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Evolution of New Genes 
 

Lei Sun 
 

Populärvetenskaplig sammanfattning 
 

 

Liv, som vi känner det, karakteriseras av reproduktion och ämnesomsättning. Levande 
varelser utgör arterna, som skiljer sig åt ända ner på DNA-nivå där genetiska information 
bestämmer livets utseende. Hur gener överhuvudtaget uppstod är en central fråga inom 
evolutionen. Genom att förstå hur dessa livets minsta byggstenar uppkom, kan man förstå mer 
om hur livet i sig uppkom. Och detta kan man faktiskt studera i ett laboratorium med dagens 
tekniker. 

Detta arbete beskriver några olika modeller där forskarna försöker förklara genernas 
uppkomst. Fokuset ligger på den s.k. Innovation-Amplification-Divergence (IAD) modellen, 
enligt vilken nya gener uppstod från existerande gener. I denna modell beskrivs en gen som 
utvecklas först via s.k. amplifiering som ökar genens antal i genomet. Detta förbättrar 
värdcellens överlevnadsförmåga och samtidigt gör det möjligt för alla dessa kopior att ”samla 
på” mutationer till utvecklandet av en ny funktion. Över tiden bildas  eventuellt en gen med 
helt ny funktion vid sidan om den ursprungliga, d.v.s. en divergent utveckling har skett. 

I arbetet presenteras bevis för IAD-modellen. Evolution av en viss modellgen (hisA) under 
experimentella förhållanden har granskats och nya gener som uppkom har studerats. 
Resultaten tyder på att nya gener kan uppstå från befintliga gener, precis som det beskrivs av 
IAD-modellen.  
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Introduction 

Understanding genes, understanding evolution 

Life is defined by two properties: replication and metabolism. Billions of years of evolution 

have formed the species of living organisms as we know them today. The species are 

separated by e.g. reproductive barriers (in sexually reproductive organisms). The isolation of 

species reflects the underlying differences of the species’ distinct metabolism. The 

metabolism of each living entity consists of consortiums of interactive metabolic pathways, 

with enzymes as the most basic components, encoded by their respective genes. Since 

evolution spans across the entire biological hierarchy from the macroscopic ecology down to 

the microscopic nucleic acids, therefore, it should not be an exaggeration to say the following: 

by understanding how genes evolved, there will be a whole new light shed on understanding 

how life evolved.  

 

How new genes are acquired  

Organisms can acquire new genes in three different ways. 

1. Horizontal gene transfer. An existing gene in one organism copies over to another 

organism. It requires the gene to be already present, not a true source of making a new 

gene.  

2. De novo creation. This refers to genes formed from non-coding regions of the genome, 

a low-probability scenario. One may speculate that ancient but now defunct genes 

disrupted by deleterious mutations can suddenly revert back into coding genes after 

gaining beneficial mutations. 

3. Neo-functionalization. New functions evolve in already existing genes.  

This study focuses on the third aspect, namely Neo-functionalization of genes. It became 

established fairly early that in order for a new function to evolve, duplication of the gene must 

occur first (1). One influential figure in evolutionary biology was Susumu Ohno, who 

described his neo-functionalization model in details. Ohno listed mutations as forbidden 

mutations and tolerable mutations. Forbidden mutations result in loss of function to the 

specific gene locus, tolerable mutations are either neutral or selectively advantageous. As long 

as one vital function depends on a single gene locus within the genome, natural selection 

effectively forbids the perpetuation of mutations affecting the active sites of a molecule. This 

is especially true for enzymes, with their catalytic active sites selected for best recognition and 

activity against specific substrates, fine-tuned by billions of years of evolution. In the case of 

enzyme genes, a forbidden mutation at the active site would surely be disastrous. Tolerable 

mutations might optimize the kinetic properties of the enzyme, but never the basic character. 

Therefore, Ohno stated, “the dihydro-orotase locus would forever remain the dihydro-orotase 

locus, and the β-galactosidase locus would remain the β-galactosidase locus” (2).  
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Duplication circumvents the limitation by producing more of the same. Acquisition of new 

functions requires dramatic changes in evolution, namely accumulation of forbidden 

mutations at the active site. For an enzyme this may change its substrate-specificity or 

catalytic mechanism. By doing so, the enzyme’s basic character is replaced by a new property, 

thus becoming a new gene with new functions. The importance of duplication is simple: by 

duplicating a gene locus, a redundant copy of the locus is created. Ohno thought that natural 

selection often ignores such a redundant copy, and while being ignored, it is free to 

accumulate previously forbidden mutations, and eventually reborn as a new gene locus with a 

hitherto non-existent function. In other words, an extra copy of a gene faces less selection 

pressure than the original, thus it is free to evolve. Ohno’s neo-functionalization model is 

simple to understand and became commonly accepted.  Later, the statement “gene duplication 

must always precede the emergence of a gene having a new function” was branded as one of 

the five principles of molecular evolution (3). Another name of Ohno’s neo-functionalization 

model is “mutation during nonfunctionality” (MDN) model.  

 

Oh no! The dilemma! 

Ohno’s dilemma  

There were a few factors Ohno’s MDN model did not cover properly. First of all, gene 

duplications are not stable. Despite the assumption that duplications are neutral as in the 

MDN model, they are easily lost from the face of earth. On the molecular level, counter-

selection due to metabolic cost, deleterious alteration and segregation seem to be dominant 

problems. On the population level, genetic drift could be hard to overcome, especially in 

smaller populations. The rate of loss has been measured experimentally in e.g. S. typhimurium, 

revealing the high intrinsic instability of duplications. The mechanistic rate of loss could be as 

high as 0.15 per generation per cell. The MDN model is based on the assumption that 

duplications are fixed and stable, which is uncommon and known from experiments to be 

inherently unstable (4, 5).  

There comes the problem. The extra gene copy must stay long enough to acquire the rare 

mutations that contribute to a new selectable function. This requires both sufficient time and 

allele frequency in the gene pool. Unless being under positive selection, the extra gene copy 

will not remain. Since new selectable functions are hard to come by, the best chance for the 

duplications is to be selected by its original function. This is in direct contradiction to Ohno’s 

idea that extra gene copies face reduced selection pressure. Such selection also restricts the 

freedom of the copy to lose its old function and gain a new one. So in order to gain new 

function, the old function must be lost. But with the old function lost, the gene duplication 

will disappear before gaining a new function. That is the catch 22 of the MDN model, a 

problem sometimes referred to as Ohno’s dilemma (6).  
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Subfunctionalization seeks to preserve gene duplications 

Eventually, an alternative model emerged to attempt at explaining how duplicated genes could 

be stabilized. It’s the duplication-degeneration-complementation model (DDC model), or 

subfunctionalization model. Ohno’s MDN model assumed that there’s one single function per 

gene. The DDC model however, argued that genes have multiple functions that are mutable. 

These functions may be controlled by different DNA regulatory elements in modular fashion, 

a character especially common for eukaryotic genes. In fact, the DDC model steps over 

Ohno’s classical model by claiming the latter to be a special case of the former, in which there 

is only a single function per gene (7, 8).  

Proponents of this new model suggested that since the copies of gene duplication are identical, 

it’s impossible to distinguish the original from the duplicate. Therefore, one cannot assume 

that one copy will be selected and the other free from selection. Instead, the two copies share 

the selective pressure, with each gaining some degree of freedom to diverge. This may cause 

the copies to split the functionality between copies, with each performing a subset of the 

ancestral gene’s function of its own. The sum of these subsets, needless to say, must be 

comparable to those of the ancestral gene. By splitting the subfunctions, both of the copies 

gain more freedom. Each copy may experience degenerative mutations that reduce some of its 

subfunctions. This is allowed however, since the lost subfunctions can be complemented by 

the other copy. Complementation of subfunctions between duplicated genes will then preserve 

both partially-degenerated copies. Thereby, the two copies of a gene can be stabilized. DDC 

model was proposed mainly as a way to preserve gene duplications. Subfunctionalization 

itself does not cause any new function to arise, but it increases the lifespan of the gene 

duplicates long enough until the actual neo-functionalization comes into picture, thus 

indirectly promoting the creation of new functions (6, 8).  

