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Abstract 22 

Bacterial genome reduction is a common phenomenon in nature that has also 23 

inspired several projects with biotechnologically relevant organisms. In many cases, 24 

however, no performance improvements with the streamlined chassis were obtained. 25 

A comparative analysis of natural and synthetic reduced genomes and their 26 

corresponding ecological niches reveals that i) only deleting expressed genes can 27 

lead to noticeable energy conservation usable for improving biomass or product 28 

synthesis and ii) the simplified strains depend on the environment, e.g., another 29 

community member, to complement deleted functions. Based on this analysis, we 30 

introduce the concept of Community of Niche-optimized Strains (CoNoS) as an 31 

alternative strategy to generate superior biotechnological production processes.  32 
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Can nature teach us how to design superior genome reduced 33 

strains for biotechnological applications? 34 

Genome reduction is currently a popular topic both in fundamental research and 35 

applied biotechnology. On the one hand, researchers are studying how species have 36 

evolved towards smaller genomes in their natural environment and how the resulting 37 

pathogenic or symbiotic relationships are beneficial for the survival of single species 38 

or whole communities. On the other hand, there is an increasing interest for genome-39 

reduced strains with superior performance, e.g., for bio-based production of chemical 40 

compounds. Despite the great efforts to construct such strains, there are only a few 41 

examples where genome reduction actually led to improved production performance. 42 

While discussing possible reasons for the comparably low success rate in 43 

biotechnology, one hypothesis was that previous projects often focused too much on 44 

the deletion targets, while other potentially relevant parameters, such as the 45 

surrounding conditions including, e.g., growth medium and carbon source, were 46 

neglected. As nature has often proven to be a good model for all kinds of 47 

developments, we were curious whether we could also learn from nature how to 48 

generate superior genome reduced strains.  49 

In this opinion, we contrast the current perception of genome reduction as a natural 50 

adaptation process with that of a tool for synthetic biology. Based on this analysis we 51 

developed the concept of Community of Niche-optimized Strains (CoNoS) as an 52 

alternative strategy to generate superior biotechnological production processes. 53 

CoNoS focuses strongly on the consideration of surrounding conditions (the niche) as 54 

key determinant for suitable gene targets whose deletion can lead to minimization of 55 

carbon and energy demands of individual cells in a population. Consequently, the 56 
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available feedstock could be utilized more efficiently for biocatalyst supply and 57 

product formation.  58 

Genome reduction in nature 59 

In nature, genome reduction is driven by evolution and enables microorganisms to 60 

adapt to specific ecological niches (see Glossary). Over time, organisms tend to 61 

lose genes that are not required for survival in the new niche [1]. Although the 62 

environments are rather diverse, the prerequisite for gene loss is usually the supply 63 

of the function (e.g., metabolite, protein, etc.) by another organism, either the host or 64 

another community member (Figure 1a, Key figure). Typical examples are symbiotic 65 

or pathogenic relationships where the host provides a defined environment allowing 66 

the loss of certain gene functions [2, 3], or communities of free-living genome 67 

reduced strains in aquatic environments [4, 5] (Table 1). 68 

Obligate endosymbionts usually have a long history of co-evolution with their host 69 

and are maternally transmitted from the host to the next generation, which is 70 

presumably the prerequisite for such extreme genome reduction [1] (Table 1). The 71 

population size of bacterial endosymbionts is comparably small, as they are often 72 

living in specialized structures such as bacteriocytes in an bacteriome and only a 73 

limited number of cells is transferred to the next host generation [3, 6]. This leads to 74 

low effective population sizes (small Ne), making genetic drift one of the main factors 75 

for reductive genome evolution in symbiotic relationships (Box 1) [4, 7, 8].  76 

As one example, the obligate endosymbiont Buchnera aphidicola provides its aphid 77 

host with essential amino acids and some vitamins [3]. Upon additional association 78 

with the secondary endosymbiont Serratia symbiotica, B. aphidicola lost the ability to 79 

synthesize riboflavin and tryptophan, which is now provided by S. symbiotica. 80 
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Furthermore, the biotin biosynthesis pathway is split between both endosymbionts, 81 

leading to multiple mutualism [3]. In terms of potential for genome reduction, this 82 

means by enriching the ecological niche with an additional metabolite or gene 83 

function, the primary endosymbiont can lose further genome content without negative 84 

consequences for its own survival in the respective niche. Moreover, this example 85 

shows that evolution associated with genome reduction must result in a benefit for 86 

