, s987, or s1087. 

 Promoter optimisation in M. feriruminatoris 

 

The plasmids initially designed to work with M. feriruminatoris are 

challenging to manipulate due to the number of repetitions in which the 

pSynMyco promoter appears (transposase, resistance, Venus intracellular 

protein, and mCherry extracellular protein). Besides, we do not know if 

pSynMyco is optimal or it can be improved.  
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To see if this is the case, we selected two native promoters (i.e., ldh (A1) and 

ef-tu (L1) that are among the top10 RNAseq highly transcribed genes and 

also the top10 of highly expressed proteins (CPKM=13.0 and 11.5 for ef-tu 

and ldh respectively being top CPKM value 14.2 for ribosomal protein L13). 

Additionally, we designed two additional promoters similar to the two we 

selected were we duplicated the Pribnow box (A2 and L2) (see Figure 28). 

 

Figure 28. Alignment of M. feriruminatoris promoters. We compared A1 and A2 

promoters and highlighted those differences between promoters in red. The same 

analysis was performed for L1 and L2 promoters. In blue, we highlighted those 

sequences compatible with a Pribnow box, and in green, the sequences compatible 

with a Ribosome Binding Shine-Dalgarno sequence. 

 

Then we proceeded to do the same experiment mentioned above. We 

analyzed the total mCherry protein in the cell extracts, cells plus supernatant, 

and in the concentrated supernatant to measure each promoter's strength and 

how they contribute to the expression of a secreted protein only as well as the 

absorbance at 600 nm (see Figure 29).  

 

Figure 29. Analysis of the strength of five promoters designed for M. feriruminatoris. 

The fluorescent protein mCherry is fused to the signal peptide 987, and different 

promoters have been fused to this secretion signal. After 20 hours, we have measured 

fluorescent and absorbance on the cells and the supernatant. On the left panel A, the 

mCherry fluorescence emission of the resuspended cells has been normalized by the 

OD absorbance. On the right panel B, the concentrated supernatant has been 

normalized by the OD absorbance. The name of the promoter is indicated in the 

graph: No-SP (mCherry under the control of SynMyco without signal peptide), 

SynMyco (SynMyco-s987-mCherry), A1 (A1-s987-mCherry), A2 (A2-s987-

mCherry), L1 (L1-s987-mCherry), L2 (L2-s987-mCherry). 

  

At first, glance, when looking at the mCherry in the supernatant, we see that 

only SynMyco, A1, and L2 produce more protein than the control condition 

with no signal peptide (Figure 29). Since promoters A2 and L1 are very 



 
 

similar to A1 and L2 ( the main difference being the presence of two Pribnow 

boxes in the A2 and L2 promoter)s, this suggests that the constructs bearing 

the promoters A2 and L1 are inactive. We see that the newly designed 

promoters A1 and L2 produce more mCherry than the SynMyco promoter. 

However, when we looked at the secreted protein, we see that the three are 

quite similar and even that SymMyco secretes a bit more. These results 

suggest a maximum amount of protein that this bacterium can secrete per unit 

of time. This value has been reached possibly with SynMyco. Consequently, 

generating more potent promoters does not improve the amount of protein in 

the supernatant. Thus, the promoters' improvement without improving the 

secretion machinery does not result in more secreted protein.  

 Discussion  

 

M. feriruminatoris could be a very interesting bacterium for biotechnological 

applications that could secrete to medium-large amounts of proteins in an 

LPS-free manner. Producing biologics in that way might reduce the 

downstream purification process and decrease the cost of any therapeutic 

protein produced.  

In this thesis, we have explored the capability of his bacterium to secrete 

proteins. To explore M. feriruminatoris as an expression system, we need to 

manipulate its genome, produce heterologous proteins in a tuned manner, and 

secrete them to the medium.  

By doing mass spectroscopy of the cell culture supernatant and the cells, we 

have identified secreted proteins. Comparing the sequences of these proteins, 

we identified some sequences that could act as signal peptides that we 

validated, fusing them to mCherry using the SynMico promoter developed in 

Chapter two. Thus, we have shown that this bacterium secretes proteins like 

M. pneumoniae. By looking at the RNA levels and protein levels in the cells, 

we identified some endogenous promoters that seem to produce high mRNA 
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levels and very high protein levels. We have tested these promoters with and 

without modifications (adding a second Pribnow box), and we have found 

that we can significantly increase the total amount of protein produced but 

not the amount of protein secreted compared with the promoter developed in 

chapter two.  

We also have observed that some clones do not produce the mCherrry protein, 

which is seldomly seen in M. pneumoniae. While M. pneumoniae divides 

every 8 hours, this bacterium's doubling time is comparable to E. coli (divides 

every 27 minutes). On the other hand, Mycoplasma DNA repair machinery is 

significantly reduced compared with E.coli, increasing spontaneous 

mutations. When trying to express lethal CRISPR/Cas9 under an inducible 

promoter, we have seen in M. pneumoniae that it very quickly accumulates 

mutations that prevent Cas9 functionality. When sequencing the clones that 

do not express proteins in M. ferutimatoris , we had seen a frame-disrupting 

point deletion in amino acid 42 of the mCherry protein in the construct 

carrying the A2 promoter. For the construct carrying promoter L1, we have 

detected five point mutations in the L1 promoter and the first position of the 

signal peptide, a nucleotide deletion causing a frameshift in the whole protein. 

These observations support the idea that cells can select silencing mutations 

when pushed for very high expression using A2 and L1 promoters. The rate 

of deleterious mutations is estimated for E. coli between 0.05-0.2 e-3 per 

genome per generation. Considering that M. feriruminatoris clones are 

selected over 48 hours, there is a chance to generate more than 7e28 cells from 

a starting clone. Therefore, the probability of accumulating deleterious 

mutations in a genome region that generates a growth advantage is very high. 