The unanswered questions of Cairns’ phenomenon 

Subfunctionalization had some ingenuity of its own, marked by the decades of knowledge 

gained since Ohno published his work in 1970. It did not fall into the simplistic pitfall of “one 

gene, one function” as in Ohno’s classical model. Still, it was not enough. The classical model 

of gene evolution was besieged from many sides. Cairns’ system was one.  

In Cairns’ experiment, E. coli bacteria were grown with a broken lacI-lacZ fusion gene 

rendered Lac
-
 by frameshift (+1) mutation. This gene was placed on a conjugative F128 

plasmid in a strain with a deletion of the chromosomal lac region. The gene, when functioning, 

allows the bacteria to live off lactose. The broken gene can be reverted into Lac
+
 in stationary 

phase of the culture when lactose is the only energy source. The reversion to its original gene 

sequence occurs by random mutation, with a known rate of ≈10
-8

 per cell per division during 

unrestricted growth. When 10
8
 bacteria were plated onto lactose-containing media, initially, 

there was no apparent growth. A few days later, hundreds of colonies appeared with 

the lacZ gene reactivated to its functional sequence by reverting mutation (9).  

The biggest puzzle here is that the much needed mutation seemed to emerge without cell 

division (and thereby selection), from a non-growing background, and at a much higher rate 

than expected. It was as if the cell knew exactly which gene they had to fix and how. The 
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implication is there might be a particular evolutionary mechanism that responds to selective 

pressure by producing mutations leading to the needed phenotype to alleviate that pressure, 

thereby increasing the actual mutation rate. This challenges the long-held belief that mutations 

arise at random and without regard of function. Cairns’ results suggest mutations can be 

decided before they emerge, instead of only decided by selection afterwards. Cairns’ 

controversial experiment sparked the birth of a new direction in molecular evolution, the so-

called adaptive mutation (9, 10). 

 

IAD: one model to unite them all 

Genes have secondary functions  

With conflicting theories of how new genes evolved, the entire field of molecular evolution 

was divided. Ohno’s theory was pinned down by its dilemma, the classical view of evolution 

and neo-Darwinism was under siege while proponents of adaptive mutation sought to find 

further evidence to support their cause. Soon enough, a new model was born to unite them all. 

It started with a paper published in the Proceedings of the National Academy of Sciences in 

2007. The new model involved gene duplication, positive selection at all stages, and it could 

also explain Cairns’ phenomenon. The authors call it the IAD model (figure 1), for innovation, 

amplification and divergence (6).  

The IAD model states that many genes have a variety of secondary functions in addition to 

their primary functions. The nature of the secondary functions is diverse. In catalytic enzymes, 

the simplest form of secondary function is the enzyme’s intrinsic inaccuracy. All enzymes 

have inherent error rate; they may perform their catalytic reaction on the wrong substrates, or 

carry out the wrong reaction on the original substrate. Erroneous reactions are harmful in 

general, but reducing the error rate costs energy and lowers efficiency. That is why enzymes 

have evolved to strike the balance between tolerable amounts of erroneous reactions and 

speedy reactions (4).  

Studies have shown that enzymatic interactions with secondary substrates can be driven by 

other factors than the primary one. Binding of the native substrate is typically mediated by 

several independent, enthalpy-driven interactions, while the secondary, promiscuous 

substrates rely much more on hydrophobic and entropy-driven interactions (11). Furthermore, 

it has also been found that certain mutations of enzymes can increase the secondary activity 

by more than 100-fold, while at the same time only reducing the primary activity by less than 

10-fold. Although these promiscuous activities are often orders of magnitude lower than the 

primary, their plasticity or lack of robustness presents unique opportunistic possibility of 

gaining selective advantage (12).  

Other kinds of secondary functions could be e.g. decreased binding affinity to an antibiotic 

substrate. Some antibiotics target enzymes such as DNA gyrase and RNA polymerase. 

Alteration in the target site of antibiotics is a very potent way of gaining resistance (13). If a 

gene variant causes its product to not bind a certain antibiotic substrate as well as its wild type 
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analog, then the decreased binding affinity itself can be seen as a secondary function. The 

IAD model explains how and why these secondary functions are important.  

Innovation-Amplification-Divergence model  

So before duplication, the gene has one primary function and a set of minor secondary 

functions. Usually these secondary functions are neutral, but when a change in the 

environment appears, one negligible trace activity can suddenly become crucial for the cell’s 

survival. The gene with this valuable trace activity comes under stronger positive selection, 

preserving it. This is the “innovation” step.  

Following tandem duplication, more copies of the gene is produced. Duplications tend to form 

and break down, but the more copies of the gene the cell possess the higher fitness gain for 

that cell. Even if the gene product is not very good at doing the now-indispensable minor job, 

what is lacking in quality can be compensated in quantity. Having more gene copies and 

thereby more gene product is beneficial. An analogy to this is giving many untrained workers 

the same task as a skillful worker, and they will get the job done nevertheless. After multiple 

rounds of duplications, the gene is amplified, completing step two. Here, it is easy to believe 

that cells keep the amplification because it is beneficial. It should be reminded that cells do 

not think. A cell that has gained massive amplification can lose it easily. But then that cell 

will be quickly out-grown by its neighbors and never be seen again. Conversely, the first cell 

that gained an amplification of the valuable gene may very well not be found in the 

population some time later. But the cells that dominate the population must all have sufficient 

amount of amplifications to cater for their needs. It is like a race to the top, the ones we see 

riding shotgun in the front must be the fastest. This is how selection works here, it acts on the 

organism level, and large effects are seen on the population while the individual organism 

being selected remains oblivious to its effect.  

Other than conjuring up more gene product, having multiple copies of the gene allows more 

chances for beneficial mutations to occur. It is like if you shoot a tree in the dark, most likely 

you will miss. But if you aim into a forest, your chance of hitting a tree is much higher. 

Selection of amplifications increased the mutation targets, rather than increasing the mutation 

rate at the target site. If there is only one copy of the gene, random mutations can only emerge 

on that copy. Now that there are ten copies of the gene, any of them is a potential mutation 

site. If a random mutation occurs in one copy and greatly improves its activity, then this 

mutated copy will be gain even higher selection advantage, out-competing its non-mutated 

twins. The mutated copy can then be subject to amplifications of its own, accumulating 

enough beneficial mutations, gain a full function and finally establish as a new gene, 

descended from the original gene ancestor, but with a completely new function. This step 

concludes the divergence phase. As outlined by the IAD model, one gene has now become 

two (figure 1).  
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Figure 1. Innovation-Amplification-Divergence model (IAD). A gene encodes a protein with main function “A” 

and minor activity “b”. Innovation refers to the stage when “b” becomes beneficial under certain selective 

pressure. Host cells containing more than one copy of the gene have higher expression and more of the “b” 

activity, giving them an edge in natural selection. Repeated duplications of genomic regions containing the gene 

become common in the population, bringing about amplification. The increased copy number multiplies the 

number of target sites for random mutations. This makes it more likely to acquire beneficial mutation, as well as 

buffering against deleterious mutations. Improved variants are subject to further amplification, while less 

functional ones are gradually lost. As beneficial mutations accumulate the selection to maintain the amplified 

state becomes relaxed over time, leading to segregation. If the original function is also kept by selection, the 

outcome is divergence: two paralogous genes, one with function “A” and the other function “B”. (Näsvall’s 

unpublished manuscript 2012) 
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Cairns’ mystery unveiled  

