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Introduction
Mitochondria are the power house of the cell. They are present 

in virtually every cell in body. They play a central role in metabolism, 
apoptosis, disease and aging. They are the site of oxidative 
phosphorylation, essential for the production of ATP, as well as for 
other biochemical functions. Mitochondria have a genome separate 
from the nuclear genome referred to as mitochondrial DNA (mt DNA). 
Mt DNA is one of the most frequently used markers in molecular 
systematics; because of its wide spread characteristics such as consistent 
gene order, maternal inheritance, rapid rate of evolution and haploid 
nature. Mt DNA has been extensively studied for evidences of selection 
in the last several years. Several interesting functional and evolutionary 
facts were reveled after analyzing complete mt genomic sequences 
during last two decades [1-7]. With the availability of thousands of 
complete mt genomes, comparative mt genomics promises to be the 
basis for distinct patterns and processes of functional genomics and 
molecular evolution of mitochondria and associated biological entities. 
Mt genomic study may reveal significant insight into many aspects of 
genome evolution like gene rearrangements evolution, gene regulation, 
patterns of gene expression, and replication mechanisms [2,3,8-10].

There is scientific proof and agreement that codons are translated 
at different rates [11]. The first report of non-uniform translation rates 
was the observation that there are pauses during polypeptide elongation 
and that these can be identified with short strings of rarely used codons 
[12,13]. As soon as a significant number of genes, and genomes have 
been sequenced, it became an accepted opinion that biased codon 
usage could regulate the expression levels of individual genes by 
modulating the rates of polypeptide formation [14-16]. There are 
several occurrences of codon reassignments, premature stop codons, 
and read through stop codons, in protein coding sequences at various 
taxonomic levels [17-20]. This ambiguous role of stop codons, codon 
reassignments and its implications could provide useful insights for the 
functional association of mt genomic entities with various diseases.

Frameshift Events
Standard translational rules could be altered locally to reprogram 

mRNA translation and is termed as Recoding. Recoding events occur 
in rivalry with standard readout of the transcript, and are site specific. 
The three classes of recoding are (1) Frameshifting (2) Bypassing 
(Hopping) and (3) Codon redefinition [21-24].

(1) Two protein products could be yielded at a particular site from
one coding sequence by frameshifting, or one protein product from 
two overlapping open reading frames (ORFs). The known cases of 
frameshifting where the product is utilized involve shifts of one base 
either +1 or -1.

(2) When a block of nucleotides within a coding sequence is not
translated then the process of bypassing (hopping) occurs. Temporary 
suspension of translation affects the ribosomes which traverse the 
coding gap and protein synthesis resumes, yielding a single protein.

(3) Codon redefinition involves site-specific alteration of codon
meaning which could be the redefinition of an initiation codon or stop 
codon to specify an amino acid.

Protein translations that start not at the first, but either at the second 
(+1 frameshift) or the third (-1 frameshift) nucleotide of the codon are 
defined as frameshifts (Figure 1). Apparently, most frameshifts would 
yield nonfunctional proteins. Therefore frameshifts lead to waste 
of energy, resources and activity of the biosynthetic machinery. In 
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Abstract
Reprogramming of mRNA translation by localized alterations in the standard translational rules is termed as 

recoding. Frameshifting is one class of recoding and defined as protein translations that start not at the first, but either 
at the second (+1 frameshift) or the third (-1 frameshift) nucleotide of the codon. Apparently, most frameshifts would 
yield nonfunctional proteins. Therefore frameshifts lead to waste of energy, resources and activity of the biosynthetic 
machinery. In addition, some peptides synthesized after frameshifts are most likely cytotoxic. Coding sequences lack 
stop codons, but many stop codons generated due to frameshifted sequences, termed off-frame stops or hidden stop 
codons. These hidden stops terminate frame-shifted translation, potentially decreasing energy, and resource waste 
on nonfunctional proteins. Frameshift mutations for the sake of mitochondrial genomes were evaluated and results 
support this putative ancient adaptive event for the selection of codons that can be part of hidden stop codons. 
Mitochondrial genomic data analyses support this fact as most of the correlations between hidden stops and various 
functional and evolutionary parameters were positive. Association of frameshift mutations with many diseases is also 
being studied to represent the biological significance of this putative event. It is estimated that this kind of study will 
reveal momentous correlation between frameshift mutations and their biological consequences.