To overcome the limitations observed, we could regulate heterologous 

protein expression to disengage growth and production. For other 

Mycoplasmas such as M. pneumoniae and M. genitallium, there is one 

inducible promoter that works efficiently, the Tet-On system inducible for 



 
 

doxycycline (Breton et al., 2010). When there is not inducer present in the 

medium, the Tet-Off allows silencing of gene expression; however, in the 

presence of tetracycline derivatives, the Tet-On allows the activation of the 

gene expression. Using inducible promoters, we can deconvolute expression 

and growth, decreasing the selection pressure over generations and ultimately 

at high biomass concentration, allow them to express the therapeutic protein. 

However, we still have another limitation: the amount of protein secreted per 

cell and time unit, which seems to preclude the use of strong promoters. One 

way to alleviate this problem could be introducing a bacterial signal peptidase 

I, an enzyme bound to the membrane that cleaves off a given amino-terminal 

signal peptide fused to the secreted pre-processed protein. We know that in 

M. pneumoniae, there is a signal-peptidase I like activity (Catrein et al., 

2005), although the protease has not been identified. Also, we did not find an 

orthologue in M. feriruminatoris. We could assume that the expression of a 

signal peptidase I from B. subtilis and the modification of the signal peptide 

used here to ensure recognition by the peptidase could increase the protein's 

release into the medium and hence an increase in protein secreted.  

Another limiting step for protein secretion could be the saturation of the 

protein export system in this bacterium. In M. feriruminatoris, as for other 

Mycoplasmas, the secreted proteins are exported via the Sec-dependent 

pathway. The proteins are targeted towards the cytoplasmic membrane using 

the export chaperone SecB as an assistant protein and translocated through 

the membrane pushed by the Sec ATPase, transversing the SecYEG channel 

(Figure 30). Once the protein translocates, the signal peptide is cut by the type 

I signal peptidase. The idea would be to increase the Sec-proteins levels (for 

example introducing an additional copy of the operon into the genome) with 

or without an exogenous signal peptidase I to support the cleavage of the pro-

signal peptide.  
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Finally, we should not forget that once cleaved, a signal peptide remains in 

the membrane, and it needs to be extracted and degraded by the FtsH 

membrane-associated protease (Burgos et al., 2020). If the levels of FtsH are 

not enough, signal peptides will accumulate in the membrane and result in 

cell toxicity. Thus, it could be necessary to increase the expression of this 

protease. 

 

Figure 30. The scheme recapitulates how proteins are translocated across the 

membrane via the Sec-dependent pathway. Once the preprotein is translocated 

across the membrane, the type I signal peptidase cleave off the peptide. The figure is 

taken from (Paetzel et al., 2000). 

 

Finally, another possible action plan would be not to push the bacterium to 

its expression limits. We have been inspired by genes on the top list of RNA 

expression levels and proteomics expression levels for designing the 

promoters. However, we can also fuse native promoters with more discrete 

protein expression levels without recruiting all cell resources and exerting a 

massive selective pressure. 

 

As discussed in this section, different scenarios have been explored for 

optimizing M. feriruminatoris as a high-throughput therapeutic expression 

system. This thesis contributed to developing the tools for manipulating this 

bacterium's genome and tuning fluorescent proteins' expression using 

different promoters that demonstrated protein expression at different dynamic 



 
 

ranges. Finally, we described four functional secretion signals. We have 

contributed substantially to paving the way towards using this bacterium as a 

host expression system for therapeutic proteins secreted to the medium free 

of toxic contaminations.  

 Materials and methods 

 

 Genome sequencing of the strain.  

The genome of this bacterium is available in NCBI. However, due to the high 

amount of unconnected contigs, it is difficult to ascertain this bacterium's 

whole circular genome. For that, we sequenced the genome de novo using 

Nanopore sequencing reads that have enough coverage to cover the whole 

genome in a single long read, starting from high-purity genomic DNA. The 

sequencer used was Nanopore. The assembly was run by Dr. Marc Webber 

using Flye v2.8.1, an assembler specific for long reads. It might suffer from 

some errors in the consensus sequence due to the high error rate of the reads 

(~12%), but given the very high coverage (362x), the final error rate should 

be shallow. The advantage of the long reads is that the genome scaffold can 

assemble and resolve repeats (with these new algorithms specific for long 

reads), resulting in a single circular contig covering the entire genome. For 

the annotation, some automatic bacterial genome annotation pipeline 

(prokka) was run using the EMBL assembly LR739236.1 as a reference for 

the first gene homology search. The only genome in NCBI was found was in 

a draft stage with ~80 contigs.  

 Secretome analysis of M. feriruminatoris 

Culture of 10 µl of inoculum in 25 mL flask (Corning) grown overnight 37ºC, 

shaking 180 rpm. After 24 hours, the color of the medium is orange, with a 

high OD density. From there, for 15 minutes, it was centrifuged at 10.000, 

https://www.nature.com/articles/s41587-019-0072-8
https://pubmed.ncbi.nlm.nih.gov/24642063/
https://www.ebi.ac.uk/ena/browser/view/LR739236
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4ºC. The supernatant was collected and filtered with MWKO 3K, 2 x 15' 

centrifuging at 13000 rpm with 800 µl supernatant each time. The final 

volume is approximately 400 µl. Finally, with a new filter, a novel max spin 

4ºC centrifuge during 30'. The final volume is approximately 100 µl, split in 

two, one for BCA quantification and Mass Spectrometry. From there, freshly 

prepared SDS 4%, Hepes 0.1M, and then added 100 µl each. An aliquot of 

20 µl was sent to the facility on the 10th of September 2020. 