With the IAD model at hand and careful research data, Cairns’ riddle can be finally answered 

by a Darwinian explanation. In fact, the authors of the IAD model came up with their idea 

after making certain observations when examining Cairns’ system. They suggested that 

despite the frameshift mutation of the broken lacZ gene, the correct gene product could still 

be produced by chance errors in translation (6, 14-16). How the frameshifted mutation could 

still provide function was not fully elaborated by any of the authors, although the “leakiness” 

of the frameshift mutation was a fairly established fact. It could not completely block the gene 

products from having β-galactosidase activity. In order to understand how this can happen, 

there is the concept of ribosomal frameshifting. Ribosomes sometime glide along the mRNA 

and translate an alternative reading frame than the intended. The error rate was very low, but 

sometimes when it happened, the translate protein would gain the corrected downstream 

peptide sequence from its frameshifted (+1) N-terminus (17-19). This protein would be 

functional with β-galactosidase activity. Since the probability of gaining the correct gene 

product was very low, therefore the occasional β-galactosidase activity corresponded to the 

minor secondary activity in the IAD-model. With the broken lacZ, the cells grew, but very 

slowly, so slow it was mistaken for no growth. Strong positive selections were placed on cells 

with multiple copies of the lacZ gene, and thereby amplifications of the gene. With 

subsequent cell divisions, there were more cells and more copies in each cell. Every copy of 

the gene was susceptible to random mutation that might prove beneficial and even revert it 

back to its functional state. As soon as a functional revertant was formed, the cell with that 

revertant gene could grow rapidly, overtaking its surrounding neighbors and forming a visible 

colony (14-16).  

So when Cairns’ experiment was repeated by the authors of the IAD model, they looked more 

carefully at the genomes of the bacteria. As shown, thousands out of the hundred millions 

cells plated had sections of their genome duplicated. The duplicated segments varied in sizes, 

but all contained the lacZ gene. The cells with larger fragments of duplication grew even 

more slowly. This was because larger segments were more prone to be spliced out. Also they 

placed more burdens on the starving cells, having to copy that much extra DNA. Some cells 

with long repeats went through segmental deletions, converting the long repeats to short ones. 

With multiple short repeats, stronger selections were placed for further amplification that 

could also occur easier. The copy number of the dysfunctional lacZ gene could be as high as a 

hundred. These cells grew fast enough to form colonies, and with enough cells and enough 

high lacZ copy number in each cell, a reversion mutation eventually occurred. In the end, 

cells with functional lacZ gene were found in the final colony, alongside other cells with 

enough many dysfunctional copies to grow reasonably well. Here, the revertant lacZ gene is 

analogous to the gene with new function. Cairns’ system turned out to be a perfect illustration 

of how increased gene copy number leads to the evolution of new genes (6, 14-16).  

From one model to the next 

The most distinct difference between Ohno’s MDN model and the latest IAD model is the 

role of gene duplication. Both models agree that formation of new genes is preceded by gene 
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duplication. The gene duplicates, however, are regarded much differently. In Ohno’s model, 

the extra copy of the gene has no more function than just being there, hence it is redundant 

and free to evolve; in the IAD-model, extra copies of the gene are important for the host’s 

proliferation, therefore the gene duplications are actively being selected in the population, and 

subsequently establish as new genes with novel functions.  

Ohno’s model and the IAD model are not necessarily conflicting theories. As a matter of fact, 

IAD-model offers explanation that complements Ohno’s neo-functionalization. The neo-

functionalization model simply states that new genes must come from somewhere, and listed 

the source as an extra copy of an existing gene, which is far more likely than having a new 

gene converted from a non-coding sequence. The IAD-model provides an explanation that 

fills the gap the neo-functionalization model left behind, the problem we know as Ohno’s 

dilemma today. None of the two models is wrong, but one is an improvement over the other.  

From neo-functionalization to subfunctionalization, and eventually, the IAD model, the 

refinement of understanding the evolution of genes may also have reflected increased 

understanding of the molecular dimension of genes. Ohno’s model is simplest to understand 

because it contains more macroscopic analogy. Duplication creates redundancy and enables 

new functions; this concept is comparable to having the idle children of a grocery owner 

starting their own business. Furthermore, duplications were treated by Ohno as lasting 

constructs, an assumption more in line with macroscopic objects rather than the microscopic 

nature of genes. Subfunctionalization managed to take into account that duplications are not 

inherently stable due to the properties of their molecular mechanism. The model noted that if 

two genes are completely identical, even having the same molecules, then they cannot be 

distinguished from each other. It’s a concept not commonly brought up in the daily life. 

Nevertheless, neither MDN nor subfunctionalization is as precise as the IAD model, which 

describes amplification-promoted evolution of new gene functions as a complete dynamic 

process on the molecular level, with its transcending impact observed on the population level.  

With enough background knowledge, now it’s time to open up another chapter. This study 

aims to characterize genes obtained from evolution in a laboratory setting. The data and 

results in this study present evidence to support the Innovation-Amplification-Divergence 

model.  
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Project Background   

The evolution of the hisA-gene 

This study is part of an evolutionary experiment initiated by Dr. Joakim Näsvall and Prof. 

Dan I. Andersson at the Department of Medical Biochemistry and Microbiology, Uppsala 

University. In the experiment, Joakim chose the hisA-gene as the model gene for 

demonstrating the IAD-based evolutionary mechanism.  

The hisA-gene encodes an enzyme, with its full name as N’-[(5’-phosphoribosyl)formimino]-

5-aminoimidazole-4-carboxamide ribonucleotide (ProFAR) isomerase, or HisA for short. 

HisA is involved in histidine biosynthesis, catalyzing the isomerization of the 

abovementioned compound ProFAR into N’-[(5’-phosphoribulosyl)formimino]-5-

aminoimidazole-4-carboxamide, or PRFAR (20, 21).  HisA belongs to a family of (βα)8-barrel 

enzymes, a structure often found among catalytic enzymes in central metabolic pathways (22, 

23).  

In this protein family, there is also N’-(5’-phosphoribosyl)-anthranilate (PRA) isomerase, or 

TrpF, involved in the synthesis of tryptophan by catalyzing the isomerization of PRA into 1-

[(2-carboxyphenyl)amino]-1-deoxyribulose 5-phosphate (CDRP). Essentially, HisA and TrpF 

catalyze the same kind of reaction, albeit on different substrates. They catalyze an Amadori 

rearrangement of their cognate aminoaldoses into respective aminoketoses (figure 2). It has 

been found that certain mutations of the HisA protein grant it TrpF activity. In fact, 

Mycobacterium tuberculosis and Streptomyces coelicolor contain no genomic trpF-gene. 

Instead they employ PriA, which has broad substrate specificity to act as both HisA and TrpF 

(21).  

 

Figure 2. HisA and TrpF catalyze similar reaction on different substrates. The red ”R” indicate different side 

chains of their respective substrates (21).  
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In Joakim’s evolution experiment, initially, two mutations were found that gave the hisA-gene 

TrpF activity at the expense of losing HisA activity. One is a duplication of three amino acids 

near the start codon (dup13-15); another is a substitution (L169R). HisA activity could, 

however, be repatriated by adding other mutations. For the duplication mutation (dup13-15), 

combining it with D10G or G11D substitutions make the host cell HisA+ as well as TrpF+, 

although both activities appeared somewhat weak, allowing only very slow cell growth in the 

absence of histidine and tryptophan. For the L169R substitution, a tRNA mutation glnXCGG 

caused the gene product to be translated differently. Glutamine can be incorporated into the 

peptide sequence at codon sites CGG, which is reserved for arginine. Incorporating glutamine 

at some arginine codons created variants of protein. A small portion of the translated proteins 

will become L169Q, which has been found to be complete HisA+ but TrpF-. Due to the 

mixture of proteins that are either TrpF+ or HisA+, the result is seemingly both HisA+ and 

TrpF+ host cells. The evolution experiment started with three ancestor genes. From here on 

they are referred to as ancestor A (dup13-15, G11D), ancestor B (L169R, glnXCGG), and 

ancestor C (dup13-15, D10G). The three variants of ancestor hisA-alleles were placed on an 

F’- plasmid, regulated by a PLlacO promoter and coupled to an yfp-gene, the yellow 

fluorescent protein (figure 3). This plasmid was conjugated into a hisA-trpF-deletion strain of 

Salmonella typhimurium.  