the whole consortium, which is likely due to a more efficient utilization of carbon and 87 

energy resources mediated through reduced protein synthesis costs. In organisms 88 

currently undergoing genome reduction this is often recognizable by a large number 89 

of predominantly non-expressed pseudogenes within the genome, e.g. in 90 

Mycobacterium lepraemurium with 1139 pseudogenes in 4.05 Mbp genome [2] 91 

(Table 1). 92 

Interestingly, in recent years several examples for genome reduction of free living 93 

organisms have been described. Similar to the environments of symbionts, genome 94 

reduction also appears in stable environments such as the pelagic zone of freshwater 95 

lakes or the ocean [4, 5]. However, since these environments are very nutrient poor 96 

and the cell populations much larger (large Ne), the genome reduction follows a 97 

different path called “streamlining” (Box 1) [4].  98 

Streamlined organisms have lost certain gene functions that are considered to be 99 

important, if not essential. One famous example is the enzyme catalase-peroxidase, 100 

which catalyzes the detoxification of hydrogen peroxide (H2O2) into O2 and H2O [9]. 101 

H2O2 is generated in the ocean by photo-oxidation of dissolved organic carbon and is 102 

able to cross biological membranes similarly to water. Catalase-peroxidase (encoded 103 

by katG) is missing in all Prochlorococcus isolates, but present in most strains of the 104 

closely related genus Synechococcus (Table 1). A common assumption is that katG 105 
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was present in their common ancestor and lost later on in the Prochlorococcus group. 106 

Therefore, it seems sufficient that only a part of the microbial community produces 107 

catalase (helpers) to protect all other bacteria (beneficiaries) by eliminating H2O2 108 

from water (Figure 1a). How is this equilibrium maintained? The loss of catalase 109 

production provides a small selection benefit to the beneficiaries, e.g., by saving iron 110 

and energy for protein production. This small benefit ensures that the beneficiaries 111 

are not overgrown by the helper cells. In contrast, the helpers are required by the 112 

whole community, so the share of helpers will only decrease to such an extent that 113 

the survival of the beneficiaries is still ensured. This concept was named “Black 114 

Queen Hypothesis” [9].  115 

Man-made reduced genomes  116 

While the study of genome reduction as a natural process has a long tradition in 117 

environmental microbiology, its application as a tool in biotechnology or basic 118 

research is rather new. According to their motivation, the corresponding genome 119 

reduction projects can be assigned to one of the two following aims.  120 

First, to gain a more fundamental understanding of the basic principles of 121 

autonomous cellular life, the creation of minimal cells is sought by deletion of all 122 

non-essential genes in a given microbial host (Box 2). This approach was 123 

demonstrated for parasitic prokaryotes such as Mycoplasma sp. [10] and for 124 

industrial model organisms such as Escherichia coli and Bacillus subtilis [11, 12] (see 125 

Table 2 for recent developments). Currently, the quest for minimal bacterial genomes 126 

exclusively focuses on such cells that are capable of autonomous replication in 127 

undefined, nutrient rich environments. These studies are undoubtedly pioneering and 128 

important, but gained insights of minimal cell metabolism are significantly affected by 129 

the applied growth and test conditions [13]. 130 
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Second, to improve the bio-based production of chemical compounds, the 131 

construction of microbial chassis strains is sought by deletion of irrelevant genes 132 

(Box 2) that are not required in the specific niches of artificial bioreactor environments 133 

(Figure 1b). This synthetic streamlining of bacterial genomes was carried out for a 134 

number of industrial workhorses including E. coli, B. subtilis, 135 

Corynebacterium glutamicum, Lactococcus lactis, and Pseudomonas sp. [14, 15] 136 

(see Table 2 for recent developments). In summary, there are some promising 137 

examples where streamlining led to genome-reduced strains with improved 138 

production properties, e.g. for heterologous protein production. Only in a few cases, 139 

however, the biological fitness of these chassis was superior to the parental strain.  140 

What are the differences between natural and man-made reduced-141 

genomes?  142 

In genome reduction projects with E. coli, B. subtilis and C. glutamicum large 143 

genomic regions were deleted from the respective wild-type strains and, due to 144 

potential energy savings, a greater positive effect on biomass formation (growth rate 145 

and yield) was expected. Obviously, this expectation cannot be fulfilled based on the 146 

current selection strategies for deletion targets, consisting predominantly of non-147 

expressed genes (see Box 3 for more details). 148 

For all natural examples discussed here, the environment or the ecological niche was 149 

crucial for an improved fitness upon genome reduction. When comparing the niches 150 

of natural small genome organisms with the laboratory growth conditions of “man-151 

made” genome reduced strains, the most apparent difference is the community 152 

structure on the one hand and the isolated culture of a single strain on the other hand 153 