 

 Secretome results from Mass Spectrometry analysis 

In the UPF Proteomics facility, the sample was precipitated and digested with 

Lys-C and trypsin, and 10% of the samples were analyzed by LCMSMS using 

a 2-hour gradient in the Orbitrap Velos Pro. As a quality control, BSA 

controls were digested in parallel and ran between the samples to avoid 

carryover and assess the instrument performance.  

The samples were searched against database M_feri_HomoContTrans10 

(September 2019), using the search algorithm Mascot v2.6 

(http://www.matrixscience.com/). Peptides have been filtered based on FDR, 

and only peptides showing an FDR lower than 5% have been retained, and 

the top 3 areas were calculated with unique peptides for protein ungrouped. 

Top3 quantification using unique peptides per protein ungrouped without 

miscleavage, and we have considered Isoleucine = Leucine. 

 

 Secretion signal and promoters testing.  

M. feriruminatoris G5785 cultures have been grown during 20 hours, 37ºC, 

agitation 180 rpm. Then, 200 µl of this culture has been taken and measured 

directly (cells+supernatant, not concentrated). From this, 1mL culture has 

been taken and centrifuged for 5 minutes at 13200 rpm. The supernatant has 

been collected, and 200 µl of this supernatant has been placed on the 

http://www.matrixscience.com/


 
 

measurement plate (supernatant not concentrated). From this supernatant, 

700 ul have been added into 3mL-3KMWCO concentration tubes. These 

tubes have been centrifuged at 15000 rpm for 45'. From the concentrated 

supernatant, 200 µl has been measured. Also, 200 µl of the flowed-

supernatant was measured. Tecan settings: Tecan i-control , 2.0.10.0 Venus 

measurement: 514 ex – 574 em, Opt gain. Cherry measurement: 550 ex – 630 

em, Opt gain OD at 600nm. For testing the promoters, the same protocol was 

followed. However, we introduced changes in the Tecan settings to read 

mCherry and Venus fluorescence. For Venus 495 ex – 530 em and for 

mCherry 587 ex – 630 em. There are two biological replicates with two 

technical replicates for secretion signal measurement and one biological 

replicate with two technical replicates for the promoters testing.  
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7. General discussion and future 
perspectives 

Since their discovery (Nocard and Roux, 1898), Mycoplasmas have been 

interesting species from many different perspectives. Although their small 

genomes result from genome reduction, they have been considered a model 

of the simpler organisms found at the origin of complex life. Several diseases 

can be caused by members of this genus, which moved the interest in these 

species from something almost philosophical to a practical motivation. For 

example, animal vaccine companies are interested in generating attenuated 

Mycoplasma strains for vaccination, and also, there is an interest for a vaccine 

against M. pneumoniae in humans. With the advent of what has been called -

omics technologies, they have become conspicuous target organisms for 

Systems Biology studies, placing M. pneumoniae as one of the most deeply 

characterized microorganisms. Finally, in the last years, Mycoplasma species 

have become of particular interest for Synthetic Biology. For instance, to 

make synthetic chromosomes to replace the natural chromosomes removing 

all genes not essential for life in the laboratory.  

 

This thesis covers, briefly, the multifaceted research interest in mycoplasmas 

working with a set of different species (M. agalactiae, M. gallisepticum, M. 

pneumoniae, and M. feriruminatoris) and providing advances for the use of 

species of this genus for practical applications. Chapters 2 and 3 provide tools 

for some of the historical drawbacks of working with most of these species, 

such as the low transformation efficiency with transposon vectors and the 

poor metabolic characterization. Chapters 4, 5, and 6 give an insight into the 

exciting future possibilities of Mycoplasmas as vectors for localized delivery 

of therapeutic compounds (naturally-existing or in silico designed) and as 

cell-factories for industrial production. 
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Expanding the genome engineering catalog and its applications 

 

Transposon vectors adapted from S. aureus were developed in the mid-80s 

(Lyon et al., 1984), although their efficiency differs substantially between 

different Mycoplasma species. At the beginning of this present century, a 

groundbreaking approach was developed in J. Craig Venter Institute with 

genome transplantation (Lartigue et al., 2007). This allowed bypassing the 

lack of tools to perform targeted genome editing in Mycoplasma by editing 

their genomes in yeast cells and transferring the modified genomes back to a 

Mycoplasma cell. Unfortunately, this technique is restricted to a few 

mycoplasma species as the only mycoplasma cell capable of accepting the 

transplanted genome is M. capricolum. We have tried with M. pneumoniae to 

do chromosome replacement in other species different from Venter's two 

ones (M. mycoides synthetic genome into M. capricolum recipient cell), 

without success. In fact, it has been shown that genome transplantation 

efficiency is negatively correlated with the phylogenetic distance 

(Labroussaa et al., 2016). Moreover, it works only in a tiny group of very 

closely related mycoplasma species. Even after five years of trials, no 

successful genome transplantation was possible even between two strains of 

M. pneumoniae (FH and M129).  

Our group has recently developed an oligo recombineering protocol that 

makes targeted genome modification of Mycoplasma genomes possible. 

Although oligo recombineering seems to be a portable technology, the 

reported approach has been described so far only for M. pneumoniae (Piñero-

Lambea et al., 2020) 

This thesis focused on developing efficient transposon vectors for a broad-

range of Mycoplasma species. It should be noted that although transposons 

are a relatively simple tool, they are critical for the initial steps of the research 

with a novel microorganism, enabling an in-depth characterization in terms 



 
 

of essentiality if the insertion coverage obtained is high enough. They also 

allowed the introduction of foreign genes. As stated in the introduction, 

detailed knowledge of essentiality might help develop vaccines, one of the 

obvious biotechnological applications of Mycoplasmas given the number of 

diseases caused by them in various farm animals and humans. Specifically, 

accurate essentiality maps might lead to identifying genes essential for the 

infection process but dispensable for in vitro growth, pinpointing excellent 

vaccine candidates to test. Indeed, we attempted this identification in M. 

agalactiae with the tools described in Chapters 2 and 3 (data not published). 