The PLlacO promoter is normally repressed by LacI. Since S.typhimurium has no native LacI, 

the PLlacO becomes a very strong and constitutively expressing promoter. The yfp-gene 

behind the hisA is also regulated by the same promoter. It is used as an indicator for 

amplification. Since the yfp-gene is small and closely positioned to the hisA-gene, when 

regions that contain hisA are amplified, yfp also gets amplified. With constitutive expression 

of the yellow fluorescent protein, amplifications can be measured as increased fluorescence 

intensity due to increased copy number of the yfp-gene. The strains were grown in poor 

nutrient M9 glycerol culture, and passaged over thousands of generations. Each of the three 

ancestor genes was allowed to diverge into a handful more lineages. Amplifications of the 

hisA were observed alongside amplification of yfp, with the copy number of hisA varying 

from 2 to 10. Every 500 generations, some lineage populations underwent whole-genome 

sequencing to determine their genotype content. More than 30 hisA-genotypes were found in 

the population during 3000 generations of evolution.  

In this study, the hisA-genotypes obtained from the evolution experiment were isolated, 

cloned into a tester strain and characterized. There are established biochemical methods to 

measure the actual enzymatic activity of the gene products. They are however, cumbersome 

and time-consuming to perform. Instead, the effects of the genes were studied on a phenotypic 

level as how they influence bacterial growth in cultures with different nutrient content.  
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Figure 3. The F’-plasmid that carried the ancestor hisA-genes. Notice the yfp-gene juxtaposed to the hisA-allele. 

The yfp-marker is used to measure the amplification level of the genomic region that contains both the hisA-

allele and the fluorescent marker. Both of these two genes are expressed constitutively under a PLlacO promoter, 

which is usually unsuppressed in S. typhimurium cells. The choice of the plasmid vector is based on the 

knowledge that genes on F-plasmids generally duplicate more readily than if placed on the bacterial chromosome 

(Näsvall’s unpublished manuscript 2012).  
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Materials and Methods 

Isolation of hisA-variants 

The mutant variants of hisA-genes were cloned from various Salmonella typhimurium 

populations frozen at different stages of the evolution experiment. The hisA-alleles on F’-

plasmids were amplified using Phusion DNA polymerase (Finnzymes) with primers T-

his_PlacF2 and hisA-rev-PstI (for information of primers see table 1). The PCR products and 

the vector plasmid pJN-PLlacO-kan-mRFP1 were cut with restriction enzymes EcoRI and 

PstI. The digested PCR products were then ligated into the abovementioned vector plasmid. 

The ligated plasmids with gene insert were transformed into chemically competent DH5α 

cells (cells prepared from a stock purchased from New England Biolabs) and plated on 

kanamycin plates (100 mg/ml) for selection. Transformants were picked, screened and 

sequenced with PCR primers T-his_PlacF and VR. Strains containing the wild type hisA-gene, 

the hisA-variant with dup13-15, and the ancestors were also cloned. In total, 35 different 

variants of hisA-gene were confirmed after sequencing.  

Table 1 │Primers used in this study 

Primers  Sequence Purpose 

T-his_PlacF2 CGAGGCCCTTTCGTCTTCACCTC Cloning 

hisA-rev-PstI CCTCTGCAGATTATACGTTTTGCCAGCATTG Cloning 

T-his_PlacF CAAATAGGGGTTCCGCGCACA screening, sequencing 

VR ATTACCGCCTTTGAGTGAGC screening, sequencing 

yciK-PlacF2 
TGACGCCCAACCGGGCCGTAAACCAGGAATCG
CCCAATGACGAGGCCCTTTCGTCTTCACCTC lambda red 

kanR_lacIq_LT2_R 
GTGCCGGATGGCGGCGCAAACGCCTTAATCCG
GCCTACGGCTGATCCTTCAACTCAGC lambda red 

btuR_scr_F ATTATGCCGCTTTACCTGTG screening, sequencing 

btuR_scr_R GGTGGGCGTAATAACAACG screening 
 

 

Constructing tester strains 

Insertion of hisA-alleles into the chromosome 

The hisA-alleles were integrated into the chromosome of S. typhimurium strain DA24633, a 

strain with both its native hisA and trpF genes knocked out. Chromosomal insertion was 

performed using lambda red recombination, a method that integrates linear DNA products 

into the bacteria host chromosome with homology. With this method, the precise location of 

the gene integration can be controlled via homologous recombination. For this part, the 

insertion site knocks out cbiA, which codes for an enzyme responsible for the amidation of 

carboxyl groups of cobyrinic and hydrogenobric acid, required only for growth under specific 

conditions. DA24633 also contains the plasmid pSIM5-Tet, the plasmid that contains the 

genes required for the lambda red system. Furthermore, the pSIM5-Tet has a temperature-
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sensitive origin of replication. This plasmid can be removed by growing its host cells at 37°C 

and above.  

The pJN-PLlacO plasmids containing hisA-alleles were used as templates for PCR 

amplification. The primers used were kanR_lacIq_LT2_R and yciK-PlacF2. The PCR 

products were purified by standard Fermentas PCR purification kit, treated with DpnI to 

degrade the plasmid template, and purified again to remove the salts from the fast-digest 

buffer and the template fragments. The resulting DNA products were used in lambda red 

recombination (Appendix II). After electroporation and recovery for 3 hours in SOC media, 

the lambda red culture were plated on low-concentration kanamycin plates (25 mg/ml) and 

grew at 30°C overnight. The low concentration and temperature proved vital for the survival 

of positive transformants, as the kanamycin resistance marker of pJN-PLlacO seemed to be 

very temperature-sensitive when the copy number is one. Transformants were selected, grown 

overnight on antibiotic-free plates at 42°C to remove the pSIM-Tet plasmids, and later 

screened on 100 mg/ml kanamycin plates at 37°C and 25 mg/ml kanamycin plates at 30°C. 

This step was to distinguish between strains that have successfully incorporated the 

chromosomal hisA-allele and strains containing the template plasmids that have survived the 

DpnI treatment. Plasmid strains grow well on 100 mg/ml kanamycin plates incubated at 37°C, 

whereas chromosomal strains only grow with lower concentration of kanamycin (25 mg/ml) 

at lower incubation temperature (30°C). Subsequently the transformants were screened with 

colony-PCR using btuR_scr_F and btuR_scr_R primers, and sequenced with primers VR and 

btuR_scr_F. All 35 hisA-variants have been inserted into the chromosome of DA24633, 

yielding 35 chromosomal strains.  

P22 phage transduction  

In order to ensure a clean background for measurements, the chromosomal inserts were 

moved into DA18446, another S. typhimurium strain without hisA and trpF-gene. P22 phage 

lysates were prepared for all 35 hisA-variants from the 35 strains obtained from lambda red 

recombination. The above mentioned strain DA18446 was used as recipient for P22 

transduction. After transduction, positive transductants were checked carefully on EBU plates 

to make sure the strains are phage-free and phage-sensitive (phage re-infection still possible). 

The 35 positively confirmed transductants yielded from this step were used for testing. Hence 

from hereon they are sometimes referred to as tester strains.  

 

Measurements  

Growth on plates of selective media 

Before converted into tester strains, DA18446 lacks native hisA and trpF. As a result, it can 

synthesize neither tryptophan nor histidine on its own. If these two amino acids are not 

supplied, nothing will grow. For the tester strains, growth is determined by the biochemical 

activities provided by their chromosomal inserts and nutrient supplement. If a certain hisA-

variant has enough HisA activity to promote growth, but zero or very basal level of TrpF 
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activity (not enough to support growth), then its hosting tester strain grows only when 

tryptophan is supplied, since tryptophan is the only amino acid that the cells cannot cater to 

from self-synthesis. Conversely, hisA-variants with good TrpF activity but negligible HisA 

activity need additional histidine to grow. Before attempting to plot growth curves for the 

various tester strains, first it must be known in what nutrients do these hisA-variants support 

cell growth. Simply put, in order to get growth rates, first, one must have growth. With 

histidine and tryptophan as nutritional supplement, there are four combinations when adding 

the two amino acids: media with histidine, media with tryptophan, media with both histidine 

and tryptophan, and media without any of them. This translates into four nutritional 

conditions from no amino acid supplement (-his/-trp), to either histidine (+his/-trp) or 

tryptophan supplement (-his/+trp), to supplement of both histidine and tryptophan (+his/+trp). 