(Fig. 1a and b). Although the use of a single strain reduces complexity in the context 154 
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of basic research and biotechnological production, it is a rather artificial situation. 155 

Therefore, certain niche characteristics that could make genome-reduced strains 156 

superior might be absent (see Outstanding Questions). 157 

Conclusively, for chassis construction an advanced strategy would be to define the 158 

niche “bioreactor” and focus on the deletion of irrelevant genes that are highly 159 

expressed but whose gene products are not required under bioreactor conditions. 160 

The resulting lean-proteome strains are expected to show superior bioprocess 161 

performance under optimal environmental conditions [16]. Indeed, the deletion of 162 

flagellar genes in P. putida was shown to increase ATP content and, hence, growth 163 

and production properties of the genome-reduced variant on defined D-glucose 164 

media (Table 2). Moreover, recent studies with different model hosts showed that the 165 

cellular amounts of some central metabolic enzymes are higher than necessary for 166 

maintaining optimal growth in bioreactor environments [17-20]. Consequently, there 167 

is also a large potential for saving carbon and energy resources by targeted 168 

knockdown of relevant genes.  169 

Community of Niche-optimized Strains (CoNoS) 170 

Based on the comparative analysis of natural and man-made reduced genomes, we 171 

propose the concept for a “Community of Niche-optimized Strains” (CoNoS) as a 172 

possible guideline for future genome reduction projects for biotechnological 173 

application (Figure 1c).  174 

In the first step, the niche needs to be described as precisely as possible. For a 175 

production process this relates to classical parameters, e.g., growth medium, macro- 176 

and micronutrients, temperature, pH(-range), product(s) and possible stresses. 177 
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Moreover, the niche description should be as closely as possible to the later 178 

(potentially large-scale) production conditions [21]. 179 

The next important step is to define evaluation criteria (related to growth and 180 

production phenotypes), because these determine the relevant gene set for the final 181 

strains and, in the optimized versions, their expression levels. In most genome 182 

reduction projects, the specific growth rate is used as one independent criteria to 183 

judge on the biological fitness of a minimal cell or chassis (Table 2). Following the 184 

CoNoS concept, a clear focus is put on novel production processes and, thus, 185 

additional criteria such as product titer and productivity come into play. Since not all 186 

possible effects of gene deletion or knockdown can be predicted, these criteria are 187 

used later to test intermediate strains for their performance.  188 

Afterwards, suitable community members have to be selected, which should enable 189 

stable cultivations and those properties are expected to be beneficial for the whole 190 

community. Depending on the niche and the target process, the community might be 191 

designed from equal or mixed species [22].  192 

When all these surrounding conditions have been set, only then would it be possible 193 

to define the target genes to be deleted or knocked down. As learned from nature, 194 

these could include pathways for amino acid biosynthesis that are provided by 195 

another community member or certain stress response factors for stresses that do 196 

not appear under the defined conditions (Figure 1c).  197 

Based on this theoretical concept, engineered strains should be built and tested 198 

separately to see whether the prediction is accurate. Most importantly, strain 199 

characterization should be as comprehensive and reproducible as possible not to 200 

overlook any negative side-effects of genetic engineering. At this stage, external 201 

supplementation according to the introduced auxotrophies is required, and the 202 
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resulting phenotypic data can be used as reference to check for altered properties of 203 

the same strain in the community. Novel technologies for automated and fast strain 204 

phenotyping are readily available to support this step [23]. 205 

As the final step, the CoNoS is created and, again, thoroughly tested regarding 206 

growth and production performance. At this point, further optimization of growth and 207 

production performances of the whole community or selected single strains, e.g., with 208 

the help of automated laboratory evolution approaches [24], is highly promising since 209 

it simply copies what happens in nature. 210 

Concluding Remarks and Future Perspectives 211 

The main idea behind CoNoS in the context of biotechnological production is to 212 

optimize carbon and energy use within the whole cell culture to speed-up and 213 

increase biocatalyst supply for both growth-coupled and -decoupled production 214 

processes. This is especially important for bulk products, such as amino acids, where 215 

also small yield increases can make a big difference, and for products with high 216 

energy demands, such as proteins. In the following, we will disclose one possible 217 