This bacterium uses pyruvate and/or lactate but not glucose because 

it lacks two critical glycolytic enzymes. The permeases in charge of 

internalizing pyruvate or lactate in this microorganism are unknown. When 

using pyruvate as the primary carbon source, the possible pyruvate permease 

is essential since the administration of a toxic analog of pyruvate 

(i.e., fluoropyruvate) showed dramatic toxicity, demonstrating it needs to 

import pyruvate to survive. We introduced growth in the presence of glucose 

by cloning the two missing glycolytic enzymes, and this engineered strain 

could survive in the presence of fluoropyruvate (data not published). Using 

this mutant strain capable of growth with glucose and the M. agalactiae WT, 

we tried to identify the pyruvate transporter by performing essentiality studies 

in 'conditioned media' (see chapter 3, metabolism) in the presence or absence 

of glucose and pyruvate. However, not having a defined medium for M. 

agalactiae and using the 'conditional one' resulted in very noisy data that did 

not allow identification of the pyruvate transporter unequivocally. Having 

identified this transporter, we would have potentially identified the right 

vaccination candidate: a KO of pyruvate transporter in a glucose acceptor M. 

agalactiae strain, with the ability to metabolize glucose to grow in vitro but 

not pyruvate, which seems its natural substrate in vivo.  
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The other possibility of obtaining an attenuated strain is to do an essentiality 

analysis in vitro and in the host to identify genes essential for the infection 

process and not essential for in vitro growth. If the mutant library has enough 

coverage when inoculated in the host and if we can recover enough bacteria 

after infection, we can compare the find transposon insertions in a gene in 

vitro and in vivo. This comparison should identify the most promising genes 

to inactivate for vaccination: those genes essential for the infection process 

but dispensable for the in vitro growth.  

Another critical aspect in developing vaccines of attenuated Mycoplasmas is 

the need to have a defined medium that could remove the lack of batch 

reproducibility in fermenters due to heterogeneity of the serum batches and 

the possibility of viral contamination. First, we need to build a detailed 

metabolic map with all reactions to have a defined medium. The chemically-

defined medium design is, on the one hand, more straightforward in 

Mycoplasma species due to their genome simplicity but also is complicated 

because we know that some enzymes have moonlighting activities. Therefore 

some reactions cannot be assigned to a particular enzyme (i.e., transketolase, 

Montero-Blay et al., 2020). However, having a map does not mean we can 

identify which pathways are active and under which circumstances. It is 

crucial to consider the direction of fluxes and identify the substrate specificity 

of membrane transporters (there is a significant lack of information for 

transporters). Chapter 3 of this thesis showed that by combining quantitative 

proteomics with gene essentiality, one could identify active fluxes and their 

directions under the conditions tested. The present studies can be performed 

across different conditions (temperature, thermic or osmotic stress, media 

composition), and the results obtained can be completely different. It is 

logical to think that the active metabolic pathways in a cell will vary 

depending on the medium's composition, the ATP requirements in a 

particular moment, the medium's pH, etcetera. The analysis done in this 



 
 

chapter serves to identify potential targets for creating attenuated strains and 

for biotechnological applications like reinforcing or bypassing metabolic 

fluxes to boost heterologous proteins' expression. The study of the limiting 

factors when seeking the maximization of protein yield can shed light on 

which ones are: ATP? Are they cofactors? Can we push metabolism to 

produce acetate instead of lactate to gain one extra ATP? Can we reflux it to 

lactate to acquire redox balance? Etcetera. 

 

The tools generated in Chapters 2 and 3 might allow the future development 

of a defined medium for M. agalactiae, opening the door to identifying the 

pyruvate transporter and the development of a vaccine based on this 

modification. 

 

M. pneumoniae as a living vector to treat lung inflammatory 

diseases 

 

The thesis's primary objective to demonstrate that M. pneumoniae can be 

used as a vehicle to in vivo deliver therapeutic immunomodulatory molecules 

has been accomplished. We also have generated improved versions of 

existing interleukins that are currently being tested in animal experiments. 

However, we still need to address several issues before treating human 

patients.  

First, the final non-pathogenic chassis version for human therapy and capable 

of sustaining the in vivo expression's immunotherapeutic molecules is still 

under construction. Although the CV8 chassis is non-pathogenic in mice 

lungs, it still has galactocerebrosides in its membrane and lipoproteins at its 

surface. One of the problems of using inactivated or live-attenuated M. 

pneumoniae strains is the rare association of M. pneumoniae infections to 

Guillain-Barre (GBS) syndrome and other neurological complications like 
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meningitis encephalitis, psychosis, cerebellar ataxia, transverse myelitis, 

myositis (Thomas et al., 1993). The pathophysiology of these complications 

is considered to be the result of an auto-immune reaction 

after Mycoplasma infection. Two genes that are NE and, in consequence, 

susceptible to being deleted have been identified as excellent targets to 

prevent GBS upon chassis administration. Expressly, deletion of MPN257 

coding for the glucose-epimerase and/or deletion of MPN483 coding for a 

glycosyltransferase loads the sugar motifs into a ceramide backbone should 

be incorporated into the final chassis design to prevent GBS. 

Besides, analysis of the mycoplasmal cell membrane demonstrated that 

several lipoprotein surface antigens elicit strong immune responses. The 

diacylglycerol group of lipoproteins activates the inflammasome through the 

interaction with the TRL2 and TRL6 receptors. They also regulate 

mycoplasma colonization and translocation across mucosal membranes and 

facilitate host immune evasion  

The presence of lipoproteins in CV8 might explain the IL-8 response 

observed in mice upon chassis administration. Unfortunately, the two 

enzymes involved in cleaving the signal peptide of lipoproteins and acylating 

them at the first cys-residue are essential (Lluch-Senar et al., 2015). Looking 

at the significantly reduced inflammatory response caused by the CV8 

chassis, it might not be necessary to remove lipoproteins from the therapeutic 

chassis.  