Mitochondrial Genomes and Frameshift Mutations: Hidden Stop Codons, 
their Functional Consequences and Disease Associations
Tiratha Raj Singh*
Department of Biotechnology and Bioinformatics, Jaypee University of Information Technology, Solan, H.P., India

Journal of Clinical & Medical Genomics
Jo

ur
na

l o
f C

lin
ical & Medica l G

enom
ics

ISSN: 2472-128X



Citation: Singh TR (2013) Mitochondrial Genomes and Frameshift Mutations: Hidden Stop Codons, their Functional Consequences and Disease 
Associations. Int J Genomic Med 1: 108. doi:10.4172/2332-0672.1000108

Page 2 of 7

Volume 1 • Issue 1 • 1000108
Int J Genomic Med
ISSN: 2332-0672 IJGM, an open access journal

addition, some peptides synthesized after frameshifts are most likely 
cytotoxic [25,26]. It will be interesting to evaluate these frameshift 
products and their consequences on biological machineries.

Mitochondrial genomes and hidden stop codons

Recent advances in sequencing techniques have made available 
a great deal of data on whole genome basis. Complete mt genome 
sequences are available for thousands of organisms. Mitochondria 
encode a small set of highly conserved genes that are critical for 
respiration. Codon reassignments are pervasive in mitochondrial 
genomes and have been attributed extensively to directional mutational 
changes, affecting the GC content of genomes [27], to reduce number 
of tRNAs of mitochondria to minimize genome size, and the existence 
of ambiguous translational mechanisms [28,29]. Knight et al. [30] 
suggested that codon disappearance and coding ambiguity can act 
alone but usually act in accordance with each other. Most mRNA 
coding genes exhibit different patterns of nonrandom codon usage. 
Various studies suggested that no single, overriding selection process 
is responsible for the preference in codon usage [31-33]. Codon 
bias observed in an mRNA primary sequence may be a function of 
selective preferences for mRNA processing and transport; translational 
efficiency and mRNA secondary structure stability [33].

Selection pressure in mt genomes may be changed by their 
differences from nuclear genomes; as they are much smaller in size; 
they encode comparatively few proteins; and are extremely biased in 
nucleotide composition and are all AT-rich with few exceptions [30]. 
Since AT pressure is acting on all mt genomes, codon disappearance and 
reassignment must also have followed some kind of patterns and can 
be correlated with GC or AT contents of the genomes. Variations are 
also found in mitochondria. The variation results from reassignments 
of codons especially stop codons. The reassignments take place by 
disappearance of a codon from coding sequences, followed by its 
reappearance in a new role [27].

In order to evaluate all the above mentioned functional and 
evolutionary aspects such as directional mutational pressure for 
the AT-richness of mt genomes, mRNA processing and transport; 
translational efficiency and mRNA secondary structure stability, and 
their correlation with the putative functional and physiological events 
and their association with hidden stop codons; detailed analysis on 
several mt genomes of vertebrates was performed. It is believed that this 
analysis would serve as an essential aid on to provide useful insights to 
frameshift mutations and their significance in mt genomics.

Off-frame Stop Codons Density, base composition, and 
ribosomal secondary structure stability

The GC contents of the first, second, and third positions of codons, 
of tRNAs, of rRNAs and of spacer elements are highly correlated. 
In fact, the GC content accounts for 98% of the variance in coding 
sequences and 84% of the variance in GC content in rRNA genes 
[34]. Therefore we can evaluate the effect of GC content on codon 
disappearance and codon reassignment [30]. Since AT pressure is acting 
on all mt genomes and all mt genomes are AT rich, effect of nucleotide 
composition on hidden stop codon can be evaluated. I appraise this 
effect on studid complete vertebrate mt genomes. I plotted graphs for 
the correlation between the potential contribution to hidden stops and 
the AT and GC contents of the 13 coding sequences of 820 vertebrate 
mt genomes (Figures 2a and 2b). It might be possible that AT richness 
of mt genomes has been supported partially by the positive selection 
of hidden stops as 66% of stop codon positions in mt vertebrates code 
belong to A and T nucleotides.