By adding histidine and/or tryptophan into the growth media, M9 glycerol agar plates with 

these four combinations of amino acid supplements were prepared. Other than histidine and 

tryptophan, there are no other amino acids in the media. The cells have to synthesize all 

amino acids on their own.  

Tester strains with each of the 35 hisA-variants were grown on all four kinds of M9 glycerol 

agar plates. Stacks of plates were placed inside plastic bags to prevent drying over time, and 

incubated for at least 3 days in a 37°C incubator. After every 24 hours the plates were taken 

out to check for bacterial growth, and placed back for continued incubation.  

Growth rate measurements 

After observing the growth on M9 glycerol agar plates, the strains were selected for growth 

rate measurement. If a certain tester strain grew consistently with specific nutrients during the 

first 3 days of incubation, then this strain was picked for further testing with the given 

nutritional condition in Bioscreen (Biosceen C MBR, Oy Growth Curves Ab Ltd, Helsinki, 

Finland). If no observable growth was shown within the first 3 days on M9 glycerol plates, 

then there was either no growth, or the growth rate was too slow to be determined. For 

example, tester strain of the wild type hisA-gene grew well only when tryptophan is in the 

media. Therefore, this strain was grown and tested in -his/+trp and +his/+trp media, but not in 

-his/-trp and +his/-trp media.  

Each of the 35 hisA-tester strains were grown on +his/+trp M9 glycerol agar plates. Colonies 

of each strain were picked to inoculate liquid M9 glycerol culture with the required amino 

acid supplements as in subsequent measurement. The liquid cultures were grown until visibly 

dense, diluted 1000-fold in new batches of liquid media with the same nutrients and loaded 

onto 100-well Bioscreen plates. The cells were grown at 37°C until stationary phase was 

reached. Optical density at 600nm (OD600) was measured every 4 minutes and plotted over 

time to obtain the growth curve. Growth rate was extrapolated as the fastest growth speed at 

exponential phase, which occurs usually around 0.02-0.06 of OD600.   
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Results 

Growth on defined medium 

After the 35 tester strains of Salmonella typhimurium were constructed by phage transduction, 

they were plated on defined medium as a prelude to plotting growth curve. The strains 

containing each of the 35 hisA-alleles were streaked on M9 glycerol agar plates with defined 

nutritional conditions (-his/-trp, +his/-trp, -his/+trp and +his/+trp). Growth was documented 

as e.g. how fast single colonies started to appear. Even though the direct observation of 

colony forming is nowhere as conclusive as quantitative data, it’s nevertheless relevant. 

Firstly it provides first-hand evidence to the divergence of the ancestor genes under the 

experimental settings of this study (see table 2). Secondly, it motivates the setup of the growth 

rate measurement.  

Of the 35 hisA-genotypes characterized, 12 required additional histidine in order to grow. 

They developed similar catalytic function as TrpF, but seem to have lost HisA activity. 7 of 

the 35 only grew with tryptophan supplement; these ones retained HisA-catalytic ability and 

didn’t inherit the TrpF-activity from their ancestors. They are the diverged “specialists”. 15 of 

the hisA-genotypes show both HisA and TrpF catalytic ability. This group contains the 3 

ancestor genes for each of the phylogenetic tree. From there, almost all of the descendant 

hisA-genes we found to have either diverged into “specialists” or improved as “generalists”. 

It’s worth mentioning that in the evolving population, whenever a “specialist” is found, there 

is also another “generalist” or “specialist” with complementing enzymatic activity in the same 

host cell. 4 of the 35 were not found when sequencing the evolved population. They could 

have been PCR artifact. They could also have been short-lived mutations trapped and isolated 

in the cloning process, before their hosts were out-competed by their fast-growing peers, or a 

combination of both. Of these 4, one has similar amino acid sequence as another “generalist” 

gene, differing with only one substitution mutation (D176N). This small substitution caused 

loss of all the HisA-activity as well as most of its TrpF-ability. Furthermore there was one 

non-functional hisA-genotype. It contained a stop codon close to its ATG site (Q39stop). Its 

host tester strain failed to grow in media without either histidine or tryptophan. Since the 

origin of these 4 genotypes seemed ambiguous, they were treated as outliers. With the 

exception of ancestor B and its descendant, all of the hisA-genotypes that exhibited TrpF 

activity contained the small duplication of three amino acids (dup13-15). Those hisA-variants 

that only showed HisA activity had all lost the small duplication. This duplication mutation 

seemed to be an important factor that determines the phenotypic activity of the gene product.  

Ancestor B and its direct descendant were also tested without the combination of its glnXCGG 

partner. They were tested in three kinds of background: the usual one without hisA and trpF; 

the usual tester strain with Tn10dTet, a transposon used to put the tRNA mutation into the 

genome; and one that in addition to Tn10dTet, contains the tRNA mutation glnXCGG. The 

tester strain that contains Tn10dTet but not glnXCGG is used essentially as a control, since the 

transposon cannot be removed after making the glnXCGG mutant. After checking for growth 

on plates, it is now possible to categorize the hisA-genotypes in the phylogenetic trees based 

on their enzymatic functions (figure 4, 5, 6 and 7).  
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Table 2 │Growth of the tester strains on different M9 glycerol media.  

- No growth;  (+) very slow growth; + slow growth; +++ Fast growth. 

 

 

 
 hisA-genotype   -his/-trp   +his/-trp   -his/+trp   +his/+trp  

 
 wt   -   -   +++   +++  

 
 dup13-15   -   +   -   +++  

 
 D10G, dup13-15   (+)   +   (+)   +++  

 
 D10G, dup13-15, Q24L, G102A, V106L   -   +++   -   +++  

 
 D10G, G102A   -   -   +++   +++  

 
 D10G, R83C   -   -   +++   +++  

  D10G, dup13-15, R83C   -   +   -   +++  

  D10G, dup13-15, G102A   (+)   +++   (+)   +++  

  D10G, G102A, S143N   -   -   +++   +++  

  D10G, dup13-15, R25W, G102A   +   +++   +   +++  

  D10G, G11D, dup13-15, G102A   +   +++   +++   +++  

  D10G, G11D, dup13-15, G102A, D176N   -   +   -   +++  

  D10G, G11D, dup13-15, G44E, G102A   +++   +++   +++   +++  

  D10G, dup13-15, G102A, V106M   -   +++   -   +++  

  D10G, dup13-15, Q24L, G102A   (+)   +++   (+)   +++  

  G11D, dup13-15   (+)   (+)   +++   +++  

  G11D, dup13-15, R15:2(syn.)   (+)   (+)   +++   +++  

  G11D, dup13-15, G102S   +   +++   +++   +++  

  G11D, dup13-15, G102A   +   +++   +++   +++  

  G11D, dup13-15, G102A, V45L   +   +++   +++   +++  

  L169R   -   +   -   +++  

  L169R, V45L   -   +++   -   +++  

  L169R, Tn10dTet   -   +   -   +++  

  L169R, Tn10dTet, glnX(CCG)   +   +   +   +++  

  L169R, , V45L, Tn10dTet   -   +   -   +++  

  L169R, V45L, Tn10dTet, glnX(CCG)   +   +   +   +++  

  D10G, dup13-15, V14:2*M, Q24L, G102A   -   +++   -   +++  

  D10G, dup13-15, Q24L, G44E, G102A   +   +++   +   +++  

  D10G, dup13-15, Q24L, G102A, V106M   -   +++   -   +++  

  D10G, dup13-15, G81D   -   +++   -   +++  

  D10G, dup13-15, V45M, G102A, V106M   (+)   +++   (+)   +++  

  D10G   -   -   +++   +++  

  D10G, G102A, V106M, Q39stop   -   -   -   +++  

  D10G, dup13-15, G102A, S143N   +   +++   +   +++  

  D10G, G102A, V106M   -   -   +++   +++  

  D10G, dup13-15, V88I, G102A   +   +++   +   +++  

  D10G, V88I, G102A, V106M   -   -   +++   +++  

  D10G, dup13-15, V88I, G102A, V106M   -   +++   -   +++  

  D10G, dup13-15, L68(syn.), G102A, V106M   -   +++   -   +++  
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Trees of evolution  