 

Aside from the safety of the chassis, other questions regarding its 

administration should be addressed. For instance, can the chassis be re-

inoculated over time to treat chronic diseases? If the bacterium is re-

inoculated, antibodies against these microorganisms will be generated, 

potentially boosting the clearance time. Second, if one of the interleukins is 

expressed over a considerable amount of time, antibodies against the 



 
 

expressed protein (e.g., IL-10, IL-22) could be generated, which can 

ultimately cause an autoimmunity problem. This problem could be 

exacerbated when designing new proteins (i.e., IL-10 engineered versions) 

since the new sequences added to the existing proteins could trigger an 

immune response.  

Some of these issues could be partly solved if we could regulate the 

expression of the immunomodulatory molecules by M. pneumoniae, which at 

the moment is constitutive.  

Introducing logic gates of actions is currently widely explored for treatment's 

specificity. Protein co-localization switches have been described for T-cells 

that respond through a conformational change to the presence of a set of 

antigens (Lajoie et al., 2020). Other possibilities aim to respond to 

environmental cues such as low pH, the presence of a given metabolite, and 

a low level of O2. According to the targeted disease's environmental 

signatures characteristics, these environmental conditions could activate or 

repress promoters in the cell. In the group, we are currently developing a new 

set of approaches and strategies to allow tunable expression of the 

heterologous proteins.  

These open questions should be investigated before moving to human 

therapy.  

 

Future perspectives in the treatment of lung-cancer 

treatment using M. pneumoniae 

 

Lung cancer is a lethal disease. Almost 15% of new tumor diagnostics are 

lung cancer, and it is the leading cause of cancer death for men and women. 

The 5-year survival rate is estimated at 24% for Non-Small Cell Lung Cancer 

(NSCLC Abbreviation) and 6% for Cell-Lung Cancer. The general 5-years 

rate is 19% for all cancer types (Cancer.net, 9th December 2020). 
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Undoubtedly, there is a clinical need to treat lung cancer, especially Small-

Cell Lung Cancer, which is not curable when detected in a late-stage.  

In the past lustrum, immunotherapeutic strategies using antibodies and 

interleukins have been employed in clinics to treat lung cancer, especially the 

NSCLC subtype. The problem is that these molecules that target immune 

checkpoint inhibitors only work efficiently for a selected subset of patients 

and could cause immune toxicities. For this reason, it is urgent to find new 

strategies aiming to localize the therapy in the targeted tissue.  

The enhancement of the immune system to combat cancer (immunotherapies) 

has been clinically validated for different cancer subtypes. Two alternative 

pro-inflammatory cytokines have been approved by the FDA (i.e., IL-2 and 

Interpheron-α), although they have modest efficacy levels and high toxicity. 

The most important achievement in immunotherapy is the use of monoclonal 

antibodies to block immune checkpoint inhibitors (PD-1 (programmed cell 

death protein 1, or the ligand PD-L1) or cytotoxic T lymphocyte-associated 

antigen 4 (CTLA4)). These antibodies are approved to treat various solid 

cancers like breast, bladder, colon, head and neck, Hodgkin lymphoma, liver, 

lung, renal, stomach, or rectal (Cancer.gov 19/11/2020). 

As mentioned above, the use of these antibodies, while being extremely 

effective in some patients, causes in others dramatic toxicities affecting 

almost any organ. Thus it is imperative to develop new management 

approaches and new targeted delivery systems to control high-quality cancer 

patient care (Johnson et al., 2020). Also, the cost per patient of these 

treatments is very high, which the cost of production of antibodies surpasses 

4000 times the cost of gold (estimated at 28.78$ and 51.79$ per milligram for 

nivolumab and pembrolizumab; both are PD-1 blocking agents) in 2015 

(Andrews, 2015). 

In this context, the use of bacteria for expressing immunotherapeutic agents 

relevant to cancer has emerged as a solution for combating the exacerbated 



 
 

toxic effects derived from a systemic administration and the high-cost 

associated with monoclonal production. Many microorganisms inherently 

present tumor colonization properties because the tumor microenvironment 

is highly vascularized, with slower immune cell infiltration and hypoxic 

regions, which is an excellent environment for some bacteria to colonize 

naturally. One example of the enhanced capacity to colonize tumors versus 

healthy tissue is the bacterium Salmonella typhimurium, with a ratio of 1000 

fold extra capacity to colonize tumor versus liver (Luo et al., 2001). Using E. 

coli as a model system, the work of Piñero-Lambea et al., 2015) showed that 

anchoring immunoglobulin domains exposed to the cells' surface presented 

specific adhesion properties to a selected surface cell. Likewise, the same 

organisms have been engineered with lysing circuits to deliver nanobodies 

targeting PD-L1 and CTLA-4, resulting in tumor regression in syngeneic 

mouse models (Gurbatri et al., 2020). We also wondered if Mycoplasmas 

have this inherent capacity to colonize tumors. In a non-published prospective 

search performed by a former laboratory member, Dr. Martin H Schaefer 

(now Group Leader at European Institute of Oncology, Milano), looking at 

bacterial reads observed in TGCA genomics data, there was the detection of 

reads of M. pneumoniae and Mycoplasma hyorhinis in tumor and healthy 

patients in colon and lung samples. No reads were detected in the brain in 

healthy patients. Besides, the percentage of bacterial reads in tumors versus 

healthy tissues was higher, supporting the idea that Mycoplasmas can 

accumulate in tumors. This opens the possibility of using mycoplasma 

species to treat solid tumors as well, aside from lung tumors. 