Comparing the stop codon assignments taxonomically, it has been 
found that +1 frameshift has more common combinations of stop 
codon assignments than -1 frameshift (Table 1 in [26]). This suggests 
that +1 frameshift might be optimized through natural selection. 
This hypothesis is supported by the correlation between codon usage 
frequencies and potential contribution of codons to hidden stops in 
coding sequences of vertebrate mt genomes. Among 820 studied mt 
genomes of vertebrates only 1 genome of Salvelinus alpinus represents 
more contribution towards -1 frameshift; rest of the genomes had 
shown more hidden stops in +1 frameshift, supporting the natural 
occurrence of +1 frameshift relatively more than -1 frameshift (data 
not shown).

Another important finding of this analysis is the base composition 
pressure and its distribution. While dealing with the AT and GC content 
analysis we found that among coding sequences of 820 vertebrates mt 
genomes, 25 genome’s coding sequences are GC rich, 24 of them are 
members of bony fishes. According to Hickman and Roberts [35], “the 
bony fishes had developed several key adaptations that contributed to 

Figure 1: Schematic representation of frame-shift events with their +1 and -1 
versions.

Figure 2: Correlation between the potential contribution to hidden stops and 
the AT (a) and GC (b) contents of the 13 coding sequences of vertebrate mt 
genomes.
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an extensive adaptive radiation”. This GC richness against AT pressure 
may be one of these adaptations.

According to ambush hypothesis [25], early termination of off 
frame transcription should increase the efficiency of expression of a 
gene, because less time and resources are invested in unproductive off 
frame contexts. If the reading frame of the ribosome is not zero, earlier 
a stop terminates translation; the earlier mRNA and ribosome are 
available for interaction. If the ambush hypothesis is correct, hidden 
stops should be more frequent for large and frequently expressed 
genes, since costs of off-frame translation are likely to increase with 
gene size and expression levels [26,36].

Ambush hypothesis implies that the need for hidden stops 
increases with the probability of frameshifts. It seems plausible that 
less stable ribosomes are more likely to frameshift and vice versa. In 
order to resolve this assumption I performed analysis to predict any 
correlation between the ribosomal stability, counted as a function of 
predicted stability or ΔG of secondary structure [37,38] and hidden 
stops in mammalian mt genomes. Significant positive correlation 
(P<0.05) in case of 12s rRNA supports the assumption that low rRNA 
stabilities (high ΔG) associate with high counts of hidden stop codons 
(Figure 3). On the other hand correlation is negative (non-significant) 

in 16s rRNA. Same kind of analysis also performed on 100 mammals 
mt genomes where results were favorable in 12s rRNA (Figure 4). 
Calculated values of correlation coefficients (r), and probability (P) are 
shown in respective figures.	

Hidden stops density and gene expression

There are several evidences where codon usage bias was correlated 
positively with the expression levels of genes such as in E. coli [14, 39-
40]; in Saccharomyces cerevisiae [33]; in nitrogen fixing endosymbiont 
Bradorhizobium japonicum [41]. Another kind of evidences for 
positive correlation between codon usage bias and gene’s size were 
also shown; in Drosophila [42]; in E. coli, Arabidopsis, Holobacterium 
and Homo [43]; and in yeast [44]. Diverse rate of protein evolution is a 
vital problem in molecular evolution and best predictor of evolutionary 
rate is expression level [45]. The cost of off-frame translation is likely 
to increase for the large and high expression level genes. Several 
hypothesis such as translational efficiency, functional loss, and 
translational sturdiness entails that selection can act on nucleotide 
sequence, to increase the translational accuracy by optimizing codon 
usage, and on amino acid sequence, to increase the number of proteins 
that fold properly [46].

Organisms A|TG AT|G T|AA T|AG A|GA A|GG TA|A TA|G AG|A AG|G Stops 
+1

Stops 
-1 Total GC% AT% Ist  

Half
IInd 
Half

12S 
Δ G

16S 
Δ G

Hylobates lar 25 46 199 140 9 18 45 10 68 92 366 215 581 45.98 54.02 285 232 -238.2 -363.9
Papio hamadryas 31 41 206 141 13 8 51 9 67 84 368 211 579 44.09 55.91 301 192 -233.1 -360

Pan paniscus 37 53 204 173 3 11 53 11 77 109 391 250 641 43.85 56.15 325 243 -229.2 -344.8
Pygathrix nemaeus 48 51 226 166 6 18 76 15 71 97 416 259 675 38.57 61.43 345 242 -218.6 -363.2
Procolobus badius 52 50 227 176 11 12 74 12 74 103 426 263 689 38.75 61.25 347 253 -232.2 -368.8