The three ancestor genes evolved each in their own right. Ancestor A and B were evolved for 

1000 generations; ancestor C was evolved for 3000 generations. In total, 35 strains were 

isolated after cloning, including the ancestors. 4 of them did not show up in whole-genome-

sequencing of the bacteria populations. Ancestor A gave rise to 4 descendant genes, 3 direct 

descendants from the ancestor A, and one indirect descendant that evolved from a direct 

descendant. Ancestor B gave only one descendant. The descendants of ancestor A and B are 

still “generalists”, meaning they exhibit both HisA and TrpF activity. This is perhaps due to 

the short time frame, and divergence of gene functions are yet to show up. Ancestor C, after 

3000 generations of evolution, gave rise to 22 direct and indirect descendants, among which 

both “generalists” and “specialists” can be found. For the investigated lineages derived from 

ancestor C, it also seemed like the more generations of evolution, the more diverged gene 

variants appeared. Notice however, that a few genotypes have emerged independently in 

different lineages, this includes ancestor B’s lone offspring hisA-variant. It is a tempting 

thought to see it as a sign of convergent evolution, and perhaps even more tempting to think 

that evolution (on the gene level) may even be able to repeat itself to some extent. The 

relations and evolution patterns are shown in the four consecutive figures below. 

 

 

Figure 4. The family tree of ancestor A. The direct descendants of ancestor A are (dup13-15, G11D, 

R15:2(syn.)), (dup13-15, G11D, G102A) and (dup13-15, G11D, G102S). Furthermore, there’s an indirect 

descendant, (dup13-15, G11D, G102A, V45L). The color on the arrows indicates gene function. One of the most 

interesting gene variants is the synonymous mutation. The result indicates that synonymous mutations are not 

necessarily neutral (Näsvall’s unpublished manuscript 2012).  
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Figure 5. Ancestor B evolved into (L69R, V45L) after 1000 generations. The lone descendant appeared 

independently in two separate lineages out of eight (Näsvall’s unpublished manuscript 2012).  

 

Figure 6. Part of the tree of ancestor C. Divergence has created specialists gene colored blue and yellow, they 

are always found in combinations in the cells of the evolved populations. See next page for the full 

tree(Näsvall’s unpublished manuscript 2012).  
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Growth rates 

Growth rates were measured. Relative growth rates of every tester strain under every 

available nutritional condition were obtained by normalizing to the ancestor’s growth rate in 

media with complete nutrient supplement (+his/+trp). Increased relative growth rate when the 

strain relies on the enzymatic activity of the gene product of its hisA-allele indicates enhanced 

fitness, and thereby, better enzymatic activity. So the growth rates measured were 

“HisA/TrpF-activity promoted growth rates”.  

Ancestor A and its generalist offspring 

For ancestor A, the effect was apparent (figure 8). With each successive mutation added, all 

the growth rates increased. This means better HisA-promoted as well as TrpF-promoted 

growth, a clear implication that evolution has taken place. Furthermore, the indirect 

descendant of ancestor A (dup13-15, G11D, G102A, V45L) showed increased growth rates 

over its direct descendant (dup13-15, G11D, G102A). So the data is consistent with our 

expectation that ancestor A has indeed evolved in subsequent steps. Interestingly, the data 

suggests the direct descendant of ancestor A that contains a synonymous mutation has gained 

increased fitness. It implies that the synonymous mutation is not neutral. Most of the 

generalists in this family were found with more than one copy, indicating they were subject to 

further amplification and eventual divergence.  

 

 

Figure 8. Growth rates of the hisA-genotypes from the ancestor A family. The blue bars indicate growth rated 

promoted by the enzyme’s combined dual-activity; the red bars are TrpF-activity-promoted growth rate; the 

green bars equal HisA-activity-promoted growth rate, the purple bars show growth when both amino acids are 

present.  
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Ancestor B, the lone wolf and cub(s) 

Ancestor B contains a substitution mutation in its hisA-allele and a tRNA mutation (L169R, 

glnXCGG). The hisA-variants in this line were tested without the tRNA mutation in a fresh 

background, in a Tn10dTet strain, as well as a strain that contains both Tn10dTet and 

glnXCGG. When the tRNA mutation is absent, the apparent phenotype of L169R is only TrpF 

activity. When the tRNA mutation is present, ancestor B grows in all media. In the following 

chart, the growth rates are normalized against the full growth rate of (L169R, glnXCGG). The 

full-growth rates of the strains containing the tRNA mutation in full nutritional media seem to 

be slower than strains without the tRNA mutation. This is easily understood since the tRNA 

mutation affects translation of other genes as well, and by doing so, can be detrimental to the 

cell’s growth. The lone descendant of ancestor B exhibits enhanced activity in all media, and 

most notably, enhanced TrpF-activity promoted growth (figure 9). Both ancestor B and its 

descendant are found in amplified form, showing they still have room to improve. The 

descendant of ancestor B emerged independently in two lineages out of eight, a most 

interesting phenomenon.  

 

 

Figure 9. Growth rates of ancestor B and its descendant. From left to right are the growth rates of tester strains 

with increasing number of background mutations. When without the tRNA mutation, the substitution mutations 

exhibit only TrpF activity on almost identical level in two different background strains (with or without the 

Tn10dTet transposon which is required for introducing the tRNA mutation). If the tRNA mutation glnXCGG is 

present, mixture of varieties of gene products enables growth regardless of the nutrients in the media. The full-

growth rates however, seems to be slower due to the detrimental effects of the tRNA mutation.  
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Ancestor C, a family diverged  

Finally, the focus is moved onto ancestor C, having evolved for 3000 generations and 

diverged into a variety of “specialists” as well as “generalists”. Some of the generalists have 

improved all aspects of catalytic functions over the parental genes; some have reduced one 

aspect of catalytic activity and improved the other, a sign of divergence in its beginning. Most 

of the “specialists” took more than 1000 generations to emerge. Many of the genes in this 

family are found with amplifications, further improvement and divergence are still possible. 

Some of the genes have emerged independently in separate lineages, again indicating that 

substitution mutations at certain locations are favorably selected.  

As shown in the result, the descendant genes that regained full HisA activity while losing 

TrpF activity have all regained full or almost-full HisA activity (figure 10). Most of this was 

achieved by losing the vital duplication mutation (dup13-15). If one compares their HisA-

promoted growth rate to that of the wild type hisA-gene, the levels of HisA activity seems to 

be comparable. This is not very strange, since without the duplication, these genotypes are 

only a few substitution mutations away from the wild type hisA-genotype. The genotypes that 

exhibit only TrpF-activity have varying activity levels (figure 11). However, it is clear that 

their activity levels have steadily increased from their direct and indirect ancestors.  

The generalists among this family are somewhat interesting to look at. There are some 

steadily improving loners, and some with one activity decreased but always work in 

combination with a complementary specialist (figure 12).  