We have preliminary data pointing out that M. pneumoniae can express 

functional nanobodies targeting immune checkpoint inhibitors: murine anti-

PD-L1 (Figure 31), murine anti-CTLA-4, and human anti-PD-L1 (data not 

shown). It has also been demonstrated in this thesis the capacity of this 
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bacterium to secrete functional human and murine monomers and dimers of 

natural-existing interleukins (IL-10, IL-22).  

 

Figure 31. Nanobody functionality tested in M. pneumoniae WT. M. pneumoniae was 

engineered to secrete anti-PD-L1 murine nanobody (PDB: 5DXW) or anti-PD-L1 

human nanobody. Untagged Murine PD-L1 recombinant protein was immobilized 

(left panel). Supernatants expressing both nanobodies (FLAG-tagged) were assessed 

in a Dot Blot assay. Only murine anti-PD-L1 nanobody exhibited targeting specific 

capabilities towards murine PD-L1 

 

 

The next obvious step is to generate strains expressing not only the most well-

known immunostimulatory interleukins used in clinics (IL-2) but others that 

are showing promising results (IL-15, IL-24) that structurally are similar and 

potentially will fold correctly when secreted to the medium. We have already 

generated strains combining IL-2 plus the nanobodies mentioned above and 

introduced the Neoleukin IL-2/IL-15, a de novo protein design that exerts IL-

2 and IL-15 downstream effects (Silva et al., 2019) into M. pneumoniae. All 

those strains are ready to be tested in immunocompetent lung cancer models.  

The fact that unmodified M. pneumoniae is exerting a minor immune 

activation (can be useful when used for immunotherapy), can express 

nanobodies and natural existing properties, and potentially colonize tumor 

microenvironments supports the idea that this bacterium can be used to treat 

lung cancer locally. 

 

Antibody engineering: what is next 

One of EU-politics' primary efforts is to push for the replacement of animal-

derived antibodies (ADA) in research and industry by non-animal production. 

The actual non-animal produced antibodies are generated by phage display 

(library of mutants plus selection rounds towards a defined target). 



 
 

Antibodies optimized by phage display typically are stable but seldom have 

they reached the affinities found with monoclonal antibodies in vivo.  

A promising alternative will be to use exiting crystallographic structures of 

IgGs to engineer exiting antibodies to recognize new targets. Current 

antibody design achievements cover specific parts of product development 

and do not fundamentally address the conundrum of multiparametric 

antibody development. For example, AbDesign yielded suitable antibodies 

only in combination with error-prone PCR (Unkauf et al., 2018), Rosetta 

antibody design (RAbD) was only used for in silico affinity maturation, and 

OptMAVEn/OptCDR started from a paternal antibody bound to the same 

linear epitope and did not find an antibody that had better characteristics 

(Chowdhury et al., 2018). Modular (Poosarla et al., 2017) was used to design 

an antibody de novo, but high affinity was reached only at the cost of 

decreasing thermodynamic stability integrating above mentioned 

multiparametric design. Although promising, still protein design methods 

have not been able to compete with natural production using animals. 

Once we have a high-affinity antibody against the desired target, they are 

typically produced in eukaryotic cell cultures using mammalian cells to 

ensure proper glycosylation necessary to allow recognition by Fc receptors. 

The production, as discussed above, is costly. Thus, many groups have tried 

to express functional antibodies in bacteria to lower-cost production. 

However, despite some anecdotal papers, folded antibodies' routine 

production has not been achieved in bacteria. A few successful cases have 

used the periplasmic space of E. coli to ensure disulfide bond formation. 

These forces break the bacteria to release the antibody to the medium; 

therefore, contaminating the target protein with LPS and other bacterial 

components that could trigger inflammation. To avoid these problems, we 

tested the capacity of M. pneumoniae to express functional different antibody 

domains (scFv and Fc regions) with the idea of later linking them to express 
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whole functional antibodies. We tested an scFv widely used in clinics, 

ipilimumab, sold under the name of Yervoy, that binds to human CTLA-4 

(Figure 32). When M. pneumoniae expressed ipilimumab, it did not bind the 

CTLA-4 protein (data not shown). This is probably due to oligomerization of 

the scFv due to the flexible poly-Gly linker used to fuse the two subunits of 

the Fv fragment, as previously reported (He et al., 2017). Thus it seems 

Mycoplasma cannot be used to express scFvs with poly-Gly linkers. An open 

question is if, by engineering a non-flexible linker using ModelX/FoldX, we 

could generate an active scFv.  

 

Figure 32. Structure of human scFv-ipilimumab when binding to human CTLA-4. 

Two variable domains, light and heavy (V.L. and V.H. respectively), linked by a poly-

G linker bind to a CTLA-4 checkpoint inhibitor. The figure is taken from (Ramagopal 

et al., 2017). 

 

We also tried to express a folded Fragment crystallizable (Fc) domain. We 

used the natural IgG1 murine Fc fused to a nanobody against human CTLA-

4, combining a nanobody's antigen recognition properties and the enhanced 

half-life and effector properties of an Fc. This fusion molecule did not 

recognize the target protein indicating it was misfolded. A possible 

explanation could be that the Fc region is not glycosylated and does not 

establish the correct hinge disulfide bonds. To solve this problem, we took 

advantage of an existing parallel helical dimerized protein with a disulfide 

bridge (leucine zipper) (see Figure 33, preliminary data). We replaced the 

hinge sequence with the leucine zipper sequence and fused it to the same 

nanobody. This design solved the folding problem and exhibited antigen 

recognition properties. Thus, it seems M.pneumoniae can express folded Fc 

domains when we replace the hinge domain with a stable dimerizing motif.  

