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The metabolic background is an organism’s ability to synthesize amino acids 

through a combination of protein intake and protein recycling. When one or more amino 

acids cannot be synthesized by an organism, protein synthesis will be limited as a 

necessary amino acid would have a diminished concentration; this alteration creates a 

different metabolic background. An organism that cannot synthesize all of the amino acids 

essential for its function is known as an auxotroph; organisms that can synthesize all 

amino acids are known as prototrophs. A common way to study the effects of genetic-

metabolic interactions involves using modified Saccharomyces cerevisiae, a prototrophic 

yeast. S. cerevisiae, commonly known as brewer’s yeast, is a thoroughly studied 

organism. Its full gene sequence is readily available and it has been the subject of many 

single and double gene knockout experiments. The purpose of these experiments is to 

observe the effect that a gene knockout has on the expression of other genes, also known 

as epistasis. S. cerevisiae are often genetically modified to be auxotrophic in the 

synthesis of histidine, leucine, methionine and uracil (ΔHLMU) resulting in a standard 

background identified as BY4741. This background was the parent strain for an 

international project studying gene disruption in S. cerevisiae (5). However, research 

conducted on 16 different backgrounds of S. cerevisiae, ran in triplicate, has shown that 

variations in the metabolic background can have a significant effect on gene expression, 

potentially rendering many of these studies moot (1). 
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It is well known that metabolism is a complex and interconnected mechanism in 

cellular function. This network of related functions is necessary to endure and adapt to 

various common situations that living organisms face such as growth, nutrient availability 

and stress situations. The scope of metabolism, in terms of gene expression and general 

physiology, makes it a ripe field for understanding more about our biology, yet the 

interconnection also complicates research. Through the use of a sequence aligner 

program, which compares DNA sequences to find matching segments, researchers 

were able to compare changes in the genetic code throughout evolution. Analysis of 

16 proteins, over a thousand orthologues of different multicellular organisms, found an 

average of eight different amino acids would be present at any one site. These findings 

suggest that the average rate of substitution in these proteins would be three-fifths 

lower than neutral evolution without taking into account epistatic effects. However, the 

changes were found to be 20 times lower than the neutral rate of evolution, significantly 

lower than the expectations based on their observations. The large difference between 

a factor of 0.6 and 20 provides strong evidence that epistasis is a major limiting factor 

in protein evolution (2). Additionally, epigenetic interactions (environmental or temporal 

factors), may have a constraining effect on the fitness of single nucleotide deletions. More 

importantly, even in wild-type individuals the combinatorial effects of these interactions 

can be observed by regulating the environment to reduce effectiveness of genes known 

to be epistatically related (7). Consider the interactions of two different genes with 

deletions in a cell. The two mutant genes have a combinatorial effect that is more 

detrimental than the two mutations when isolated. This deleterious effect is not limited to 

genetic mutations alone, even reduced activity due to expression causes the enhanced 
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negative effect. Thus, changes in genetic material that affects metabolism can cause a 

cascade failure throughout a cell’s systems. 

Nucleotide deletion is often used to study the effects a gene has on a system. 

Deactivating genes that relate to the metabolic pathways for the creation of most amino 

acids have results that are too far-reaching to be useful because of a lack of redundancy 

in the synthetic pathways; if they are altered the organism will die. However, some 

organisms show a preference for absorbing certain extracellular amino acids even when 

they possess the ability to synthesize them. It is therefore possible to interrupt these 

synthetic pathways to study genetic-metabolic interactions, so long as the specific amino 

acids are present in the extracellular matrix (3). 