 

Figure 10. Growth rates corresponding to hisA-genotypes that exhibit only HisA-activity. Relative growth rates 

are normalized to the full-growth rate of ancestor C. HisA-activity of the descendant genes are compared to that 

of the ancestor C and the wild type hisA-gene. All of the HisA-specialists have evolved back their activity to 

comparable levels of the wild type. 
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Figure 11. Relative growth rates of the TrpF-specialists. Their activity levels vary depending on the stage of 

evolution. All of them have higher activity than the TrpF-level of ancestor C. Second from right is dup13-15, the 

“parent” of ancestor C.  

 

 

Figure 12. Relative growth rates of the generalists. To the left is the ancestor C. The descendants have either 

improved their catalytic activity as a whole (exemplified by the two genotypes on the far-right), or increased one 

activity while lowering the other, showing the tendency of undergoing divergence. The third group from the left 

and the group on the far right represent variants always found alongside (D10G, G102A), which has HisA 

activity close to the wild type hisA (figure 10). This is an example of divergence on its way.  
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Discussion 

Mutations and gene activities 

As the result suggests, the outcome of this study is consistent with the IAD model of gene 

evolution. We have seen innovation of the new function, amplification of the gene, as well as 

divergence. With each successive selected beneficial mutation, a descendant gene improved 

either as a whole or one catalytic activity, with the latter option leading gradually towards 

divergence of functions.  

One may correlate each mutation with a phenotypic function. The duplication mutation, 

dup13-15, undoubtedly boosts TrpF activity while having little positive effect for HisA 

activity. G102A on the other hand, seems to be a “universal booster”. The duplication 

mutation turns out to be close to the substrate binding site, it may work by fitting the binding 

pocket to the substrate of TrpF over HisA. This works since the two enzymes carry out the 

same reaction on different substrates.  Other mutations are scattered over the enzyme structure, 

with some being closer to the catalytic active site. For the hisA-variant demonstrating good 

generalist activity, they sometimes also show a slower growth rate in media with full nutrients 

compared to their ancestors. This can be explained that the activity may have been enhanced 

by relaxing the binding specificity. When the constitutively expressed gene product of the 

hisA-allele is not required when given full nutrients, unspecific binding can target some very 

wrong substrates, e.g. anything that contains a ribose-group. The consequence is unwanted 

toxicity of the enzyme, causing retarded growth. Further works can be done to map the 

mutations and combinations of mutations, relating them with their effects on TrpF and/or 

HisA activity.  

Another observation is that mutations at certain locations seem to be favorably selected. This 

has caused entire genotypes to emerge independently. There are (dup13-15, D10G, R83C) 

that has shown in 3 separate lineages (figure 6) and (L169R, V45L) shown in 2 lineages 

(figure 5). Furthermore, at some sites, substitution mutations have emerged very frequently. 

One example is site 45, whereas in lineages of ancestor A and B have gained V45L, and 

ancestor C gained V45M.  

 

Evolution is not goal-oriented 

With the IAD model in mind, it is likely for one to believe that following the mechanism of 

the model, evolution always drive from fewer genes to more genes through divergence. 

Similar evolutionary “trend” can be exemplified by the emergence of the present day horse, 

descended from a dog-sized 55-million-year-old animal Hyracotherium. If one looks at how 

horses evolved, it’s noticeable that horse species have displayed increase in body size over 

time (24). Similarly, one may believe that IAD model confers increase in the number of genes, 

just like horses increased the number of pounds.  

However, it is important to bear in mind that evolution is not directed towards a goal. Instead, 

evolution is driven by random mutations being selected for the best trait under the given 
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selective pressure, regardless of the “specialist” or “generalist” character being selected. In 

our result, it is shown that underachieved generalist ancestors could evolve into accomplished 

generalists and specialists alike. Random mutations could enhance either HisA or TrpF 

activity, or both. During cloning, mutations with detrimental effects to the activity of the gene 

product have also been found. There is a substitution deletion that introduces a stop codon 

near the ATG site of the gene (Q39stop); another mutation seems to lower HisA and nullify 

TrpF-activity (D176N). These mutations could have been PCR artifacts. Although if not, 

these are still hard to find among the population, since the decreased fitness brought by loss-

of-function mutations will guarantee their swift obliteration. In other words, random 

mutations do not take place by the conscious choice of divergence or improvement; their fate 

is decided by natural selection.  

On the other hand, our data has shown that evolution for 3000 generations in Salmonella 

typhimurium brought divergence for the gene we studied. The ancestor genes that evolved for 

1000 generations and less have not undergone any divergence. It is worth speculating if 

divergence is the ultimate outcome of spending sufficient time under selection. And it’s not 

known at this rate whether the well-developed generalist genes obtained in this study have the 

potential of diverging into even better specialists. It is known that Mycobacterium 

tuberculosis and Streptomyces coelicolor uses PriA instead of a combination of HisA and 

TrpF, which in itself is a counter-argument (21). In order to answer the question of the 

inevitability of divergence, extensive follow-up research must be conducted on both natures’ 

own generalist genes and the ones obtained in this evolution experiment.  

 

Silent mutations not always neutral  

Synonymous mutations are DNA mutations within a protein coding sequence that do not 

change the amino acid sequence of the protein. Together with mutations affecting noncoding 

DNA, they are collectively known as silent mutations. As such, they are often seen as 

evolutionarily neutral. However, synonymous mutations may be selected for the use of 

particular codons in organisms exhibiting codon usage biases. Silent mutations may also 

affect transcriptional control such as splicing. Recent studies suggest that silent mutations can 

have an effect on protein structure and activity (25, 26).  

In our study, the hisA-variant ancestor B (dup13-15, G11D) has selected forth a synonymous 

mutation (dup13-15, G11D, R15:2(syn.)). In media without amino acid additives, the 

synonymous mutant grew about 25 % faster than its ancestor, a significant increase in growth 

rate. Similar numbers were shown for growth in media with histidine and tryptophan. In other 

words, the actual increase is same for TrpF- and HisA-promoted growth, both when these 

activities are separated and in synergy. It suggests that the synonymous mutation has 

enhanced growth on the expression level of hisA by making more available enzyme rather 

than improving the enzyme itself. At this moment, the exact mechanism through which the 

abovementioned synonymous mutation affects expression is unknown. Since the beneficial 

effect is not from the protein level, it has to be on the DNA and/or RNA level, interfering with 

transcriptional or translational regulation. It might have had stabilizing effect on mRNA, or 
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the tRNA-ribosomal complex during translation. For now, it does suffice to say that as our 

result suggests, silent mutations are not always neutral.  

 

Directing the course of evolution 

With an improved understanding of how genes evolved (and human greediness of always 

having control of nature), soon there may be discussions on whether evolution can be directed 

more precisely, and whether it can be exploited as a conventional method in biological 

research.  

There is the emerging field of synthetic biology, where engineering disciplines are called 

upon to construct novel, artificial circuits or systems in living organisms. The components of 

the system integrated into the host organism often contain genetic materials of foreign origin. 

This inevitably poses a problem, since foreign genes are often not optimized for the host 

organism and can be counter-selected for various reasons. More often than not, researchers 

find themselves working against evolution rather than with it. This scenario is comparable to 

undergoing horizontal gene transfer. It is reasonable to assume that horizontally transferred 

genes are generally suboptimal upon entry, due to lack of adaptation to the new host. If they 

are to become permanent features of their host genome, they need optimization which could 

be achieved via the mechanism outlined in the IAD model (4). If artificially designed 

biological circuits can be positively selected to maintain or improve their functions, then they 

can be subject to the same treatment, thus achieving optimal effect. This will require clever 

design of an evolutionary test system, in which the artificially constructed biological circuits 

or their components undergo some nature-imposed but human-directed optimization.  

In the evolution experiment of hisA, 3000 generations of growth in a prokaryotic host 

generated promising results in the form of highly-improved and diverged genes. The time 

frame may be tolerable, but remember, this is the fast-growing bacteria. To repeat similar 

experiments in eukaryotic cells can require decades or centuries. If evolution is to be 

controlled and converted into a conventional method, first there must be ways to speed up the 

process. To achieve this goal may become a vision for the upcoming 30 years or so. 