 

 

Figure 33. Sandwich DotBlot experiment with murine recombinant protein CTLA-4 

immobilized into the membrane. In 1) M. pneumoniae WT supernatant. 2) M. 



 
 

pneumoniae expressing nanobodies binding to murine CTLA-4 3) M. pneumoniae 

expressing nanobodies binding to PD-L1 and CTLA-4 murine. 4) M. pneumoniae 

expressing nanobody binding to CTLA-4 fused to murine IgG Fc. 5) M. pneumoniae 

expressing a nanobody binding to murine CTLA-4 linked to a synthetic Fc engineered 

with a leucine zipper.  

 

The Fc tested in M. pneumoniae is a murine IgG, being IgG the most abundant 

antibody characterized by its long half-life in blood (between 1-3 weeks). 

This IgG can bind the neonatal Receptor (FcRn), which can also bind albumin 

and allows recycling of the antibody when bound to its target. FcRn is 

expressed at the cell surface of almost all cell types (including pulmonary 

epithelial cells or macrophages). The capacity to bind the FcRn Receptor is 

essential to keep the IgG levels high in the blood (Chaudhury et al., 2003). It 

could be possible that although non-glycosylated, our engineered Fc domain, 

because of the stabilizing effect of the leucine zipper, can bind to the different 

FcγRs receptors and activate downstream signals. If we can find that this is 

the case, we could express in M. pneumoniae nanobodies fused to our 

engineered Fc domain to open the way to many exciting lung therapeutical 

applications.  

 

Pioneering immunotherapeutics through protein 

engineering 

For decades, the scientific community has been working on understanding 

the principles connecting protein structure and function from many angles. 

Then, taking as scaffolds, natural-existing proteins have been re-designed to 

improve their properties. The consecutive rounds of design, improvement, 

and testing have resulted in a diverse set of molecules with enhanced 

structural properties. 

In the literature, we can find separate cases of how protein-engineering 

examples have revolutionized today's medicine. For example, since the 

bacterial adaptative immune system was discovered by Spanish scientific 



 

203 
 

Mojica and later described in 2012 as RNA-guided programmable DNA 

nuclease, CRISPR/Cas9 (Jinek et al., 2012), hundreds of modified versions 

of this protein have been generated for gene editing at unprecedented 

precision.  

In September 2020, a novel protein logic technology with the capacity to 

activate with a conformational change when a set of antigens were present 

was released (Lajoie et al., 2020). This work could significantly affect 

targeted medicine when those small conformational changes can activate 

(ON) or not activate (NOT) a T-cell-specific response against tumor cells that 

presented a set of antigens.  

For more than 50 years, one of the appealing challenges in biology is 

deciphering what drives protein folding (known as the 'protein folding 

problem') and ultimately predicting its structure from its sequence. The 

structure of a protein is essential for its function, and the field of protein 

engineering can benefit from folding predictions from the sequence. Last year 

the software Alphafold 2.0 from Google triumphed at the CASP competition 

to predict 3D folds from sequence held on the 30th November 2020. 

Alphafold obtained competitive results compared to experimental data. 

Although the results are yet preliminary, this could pave the way to predict 

the 3D structure of proteins from sequence alone. 

The field of structural protein is exploding because cryo-electron microscopy 

offers the possibility of determining the 3D shape of protein structure using 

single particles, providing an alternative to classical NMR or X-ray 

crystallography. In 2020, for the first time, the atom resolution obtained for 

cryo-EM fallen below 2 Armstrongs (Nakane et al., 2020), Figure 34. This 

opens the way to determine the 3D structure of many proteins and large 

complexes without the need for crystallization o (X-ray) or very high 

concentrations (NMR), at enough resolution that they can be used for protein 

design or in silico drug screening. 



 
 

  

Figure 34. Comparison of high-resolution features obtained for Cryo-EM and X-ray 

for human apoferritin. In red, residues are observed at the high threshold, while in 

grey is displayed at the low threshold with current methodologies. Hydrogen density 

can be observed with cryo-EM at 1.35A resolution. The figure is taken from (Yip et 

al., 2020) 

 

In parallel to these developments, protein design software tools have shown 

they can design proteins with significant success. Not only by designing 

mutations or novel 3D structures as performed in chapter five of this thesis 

but also, having the possibility of performing significant conformational 

changes, hydrophobic core re-design, or bringing together protein fragments 

as building blocks to generate de novo proteins performing existing functions 

(such as the case of Neoleukin-2). Consequently, the challenges that protein 

engineering software can now tackle are multiple, but the focus should be on 

those diseases whose treatment could benefit from new proteins with 

improved properties.  

The exercise of improvement of the IL-10 molecule (expression improvement 

for bacteria and affinity for receptors) performed with FoldX/ModelX can be 

expanded to other interleukins with similar structural features. Indeed, 

synthetic dimeric versions of monomeric interleukins can be engineered 

based on the swapped structure of IL-10. By having two receptor-binding 

domains in the same molecule, we could cluster together receptors and 

stimulate transactivation. This phenomenon can explain why the monomeric 

IL-10 behaves poorly in chapter five compared with the swapped domain IL-

10 WT and why the single-chain Mut 14 is better than both. Cytokines helix-

bundle proteins can be classified in short or long-chain (cutoff is 160 aa), and 

the list of possible candidates is extensive: IL-2, IL-4, IL-5, M-CSF, GM-

CSF, IL-4, IL-7, IL-13, IL-15, IL-22 IL-6, IL-12, EPO, OSM, IFN-β, IFN-γ. 