Presbytis melalophos 44 49 231 181 6 13 93 15 80 102 431 290 721 37.34 62.66 361 285 -216.6 -357.5
Nasalis larvatus 36 48 235 163 3 12 65 18 75 106 413 264 677 38.82 61.18 338 245 -219.8 -359.6
Semnopithecus 

entellus 50 49 225 164 7 12 82 11 74 102 408 269 677 38.47 61.53 343 259 -218.2 -354.1

Pygathrix roxellana 49 49 238 178 7 10 78 21 78 97 433 274 707 37.85 62.15 362 253 -225.6 -366.4
Macaca mulatta 33 47 212 148 6 10 36 11 73 87 376 207 583 43.57 56.43 299 219 -244.3 -361.5

Colobus guereza 48 54 216 166 8 11 66 13 70 104 401 253 654 40.62 59.38 322 239 -218 -375.8
Chlorocebus tantalus 37 49 206 140 20 18 55 17 58 91 384 221 605 42.92 57.08 311 218 -225.2 -338.9

Pongo pygmaeus 
abelii 25 52 200 156 11 10 39 10 71 102 377 222 599 46.38 53.62 311 204 -261.9 -371.5

Pan troglodytes 38 52 192 171 6 8 58 11 76 115 377 260 637 44.2 55.8 318 250 -228 -344.8
Lemur catta 42 60 225 190 9 5 80 19 86 121 429 306 735 37.77 62.23 359 324 -198.2 -340.7

Tarsius bancanus 39 63 242 181 7 9 71 13 81 114 439 279 718 38.69 61.31 351 306 -196.9 -354.1
Nycticebus coucang 38 63 202 168 13 8 63 20 80 102 391 265 656 41.22 58.78 317 289 -238.1 -372.1

Macaca sylvanus 39 48 221 137 6 16 53 13 65 92 380 223 603 43.28 56.72 300 221 -255 -360.9
Cebus albifrons 44 52 235 153 3 9 78 14 83 106 400 281 681 38.71 61.29 341 213 -219.1 -339.6

Gorilla gorilla 44 52 186 167 6 7 55 7 77 102 366 241 607 44.19 55.81 315 199 -240.6 -356
Chlorocebus 
pygerythrus 34 49 207 139 22 15 60 17 61 92 383 230 613 42.54 57.46 317 208 -227.3 -346.4

Chlorocebus sabaeus 41 49 215 148 10 11 54 15 72 94 384 235 619 42.54 57.46 304 208 -222 -340.9
Chlorocebus aethiops 39 49 209 141 9 14 57 16 68 88 373 229 602 42.8 57.2 298 216 -224.1 -345.7

Homo sapiens 34 47 191 168 5 11 43 13 75 107 375 238 613 45.07 54.93 309 230 -236.8 -358.1
Pongo pygmaeus 22 50 186 140 8 12 47 20 60 94 346 221 567 46.21 53.79 295 195 -242.4 -363
Trachypithecus 

obscurus 45 55 218 159 7 17 90 14 70 95 401 269 670 38.32 61.68 340 240 -225.1 -358.7

Cynocephalus 
variegatus 32 59 196 164 12 11 61 15 76 103 383 255 638 43.49 56.51 321 255 -207 -360.4

Tupaia belangeri  32 68 196 201 14 7 56 20 76 108 418 260 678 41.25 58.75 337 305 -221.7 -403.4

Columns 2-3, +1 and -1 start codons; columns 4-7, +1 stop codons, columns 8-11, -1 stop codons; columns 12-14, +1, -1 and sum (+1 and -1) stops total; columns 15-
16, GC and AT % respectively; columns 17-18, stop codons in first and second half of genes;  columns 19-20,  ΔG of optimal secondary structure of 12s and 16s rRNAs 
respectively. 