Hopefully someday biologists will finally see their research in true harmony with evolution.  
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Conclusions  

In this study, the Innovation-Amplification-Divergence model of gene evolution is confirmed 

by evolving variants of hisA-gene in an experimental setting. Novel genes have been evolved 

both as one gene with improved multi-functions, and separate genes with different but 

complementary functions (divergence). The manifestation of divergence seems to be 

influenced both by the time frame of continued selection and the nature of the ancestor gene. 

Synonymous mutations can be selected favorably. The deepened understanding of gene 

evolution may possibly be exploited into experimental methods to achieve e.g. better 

optimization of designed biological circuits in synthetic biology.   
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Supplementary Information 

Appendix I List of strains  

 

Table S-1 │Salmonella typhimurium strains used to isolate the hisA-alleles. Some strains have 

been used to isolate multiple genotypes. Notice that each strain evolved may contain more 

than one genotype. The choice of isolating which hisA-genotype from a strain is based on its 

allele frequency in the specific strain population.  

Strains hisA-genotype extracted 

DA19304 wild type hisA 

DA19305 (dup13-15) 

DA19306 (dup13-15, D10G) 

DA23791 (D10G, R83C), (dup13-15, D10G, R83C) 

DA20906 (dup13-15, D10G, G102A) 

DA23701 
(D10G, G102A, S143N), (dup13-15, D10G, G102A, R25W), (dup13-15, D10G, 
G102A, S143N), (D10G, G102A, V106M) 

DA23611 (dup13-15, D10G, G102A, G11D) 

DA22209 (dup13-15, D10G, G102A, G11D, D176N) 

DA23631 (dup13-15, D10G, G102A, G11D, G44E) 

DA22239 (dup13-15, D10G, G102A, V106M) 

DA22249 
(dup13-15, D10G, G102A, V106M), (dup13-15, D10G, Q24L, G102A, V106L), (D10G, 
G102A) 

DA19307 (dup13-15, G11D) 

DA20314 (dup13-15, G11D, R15:s(syn.)) 

DA20335 (dup13-15, G11D, G102S) 

DA20344 (dup13-15, G11D, G102A) 

DA20967 (dup13-15, G11D, G102A, V45L) 

DA19308 (L169R) 

DA20410 (L169R, V45L) 

DA23638 (dup13-15, D10G, G102A, Q24L, V14:2*M) 

DA23588 (dup13-15, D10G, G102A, Q24L, G44E) 

DA23548 (dup13-15, D10G, G102A, V106M, Q24L) 

DA23482 (dup13-15, D10G, G81D) 

DA23538 (dup13-15, D10G, G102A, V106M, V45M) 

DA22014 (D10G) 

DA23682 (D10G, G102A, V106M, Q39stop) 

DA23642 
(dup13-15, D10G, V88I, G102A), (D10G, 88I, G102A, V106M), (dup13-15, D10G, 
V88I, G102A, V106M), (dup13-15, D10G, L68(syn.), G102A) 
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Table S-2 │S. typhimurium strains used to construct the various tester strains.  

DA18446 Sty hisA::FRTscar (sw) DELtrpF::FRTscar (hisA- and trpF-deletion strain) 

DA24633 DA18446 with pSIM5-Tet 

DA19036 
Sty hisA::FRTscar, miaB::Tn10dTet, trpF::FRTscar, hisO+ (hisA- and trpF-deletion, 
contains the Tn10dTet transposon) 

DA19037 
Sty hisA::FRTscar, miaB::Tn10dTet, glnX(CGG) trpF::FRTscar, hisO+ (DA19036 with 
tRNA mutation glnX(CGG)) 
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Appendix II Experimental protocols  

Construction of chromosomal hisA tester strains  

1. PCR   

Primers: yciA-PLlacO-F2 and cobA_R_kan, standard Phusion PCR with hisA-

plasmids preps from cloning step as templates; 63°C as annealing temperature of the 

primers; concentration of the template DNA ≈ 0.6 ng/ul.  

 

2. DpnI treatment 

 Clean up PCR products with standard gel extraction kit (Fermentas); check 

DNA concentration with nanodrop.  

 Digest PCR products by DpnI in 30 µl solutions containing 3 µl 10x FD buffer 

and 1 µl FastDigest DpnI (Fermentas); incubate at 37°C for about 60 minutes.  

 Purified the DpnI-digested DNA as in the previous step.  

 

3. Linear transformation 

Recipient strain: DA24633 (hisA- and trpF-deletion strain, contains pSIM5-Tet, a 

plasmid that induces lambda red recombination).  

 O/N of DA 24633 was grown at 30°C in SOB medium (adding tetracycline to 

the medium not very necessary). 

 The O/N culture was diluted 100x in 30°c pre-warmed fresh SOB. 50 ml 

culture was enough for 4-8 electroporations; the new SOB culture was grown 

at 30°C until OD600 ≈ 0.3.  

 In order to induce lambda red expression, the culture was hated in 42°C 

shaking waterbath and incubated with slow shaking (≈ 100 rpm) for 15 

minutes.  

 Cool down the culture in ice-water bath for at least 10 minutes (longer time, 

e.g. 1 hour was also fine, but not shorter than 10 min).  

 Spin down the cells (4500 rpm, 10 min, 4°C), discard the supernatant and wash 

the pellet with 10-15 ml ice-cold 10% glycerol; after the wash, spin down the 

cells again.  

 Repeat the wash step so the cells are washed 3 times in total. 

 Re-suspend the cells in 10% ice-cold glycerol, as small volume as possible.  

 Mix 40 µl cells and 2-4 µl DpnI-treated DNA in an electroporation cuvette on 

ice, electroporate (2.5 kV, 25 µF, 200Ω), immediately add 1 ml SOC solutions 

(pre-warming not necessary, but if so, use 30°C) and let cells recover for at 

least 3 hours in 30°C shaking incubator.  

 Plate on 25 mg/ml kanamycin agar plates at 30°C, grow overnight; pick and 

purify transformants on antibiotic-free agar plates at 42°C overnight, and 

screen for clones that are tetracycline sensitive and kanamycin sensitive only at 

high kanamycin concentration (100 mg/ml) and at 42°C; correct clones should 

still grow at low concentration (25 mg/ml) and 30°C. 
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4. Screen with primers btuR_scr_F and btuR_scr_R (product length ≈ 2200 bp); 

sequence with primers btuR_scr_F and VR.  

P22 transduction  

1. Preparing phage lysate 

 Grow an O/N culture of the donor strain in LB, antibiotics not necessary.  

 Mix 1 ml of P22 stock ( ≈ 106 pfu/ml in LB) and 200 µl culture in a 10 ml tube, 

and incubate until lysis occurs (overnight or 3-4 hours).  

 Mix the lysis solution with 100 µl CHCl3 to kill the surviving cells and spin 

down the cell debris and CHCl3 (13.2 rpm, 1 min).  

 Transfer the supernatant to a new eppendorf tube and repeat the process from 

adding the CHCl3. After spinning down CHCl3, the lysate will be obtained. A 

lysate is stable for years if stored carefully in fridge.  

 

2. P22 transductions 

 Grow O/N culture of the recipient strain (DA18446, trpF- and hisA-deletion 

strain of Salmonella typhimurium) in LB.  

 Use 1000x diluted P22 lysates, mix 100 µl of each diluted lysate with 100 µl 

recipient culture, incubate at 37°C or 30 minutes (important to not incubate for 

too long).  

 Plate on 25 mg/ml kanamycin plates and grow overnight at 30°C. There should 

be around 100-1000 colonies.  

 Clean up transductants by purifying them on EBU plates, and select for phage-

sensitive and phage-free clones.  

 

Media with defined nutrients 

Histidine and tryptophan were dissolved and made into aqueous stock solutions with 

concentration of 0.31 g/L and 0.41 g/L. M9 glycerol medium contained 0.2% glycerol, and 

0.5% of the respective amino acid stock solution.  
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