implementation example for CoNoS and discuss potential challenges and how they 218 

might be overcome.  219 

Let’s assume we want to generate a superior community for the production of a 220 

certain amino acid A. The niche for this process is defined as following: large-scale 221 

bioreactor operated in fed-batch mode, media with known carbon and energy 222 

sources, controlled process parameters (e.g., pH, pO2, T) and possible bioreactor 223 

inhomogeneities. The latter represents a significant challenge [25], which has to be 224 

thoroughly addressed during strain design. The criteria for process evaluation are 225 
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amino acid titer, yield and productivity and the CoNoS should exhibit robust and 226 

stable production performance.  227 

In our example, the CoNoS is composed of two genome-reduced strains of one 228 

species: the producer cell that is auxotrophic for another amino acid B, and the 229 

helper cell that is auxotrophic for the product amino acid A. In the community, they 230 

share the catalytic power of two biosynthesis pathways and cross-feed each other 231 

with the essential amino acids. In contrast to earlier genome reduction projects, 232 

primarily relevant (expressed) genes are targeted for deletion or knockdown that 233 

result in carbon and energy savings and thereby can improve production. Clearly, the 234 

depicted approach will require additional energy for the transport of amino acids in 235 

and out of the cells, but this demand should be negligible in comparison to the 236 

resources that can be saved by a more efficient usage of biosynthetic enzymes. 237 

Preferably, community members are created from genome-reduced chassis that 238 

have already been freed in large parts from irrelevant genes [26] thereby enabling 239 

further simplification of cellular metabolism and better predictability as a long term 240 

goal [27]. Most importantly, all genes required for the utilization of available carbon 241 

and energy resources, as well as genes coding for the regulation of stress responses 242 

induced by bioreactor inhomogeneities, should be maintained in each engineered 243 

strain. 244 

Most of the relevant metabolic pathways do not operate isolated in the cell, but are 245 

highly interlinked with other reaction steps by sharing common intermediates, 246 

generating ATP and recycling cofactors. Consequently, metabolic engineering should 247 

be supported by metabolic modeling to design strains with a high potential for 248 

increasing the fitness of the bacterial community [28]. Clearly, not all model 249 

predictions can be realized in the chassis and some of them will lead to unwanted 250 
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side-effects under in vivo conditions. To quickly evaluate the suitability of certain 251 

amino acid biosynthesis pathways as targets for our community design, whole 252 

pathways can be silenced e.g. by CRISPR interference (CRISPRi), which also works 253 

for more than one gene simultaneously [29]. Although clean chromosomal deletions 254 

are likely preferred for final strain design, CRISPRi allows a much faster pathway 255 

evaluation, even in different strain backgrounds. The resulting strains will be 256 

thoroughly experimentally characterized with external supply of the respective amino 257 

acid and only pathway deletions with positive effects should be considered for further 258 

community design. A comparable approach with E. coli has already proven the 259 

feasibility of this procedure [20]. For growth-decoupled processes, growth rate and 260 

product formation are equally important to reach high overall productivities. 261 

Therefore, a targeted shut-off of growth-relevant genes at the transition to production 262 

phase might be another interesting approach. This would minimize energy demand 263 

for growth-associated maintenance and more carbon could be directed toward the 264 

desired products. 265 

Finally, the CoNoS is established and optimized by applying adaptive laboratory 266 

evolution using miniaturized and automated repetitive batch approaches [24] and 267 

model-based experimental design strategies [30]. In this way, material and personal 268 

costs for long-term experimentation can be minimized. Moreover, the repetitive batch 269 

mode enables easier co-cultivation of species with significant differences in growth 270 

rate without facing the typical washout problem of continuous culture approaches.  271 

CoNoS is a universal concept that can potentially be applied not only for communities 272 

of different strains of the same species, but also for consortia of different species or 273 

even more complex organism combinations and the outlined step-by-step procedure 274 

helps to consider many of the factors that later influence production.   275 
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Glossary 413 

Bacteriocytes: specialized host cells containing symbiotic bacteria. 414 

Bacteriome: organ-like structure specialized for hosting of symbiotic bacteria, 415 

contains bacteriocytes. 416 

Biological fitness: is a measure for the ability of a (micro)organism to survive in a 417 

specific environment. For a microbial strain, the number of new daughter cells that 418 

are formed in a certain period of time and from a fixed amount of substrate can be 419 

quantified as specific growth rate and yield, respectively. 420 

Chassis: is characterized by a relevant gene set that enables autonomous cell 421 

replication under the constraint of at least one biological fitness criterion. 422 