Table 1: Numbers of off-frame start and stop codons in 13 mitochondrial coding sequences of 26 primates and two out groups Cynocephalus and Tupia.
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If the ambush hypothesis is correct, then hidden stops should be 
more frequent for large and frequently expressed genes. In order to 
evaluate this assumption an analysis for the correlation between ΔG of 
secondary structure for mRNA and hidden stops in 13 mt coding genes 
in primates and two near-primates outgroups was performed. There 
is negative correlation between ΔG of secondary structure (P<0.05) of 
the coding genes and number of hidden stops in respective sequences 
(Table 2 and Figure 5). More stable structures have more count of 
hidden stops and vice versa, indicate optimization of codon usage 
for more stable mRNA structures or less evolved proteins. Further, 
correlation between codon adaptive index (CAI) and hidden stops was 
calculated for these genomes. Results (Table 2) are not in support of 
the previous view, and indicate conflict about this event. This kind of 
analysis on larger and diverse data set could provide more insight into 
this process.

Ozbudak et al. [47], measured rates of transcription and translation 
under different independent conditions of a single fluorescent reporter 
gene in Bacillus subtilis to explain the variation of gene expression 

levels. They induce artificial variation in the sequence between 
promoter region and the initiation codon. They suggested that “increase 
in translational efficiency will strongly increase the variation in the 
expression of any naturally occurring gene”. Low translation rates will 
lead to reduced fluctuations in protein concentration. Similar kind of 
experiment was performed by Gheysan et al. [48] on the expression 
of the cloned ‘Sv40 small-t antigen’ genes in bacteria. They altered the 
nucleotide sequence preceding the translational initiation codon.

Noise in the gene expression is harmful, as it mangles cell signals, 
corrupts circadian clocks [49], and disrupts the fine-tuned process of 
development. Various techniques like cell signaling pathways [50], 
developmental switches [51], and autoregulation [52], have evolved to 
minimize the disruptive effect of such fluctuations. Ambush hypothesis 
implies, if the reading frame of the ribosome is not zero; the earlier 
a stop terminates translation, the earlier mRNA and ribosomes are 
available for interacting correctly and it will also help in the reduction 
of off-frame noise. Variation in gene expression levels or noise strength 
shows a strong positive correlation with translational efficiency [47,48]. 
There are several experimental evidences of independent regulation of 
transcriptional units in E. coli [53], and the influence of ribosome-

Figure 3: Correlation between frame shifted (+1 and -1) hidden stop codons 
and the function of predicted stability of rRNA or ∆G of the secondary structure 
formed by 12s rRNAs, in 100 mammals.

Figure 4: Correlation between frame shifted (+1 and -1) hidden stop codons 
and the function of predicted stability of rRNA or ∆G of the secondary structure 
formed by 16s rRNAs, in 100 mammals.

Figure 5: Correlation between frame shifted (+1 and -1) hidden stop codons 
and the function of predicted stability of mRNA or ∆G of the secondary structure 
in primates and near-primate outgroups (table 2). Graph is plotted separately 
for each species and merged in Origin-lab.

Organisms
ΔG of secondary structure 
for 13 protein coding genes 

and hidden stops

CAI for 13 protein coding 
genes and hidden stops

Primates (r) (P) (r) (P)
Cebus 

albifrons -0.79894 0.00105 -0.18817 0.53814

Colobus 
guereza -0.90014 0.0001 0.38828 0.18984

Cynocephalus 
variegatus -0.84057 3.1995E-4 -0.34677 0.24572

Gorilla gorilla -0.93505 0.0001 0.42864 0.1439
Homo sapiens -0.90359 0.0001 0.60663 0.02793
Hylobates lar -0.87315 0.0001 0.3755 0.20608
Lemur catta -0.89299 0.0001 -0.09624 0.75446

Tupaia 
belangeri -0.84848 2.45799E-4 -0.1369 0.65562

Nycticebus 
coucang -0.87646 0.0001 0.0990 0.74747

Table 2: Correlation (r) and probability (P) of correlation of hidden stops with ΔG 
of secondary structure for mRNA and CAI respectively, in 13 mt coding genes in 
primates and two near-primates outgroup.
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binding site elements on translational efficiency in Bacillus subtilis and 
E. coli [54]. All experiments are indicative of manipulations towards 5’ 
end of coding sequences.

Computational evaluation of 5’ end coding sequence parameters 
could be accomplished by calculating number of hidden stops in mt 
coding genes of primates and vertebrates. Analysis has been performed 
by dividing each coding gene in two parts. If ambush hypothesis is 
correct then more hidden stops should be in 5’ portion of the gene, as 
costs of off-frame translation are presumably higher when frameshifts 
occur near 5’ end of coding genes. In all primates (columns 17 and 18, 
Table 1), hidden stops are more frequent in first part, supporting the 
hypothesis. Similar analysis was performed in vertebrates mt coding 
sequences and found more hidden stops in first half of the coding genes 
in 820 vertebrates (data not shown), supports the selection of hidden 
stops near 5’ portion of gene sequences in mt genomic sequences.