As long as there exist crystal structures, molecular antagonists can also be 

generated. The most attractive possibility is to generate synthetic hybrids of 

two independent molecules joined in a single molecule inspired by the rigid 
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structural conformation found in the IL-10 dimer. The designs generated 

using ModelX are an alternative to interleukins fusion via flexible linkers 

(poly-G). Glycine linkers result in extensive entropic flexibility, and therefore 

the cost of binding to receptors of two monomers linked by a poly-Gly linker 

is high decreasing affinity. In addition, it is quite possible to result in 

oligomerization when expressed at high concentrations.  

Most of the interleukins share their activation mechanisms through Janus 

Kinase (JAK), Receptor Tyrosine Kinase (RTK), or Signal Transducer and 

Activator of Transcription (STAT). To explore more activation 

combinations, aside from those determined by the ligands' existence, 

'Synthekines' has been generated (Moraga et al., 2017). Synthetikes can 

activate non-natural receptor pairs in unmodified cells and evidenced the 

capacity to elicit a new downstream signaling activation. Although they 

shared activation capacities partially overlap with their parenteral molecules, 

their effects are still far from being understood at a functional level with a 

lesser activation. Synthekines are entirely different from our aimed synthetic 

interleukin hybrids because our objective is to cluster receptor pairs into a 

cell membrane rather than forcing non-natural receptors to interact with the 

synthetic molecule.  

 

The necessity of high-throughput screening of protein 

mutants 

 

In chapter six, M. feriruminatoris has been explored as a possibility for being 

used for fast mutant screening and for producing large amounts of 

biomolecules.  

When optimizing a protein for functionality, it is always good to explore 

different mutations simultaneously since design software is never 100% 

successful. There are various ways to do high-throughput screening of 



 
 

engineered biomolecules that either requires phages, eukaryotic cells, or 

purify the bait and prey proteins. It is possible to surface-express in E. coli 

some proteins like nanobodies, but by no means is it clear if this works with 

other molecules like cytokines. Mycoplasma species could be an ideal system 

to make library screenings where thousands of mutant proteins could be 

transformed by transposon fused to a Luc system component (England et al., 

2016) and secreted to the medium. The prey could be expressed in another 

strain at the membrane surface. The Luc system will be reconstituted by 

mixing the two supernatants and depending on the mutant protein's affinity 

for the bait, the intensity of the signal will change. A problem with doing this 

with M. pneumoniae is that it grows very slowly, so we decided to develop 

the fast-dividing M. feriruminatoris species as a chassis for screening protein 

mutant libraries a protein production system.  

We now have a transposon system that works in this bacteria. We have 

identified the secretion signals and engineered optimum promoters. As a 

problem, we have found that escape mutants can quickly appear due to their 

fast division rate. Thus, we need to develop an inducible expression system 

and optimize secretion. Nevertheless, in principle, we have the basis of a 

bacterial system that could be used for the fast screening of protein variants.  

  

In theory, this bacterium outperforms other microbial systems in a fast 

overview of the existing protein existing systems (bacteria and yeast), Figure 

35. Secreted proteins are not contaminated when released to the medium with 

endotoxins or proteases. Compared with more complex cellular systems 

(insects or mammalian cell culture), it can not perform post-translational 

modifications or add modifications based on glycans.  

 

Figure 35. Comparison of M. feriruminatoris (FoldiExpress) and the current host for 

protein expression for different parameters relevant for biotechnology.  
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Interestingly while focused on Mycoplasmas, the rationale of this work might 

be extrapolated to other bacterial strains. It is quite likely that research 

working with other poorly characterized bacteria is experiencing low 

transposon coverage due to suboptimal regulatory regions' presence in the 

vectors. As shown in chapter two, a simple exchange of these regions by a 

consensus sequence of one of the genes showing higher protein abundance 

along the whole genus might solve this limitation. Similarly, an approach 

such as the one taken in chapter three combining proteomics data and gene 

essentiality might be applied to other bacteria to reveal in a quick view 

essential aspects of their metabolism. Chapter four provides a framework to 

use bacteria (not only M. pneumoniae) as an immunomodulatory agent by 

delivering antibodies and interleukins' protein cocktails. Chapter five sheds 

light on these molecules' in silico design to adapt them for prokaryotic 

expression machinery or even improve their therapeutic effects. Finally, 

chapter six covers the first steps on a microorganism's characterization to 

adapt it as a bio-factory of heterologous proteins. While performed for M. 

feriruminatoris, a similar approach can be applied to other bacteria. 
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8. Concluding remarks 

 

We showed for a set of Mycoplasmas how efficient recognition of key 

transposon elements has a massive impact on transposition efficiency. Then 

we demonstrated how a newly engineered transposon could be used to test 

essentiality in four Mycoplasmas encompassing the three Mycoplasmal 

phylogenetic clades. The new transposon allowed the mapping of the Tn-Seq 

profile for M. agalactiae 7784.  

The integration of gene essentiality data, quantitative proteomics data, and 

homology studies shed light on function and directionality for a set of 

metabolic pathways, how they intersect, and provide insight into their 

metabolism's function redundancy two Mycoplasmas: M. agalactiae and M. 

pneumoniae.  

This thesis demonstrated how M. pneumoniae could express functional 

human helix-bundle interleukins (IL-10 and IL-22) capable of modulating 

macrophage response and stimulating wound healing repair in vitro. M. 

pneumoniae expressing IL-10 and IL-22 has been assessed in vivo and 

demonstrated the capacity of expressing biologics at physiological levels. In 

parallel, we have engineered different novel versions of IL-10 in this thesis 

by combining mutations that increase protein-receptor affinity and also re-

designing novel structural variants that enhanced protein expression in 

bacteria and downstream cascade activation.  

Finally, to propose a novel bacterium to screen protein variants in a high-

throughput manner, we developed a set of genetic components (i.e., 

transposons, promoters, and secretion signals) functionals for M. 

feriruminatoris. In summary, this thesis contributes to the exploitation of 

different Mycoplasma species for biotechnological or biomedical 

applications. 
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