Ecological niche: All biotic and abiotic factors influencing the survival of a certain 423 

species.  424 

Labile organic carbon: The portion of soil carbon that can readily be decomposed 425 

by soil organisms.  426 

Lean-proteome strain: is created by targeted deletion of irrelevant genes whose 427 

protein products represent a significant translational burden. 428 

Minimal cell: is characterized by the smallest possible genome consisting of those 429 

essential genes that enable autonomous cell replication in a specific environment.  430 

Mutualism: Two organisms of different species in a symbiotic relationship where 431 

both rely on each other. 432 

Ne: Effective population size. Description of a natural population as a theoretical 433 

population with ideal characteristics and a similar level of diversity. Ne describes the 434 

level of genetic drift a species undergoes during evolution. Large Ne leads to low 435 

genetic drift, low Ne leads to large genetic drift. For further details see [7, 8]. 436 
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Pseudogene: a non-functional member of a gene family that derived from a 437 

functional gene by mutation. 438 

Text Boxes 439 

Box 1. The environment determines the pathway for genome reduction 440 

The analysis of several examples of natural small genomes reveals that genome 441 

reduction in nature is not entirely random. The conditions within the ecological niche 442 

determine the driving force and the outcome of the evolved genome. Here we briefly 443 

present the different concepts currently available to explain these processes. 444 

Genetic drift is proposed to be the main driving force for genome reduction in 445 

symbionts and pathogens (Figure I) and describes random fluctuations in the number 446 

of gene variants in a population. It usually appears in small populations or after 447 

population bottlenecks, such as the transfer of only a few symbiotic bacteria from 448 

the host to the following generation. In case of Stammera, only 0.02 % of the parent’s 449 

population is transferred to newly emerging adults [6]. This drastically reduces the 450 

genetic diversity in each generation and may allow a faster establishment of 451 

beneficial mutations, such as loss of certain genes. For symbionts with extracellular 452 

lifestyle, the mode of vertical transmission and the exposure to stresses during this 453 

process is also of major interest. In case of Stammera, the evolution of the egg caplet 454 

is one example how stress can be reduced during transmission [6]. 455 

Free living organisms face entirely different environmental conditions which influence 456 

the process toward smaller genomes. Streamlining describes the selection of cells 457 

with reduced cell size and complexity that can use the scarce resources more 458 

efficiently (Figure I). While the resource saving of a reduced genome size is 459 

negligible under nutrient rich conditions, it can become critical when essential 460 
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elements such as nitrogen and phosphorus are very rare, e.g., in surface waters. 461 

Moreover, the decreased surface/volume ratio can be beneficial for nutrient uptake 462 

[7]. Under these conditions also the replication costs of the genome may become 463 

relevant, because only very few pseudogenes are found in these organisms. 464 

 465 

Figure I. The environment determines the path toward reduced genomes and the 466 

outcome thereof. Adapted from [4]. 467 

Box 2. Essentiality and relevance of genes 468 

The definition of gene essentiality is currently quite diverse and no uniform concept 469 

exists that allows differentiation between the minimal cell and chassis approaches. In 470 

particular, terms such as “quasi-essential” or “co-essential” are misleading, since they 471 

are not applied to characterize cell viability (lethal or not) but biological fitness (e.g., 472 

slow or fast growth). Therefore, we suggest strict differentiation between the 473 

essentiality and relevance of genes with the following general definitions:        474 

Essential genes encode for the basic properties of any living organism, including 475 

encapsulation, information storage, gene expression, and cell replication. In 476 

microorganisms, the essentiality of single genes can be decided by blocking the 477 
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synthesis of the corresponding gene product (e.g. by gene knock-out), followed by 478 

testing the viability of the resulting mutant cell. Depending on the cellular environment 479 