Frameshift mutations and their associations with disease and 
other biological aberrations

There are some specific disease based studies where the significance 
of this putative event of frameshift could be reflected based on 
frameshift mutations and their involvement in various diseases and 
other biological machineries. E. coli’s association with chromosomal 
reference and mutational sites is a recent study where authors show 
that in a mismatch repair deficient background, a condition where the 
mutation rate reflects the fidelity of the DNA polymerization process, 
the frameshift mutation rate could vary up to four times among different 
chromosomal contexts. The results presented in this work show that 
even though frameshift mutations can be efficiently generated and/or 
repaired anywhere in the genome, these processes can be modulated 
by the chromosomal context that surrounds the mutation site [55]. 
Several other mutational studies on human DNA repair system 
coluld be of interest to the scientific community [56]. Studies for the 
frameshift mutation in release factor 2 (RF2) in several bacterial species 
were reported and found associated with important biosysnthesis of 
RF2 [57]. There are several cases of frameshift mutations in viruses. 
Study on bean yellow mosaic virus where frameshift mutations were 
forund associated with an overlapping gene of a viral protein resulted 
in ployprotein [58].

There are several examples where frameshift mutations were 
found associated with various human disorders. A study performed 
on Diamond-blackfan anemia, where authors reported frameshift 
mutation in p53 regulator RPL26 and its association with multiple 
physical abnormalities. Additionally they have found a specific 
preribosomal RNA processing defect which is associated with this 
putative event [59]. A study on thirteen patients collected from 8 
families with a retinal dystrophy was performed to analyze to screen 
mutational effects. Authors reported that that mutations in RLBP1 
may lead to FAP with cone dystrophy. They finally concluded that a 
homozygous frameshift mutation in LRAT causes Retinitis Punctata 
Albescens [60].

Pendred syndrome (PS) is an autosomal recessive disorder 
characterized by congenital bilateral sensorineural hearing loss, goiter, 
and incomplete iodide organification. Authors performed genetic 
investigation and revealed compound heterozygous mutations for 
p.R677AfsX11, a novel frameshift mutation, and p.H723R in the 
SLC26A4 gene in Korean population. These findings provide detailed 
information regarding the distribution of mutant alleles for PS and 
colud be helpful in future research [61]. Kim et al. [62] found an 

association of frameshift mutation of the gene SMARCC2 in gastric 
and colorectal cancers with microsatellite instability.

There are several other evidences where frameshift mutations, 
their direct or by-products found associated with several biological 
processes and diseases [63-65]. Study of these mutations and their 
functional and evolutionary consequences could provide insights into 
the proper management of biochemical processes associated with 
these diseases. Huge amount of biochemical energy could be saved 
by applying biotechnological techniques for these mutations in a 
positive directions and it is estimated that appropriate manipuation of 
frameshift mutations could help in the prevention of many diseases.

Conclusion
Mt genomic data analysis revealed that frameshift mutation 

mechanism has association with myriad biochemical processes of 
genomic context. Strong correlations were found between rRNA and 
hidden stops in mt genomic data. Vertebrate mitochondrial genome’s 
AT richness is also corroborated by this mechanism. Therefore study 
of this mechanism will help molecular and evolutionary biologists, and 
biotechnologists to verify various aspects related to this evolutionary 
event and will provide new directions to the research in this area. 
Knowledge about this mechanism will also provide opportunities 
to discuss other evolutionary events and to associate them with this 
mechanism. It is hoped that this kind of studies would serve as a useful 
complement for analyzing hidden stop codons in all the lineages 
through their respective genetic code systems. Additionally it will help 
to manipulate the biological sequences through their natural biological 
phenomenon by applying various physiological, and biochemical 
parameters to analyze its impact on natural sequences and their future 
biological predictions. In summary, hidden stop codons plays an 
important role in the process of evolution and could help in increasing 
the efficiency of biosynthetic machinery, by manipulating them in a 
biochemical, or bioenergetic way.
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