(e.g., poor or rich medium), the number of essential genes can be high or low. In 480 

contrast, non-essential genes encode for additional cellular properties that have no 481 

influence on cell viability, but can be beneficial for cell growth in a specific 482 

environment. Towards the construction of a minimal cell, all non-essential genes are 483 

potential deletion targets (Figure II). 484 

485 
Figure II. Genome reduction in two directions: Depending on the aim, it leads to 486 

minimal cells or streamlined chassis. Please note that irrelevant genes represent a 487 

part of the non-essential genes.  488 

Relevant genes cover all essential genes and a subset of non-essential genes that 489 

encode for cellular properties that are required to ensure the biological fitness of a 490 

microorganism strain at a specified level in a predefined environment. The relevance 491 

of single genes can usually be determined by blocking the synthesis of the 492 

corresponding gene product (e.g. by gene knock-out), followed by phenotyping of the 493 

resulting mutant cell under the desired environmental conditions. In contrast, 494 

irrelevant genes encode for cellular properties that are not required for maintaining 495 

the biological fitness of a microorganism strain at a specified level in a predefined 496 
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environment. Toward the construction of a streamlined chassis, all irrelevant genes 497 

are potential deletion targets (Figure II). 498 

Box 3. Targets for synthetic and natural genome reduction 499 

Targets of recent genome reduction projects were predominantly genes with low 500 

expression levels and/or unknown function when cells are exposed to the niche 501 

“bioreactor”. By precisely defining this artificial environment, many genes are 502 

classified as irrelevant (Box 2) and can be deleted without any negative effect on the 503 

biological fitness of the host (e.g., as shown for the model organism C. glutamicum, 504 

Table 2). The corresponding energy savings are, however, limited to the genome 505 

replication process. As shown in Figure III, these savings are comparably small and, 506 

thus, cannot be expected to result in an improved biological fitness of the genome-507 

reduced chassis. 508 

In contrast, natural reduced genomes not only have common deletion targets, but 509 

they also share some general characteristics that have evolved convergently. One of 510 

these is the tendency towards an increased AT content in the genome [3, 5, 7, 31-511 

33]. A higher AT content in the genome seems advantageous as the synthesis of 512 

ATP and UTP is energetically less expensive than the building of GTP and CTP, and 513 

the ATP/UTP pools are higher in the cell compared to the GTP/CTP pools [32]. The 514 

AT content influences not only the codon usage of the cell, but also the amino acid 515 

composition of proteins. Especially in nutrient-poor environments there is a tendency 516 

toward amino acids with lower N-content (e.g. the exchange of arginine with lysine) 517 

[4, 33].  518 
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519 
Figure III. Energy demand (ATP) for the synthesis of DNA, RNA and proteins in three 520 

different model hosts. Polymerization energies and biomass compositions were 521 

derived from [34-36]. The product of both quantities gives the total ATP demand for 522 

each macromolecule in one gram of cell dry weight of each species. The energy 523 

demand for protein synthesis is more than two orders of magnitude higher than that 524 

for DNA and RNA.  525 

Figure Legends 526 
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 527 

Figure 1. Genome reduction: From nature to communities of niche-optimized strains 528 

(CoNoS). (a) Native communities consist of different bacterial species with all kinds 529 

of interactions, e.g., the exchange of common goods. (b) Biotechnological production 530 

processes are usually based on single engineered strains (including genome-531 
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reduced variants) and, thus, interaction potential is limited. (c) CoNoS can be built 532 

from streamlined chassis by additional deletion of specific relevant genes. This will 533 

introduce artificial interspecies interactions and, by harnessing the resulting 534 

synergies, overall resource utilization in the production process can be optimized.   535 
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Table 1. Genome reduction occurring in nature. 536 

Organisma,b Niche description 

Reference genomeb Reduced genomec 

Refs 
Mbp ORFsd  

GC 
(%) 

Mbp 
Red. (%) 

ORFsd 
Red. (%) 

GC 
(%) 

Common targetse 

Symbiotic organisms          

Buchnera aphidicola Bcc 
(produces essential amino 
acids and some vitamins for 
host) 
[Erwinia billingiae Eb661] 

aphids, e.g. Acyrthosiphon 
pisum, grow intracellularly in 
specialized cells called 
bacteriocytes, often together with 
Serratia symbiotica 

5.37 4828 [77] 55.0 0.43 
(-92.1) 

367 [3] 
(-92.4) 

20.1 AB[W,R], 
CVB [riboflavin, 

biotin], 
PB 

[3] 

Polynucleobacter (9 strains) 
[free living Polynucleobacter 
duraquae MWH-MoK4] 

obligate intracellular 
endosymbionts of closely related 
ciliate hosts (Euplotes) 

2.03 2023 [19] 45.2 1.55 
(-23.6) 

1172 
[n.a.] 

(-42.1) 

46.4 CVB[thiamine] 
RS [37] 

Serratia symbiotica STs 
[Serratia marcescens Db11] 

obligate secondary endosymbiont 
in aphids with Buchnera  

5.11 4678 [45] 59.5 0.65  
(-87.3) 

492 [7] 
(-89.5) 

20.9 AB[all EAAs], 
CVB[thiamin] 

[3, 38] 

Stammera capleta 
provides pectin degradation 
genes 
[Erwinia billingiae Eb661] 

tortoise leaf beetle Cassida 
rubignosa, extracellular symbiont, 
restricted localization, e.g. 
symbiotic organs 

5.37 4828 [77] 55.0 0.27         
(-95.0) 

251 [n.a.] 
(-94.8) 

15.4 AB 
CVB[B-vitamins], 

M 
PB 

[6] 

Pathogenic organisms          

Campylopacter hepaticus 
HV10 [C. jejuni ATCC 700819] 

chicken liver, iron rich, 
microaerobic, 37-42°C 

1.64 1572 [40] 30.5 1.48  
(-9.7) 

1380 [91] 
(-12.2) 

27.9 AB 
[31, 39] 

Mycobacterium lepraemurium 
[Mycobacterium smegmatis 
MC2 155] 

obligatory intracellular lifestyle, 
macrophage phagosome, inhibit 
phagosome maturation 

6.99 6717 [167] 67.4 4.05 
(-42.0) 

2682 
[1139] 
(-60.1) 

69.0 T[sugars] 
[2] 

Mycoplasma genitalium G37 
[Lactococcus lactis subsp. 
lactis Il1403] 

human urogenital tract, causes 
urethritis and cervicitis 

2.37 2277 [45] 35.3 0.58 
(-75.5) 

515 [9] 
(-77.4) 

31.7 AB[almost all], 
CVB, RS, T, [40, 41] 

Mycoplasma mycoides 
subspecies capri GM12 
[Lactococcus lactis subsp. 
lactis Il1403] 

ruminant pathogen, causes 
pneumonia, mastitis, arthritis, 
anaerobic, similar to JCV-syn1.0 

2.37 2277 [45] 35.3 1.09 
(-54.0) 

850 [59] 
(-62.7) 

23.9 No detailed 
analysis of this 
specific strain 

available 

[42, 43] 

Free living examples          

Planctophila (6 Species) and  
 
 
 
Nanopelagicus (3 species) 
species) 
[Streptomyces coelicolor 
A3(2)] 

pelagic zone of fresh waters, 
competition for limited resources, 
dominated by microbes with 
small cell volume (<0.1 µm3), 
Lake Zurich 

9.05 8152 [60] 72.0 1.27 
(-86.0) 

 
 

1.16 
(-87.2) 

 
 

1258 
[n.a.] 

(-84.6) 
 

1153 [7] 
(-85.9) 

48.2 
 
 
 

40.2 

AB[C, S, H, 
ornithine, betaine] 

CVB[thiamine, 
panthothenate 

cobalamin, biotin], 
RS, 

T[carbohydrates, 
glutamate, organic 

acids]f 

[5] 

Udaeobacter copiosus  
[Chthoniobacter flavus 
Ellin428] 

soil, preferentially grassland 7.85 6716 [-] 61.1 2.66g  
(-66.2) 

3042g 
[n.a.] 

(-54.7) 

54 AB[I, L, V, W, Y, F, 
R, H] 

CVB[cobalamin, 
[44] 

Prochlorococcus marinus 
CCMP1375 
[Synechococcus elongatus 
PCC 6301] 

euphotic zone of the tropical and 
subtropical oligotrophic ocean, 
continuous macroscale gradients 
of light, temperature and 
nutrients, low phosphate 

2.70 2602 [43] 55.5 1.75 
(-35.1) 

1882 [1] 
(-27.7) 

36.4 RS, DR, T, M, 
CVB[thiamine] 

catalase [45-47] 

a In some cases a group of organisms.  537 
b Square brackets indicate the reference organism. For symbionts and pathogens usually a free living related organism. For others related organisms with larger genomes.  538 
c for some cases only a selected example strain is given, number of genes according to NCBI Genome database 539 
d ORFs = protein coding genes, square brackets indicate number of pseudogenes, round brackets indicate reduction in comparison to reference genome. n.a., data not available. 540 
Data according to the NCBI genome database 541 
e AB[X], amino acid biosynthesis, X stands for the respective amino acid in 1-letter-code; CVB, cofactor and vitamin biosynthesis; RS, Regulation and Signal transduction; PB, 542 
phospholipid biosynthesis; M, motility; Transporters T[X], X stands for the respective transporters; DR, DNA Repair 543 
f as the strains differ a lot in their gene composition, only examples are given here 544 
g draft sequence, full genome estimated ~2.81 Mbp 545 

546 
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Table 2. Selected examples of man-made reduced genomes. 547 

Organisma Niche Reference genome Reduced genome 

Refs 
Mbp ORFsb 

Mbp 
Red. (%) 

ORFsb 
Red. (%) 

Targets Results 

Minimal cell approach         

Mycoplasma mycoides 
[JCVI-syn1.0] 

Complex SP-4 
media with 
17 % fetal 

bovine serum 

1.08 901 0.53 (-50.9) 473 (-47.5) All non-essential genes, 
retention of selected genes 
relevant for robust growth 

Strain JCVI-syn3.0 with 
smallest synthetic 
genome enabling 
autonomous cell 

replication, decreased 
growth rate, altered 

morphology 

[10] 

Escherichia coli 
[MDS42] 

- 3.98 3436 1.03 (-74.1) 716 (-79.2) DNA construct MGE-
syn1.0 could not be 

functionally transplanted 
to E. coli 

[48] 

Bacillus subtilis [6] Complex Luria-
Bertani media 

3.88 3877 2.68 (-30.9) 2648 (-46.4) Strain PS38 with 
unaltered growth rate 

[49] 

Chassis approach         

Escherichia coli [K-12 
MG1655] 
 

Defined M9 
media with D-

glucose 

4.64 4140 3.98 (-14.2) 3436 (-17.0) IS elements, transposases, 
defective phages, 

integrases, site-specific 
recombinases 

Strain MDS42 with 
decreased growth rate 
and stress robustness, 

longer lag time, 
increased 

electroporation 
efficiency, decreased 

mutation rate 

[50-52] 

Defined 
Riesenberg 

media with D-
glucose 

3.58 (-22.8) 3135 (-24.3) Genes deleted in MDS42 
and further non-essential 

genes 

Strain MS56 with 
improved heterologous 

protein production 

[53] 

Bacillus subtilis [168] Complex Luria-
Bertani and 

defined MG1 
media with D-
glucose and 

casamino acids 

4.22 4174 3.64 (-13.6) - 9 prophages,7 antibiotic 
biosynthesis gene 

clusters, 2 sigma factors for 
sporulation 

Strain IIG-Bs20-4 with 
unaltered growth rate 

and morphology 

[54] 

Corynebacterium 
glutamicum [ATCC 
13032] 

Defined CGXII 
media with 
different C-
sources and 

complex Brain 
Heart Infusion 

media 

3.28 2959 2.84 (-13.4) 2547 (-13.9) 3 Prophages, 
2 IS elements, 

10 irrelevant gene clusters 

Strain C1* with unaltered 
growth rate, biomass 

yield and stress 
robustness 

[26] 
 

Lactococcus lactis 
[NZ9000] 

Complex 
M17G media or 

defined SA 
media with D-

glucose 

2.53 2363 2.46 (-2.8) 2246 (-5.0) 4 large irrelevant gene 
clusters (including 

prophages and 
transposons) 

Strain 9 k-4 with 
improved heterologous 

protein production, 
increased growth rate, 

enhanced biomass yield, 
increased ATP content, 
diminished maintenance 

demands 

[55] 

Pseudomonas 
chlororaphis [GP72] 

Complex Luria-
Bertani or 

King’s media 

6.63 5855 5.95 (-10.3) 5330 (-9.0) 5 secondary metabolite 
clusters, 17 non-essential 

gene clusters 

Strain MDS22 with 
improved secondary 

metabolite production, 
decreased growth rate, 

altered morphology, 
absent swimming ability 

[56] 

Pseudomonas putida 
[KT2440] 

Defined M12 
media with D-

glucose 

6.18 5564 5.91 (-4.3) - Flagellar genes, 
4 prophages, 

2 dexoribonucleases, 
Type I restriction 

modification system, 
Transposases Tn7 and 

Zn4652, 
Recombinase A 

Strain EM383 with 
improved heterologous 

gene expression, 
increased growth rate, 

enhanced biomass yield, 
higher viability, 

increased plasmid 
stability, increased ATP 

content, diminished 
maintenance demands 

[57, 58] 

a Square brackets indicate the reference strain. 548 
b ORFs = protein coding genes, square brackets indicate number of pseudogenes, round brackets indicate reduction in comparison to reference genome. n.a., data not available. 549 
Data according to the NCBI genome database 550 