Deletions in an organism’s genome affect the transcriptome. The transcriptome 

refers to the coding genome of an organism and it is comprised of all the mRNA 

transcribed by that organism.  In one study the transcriptomes of the 16 different 

metabolic backgrounds were compared to find changes in the expressed mRNA. These 

backgrounds represented each possible combination of the four auxotrophies of ΔHLMU 

and a prototroph as a control. Expressed mRNA sequences were determined using 

sequence by synthesis (SBS) technology. First a slide or flow cell was prepared with the 

desired DNA molecules and primers. These molecules were amplified by the use of 

polymerase, forming clusters of cloned DNA colonies. Each nucleotide was determined 

by adding all four nucleotides (G, A, T, C) with reversible terminators to the flow cell. A 

single deoxynucleotide triphosphate (dNTP), selected via natural competition, was added 

to the RNA chain and formed a terminating end. Remaining nucleotides were washed 

away. Each dNTP had a unique fluorescent label for each type of nucleotide which were 
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recorded by a camera. The label and terminating end were cleaved by a proprietary 

enzyme solution to make the RNA chain available for the next nucleotide addition and the 

next cycle began. The series of labels recorded by the camera allows for the sequencing 

of the mRNA. Once all mRNA transcripts were identified in a given background the 

transcriptomes of the different backgrounds were compared (1). 

 In addition to the 16 metabolic backgrounds tested, the transcriptomes of many 

other experiments in background BY4741 were also compared. One such experiment 

dealt with the gene expression under the conditions of huntingtin toxicity (the protein 

mutation that causes Huntington’s Disease). This research team used a microarray to 

determine the transcriptome of their yeast cells. Two controls were used in this 

experiment: one control array did not have the mutant huntingtin protein, and the other 

had the mutant huntingtin protein without any additional knockouts. In a microarray 

experiment the nucleic acid segment of interest is created by reverse transcription and 

a fluorescent label is added. This sample is then mixed with a hybridization solution 

intended to bind the target nucleic acid to the array. A wash removes those cDNA 

strands that are undesired (by virtue of non-specific binding). After being dried the array 

is then scanned by a laser which excites the labels. The fluorescence is monitored and 

recorded by a detector, developing the sequence and allowing for the identification and 

recording of the mRNA (6). The huntingtin protein is not of particular interest to this 

paper, what makes this research important is that it used an auxotrophic background 

and measured the effects of a non-metabolic mutation on the transcriptome. This 

experiment, and others like it, provided information on transcriptome changes related 
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to deletions that do not interrupt the metabolic pathways and were compared against 

the same background in the initial set of 16. 

Out of 5,923 mRNA transcripts 5,011 were found to be differentially expressed. 

85% of the coding genome was affected and 83% of these differentially expressed genes 

(DEGs) were found to overlap between the backgrounds. 573 (9.7% of the coding 

genome) transcripts had a twofold change in expression. In the ΔHLMU background, 34% 

of the DEGs overlapped and even with only a single knockout, the average overlap was 

18% (1). These numbers suggest that non-metabolic gene expression experiments with 

auxotrophs can be confounded by epistatic effects of the inherent deletions in the 

background. 

Comparing the physiological effects of metabolic backgrounds for auxotrophic 

yeasts and their prototrophic counterparts, researchers found that the auxotrophs 

behaved very differently and erratically. In this experiment the same 16 backgrounds 

were observed in 16 different environments (consisting of all the possible combinations 

of the presence or absence of histidine, leucine, methionine, and uracil). Growth rates, 

the most important phenotype, were determined via maximum optical density 

measured at regular intervals. The optical density was determined by cultivating the 

yeast strains on a microtiter plate and placing them in a plate reader.  Growth rates 

varied from .207 per hour to .125 per hour (4). Furthermore, it was found that the various 

auxotrophic markers had complex epistatic interactions with each other. To provide some 

examples, restoring methionine prototrophy had a negative effect on growth rate of 

ΔHLMU (auxotroph in histidine, leucine, methionine and uracil) and ΔLMU, but increased 

growth in ΔHLM. Restoring leucine prototrophy had no effect on ΔHLMU, yet increased 
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growth in both ΔHLU and ΔHLM (4). Changes in the composition of the media of yeast 

colonies with the same gene knockouts can lead to drastically different transcription, as 

well. The metabolic media also have an effect on the prototrophic yeast cells, but they 

are less significant (4). These findings suggest that many in vitro studies using S. 

cerevisiae may not reflect real-world outcomes as they depend on a certain background 

and extracellular matrix. These many and varied effects are likely to confound 

observations of genetic epistasis in S. cerevisiae auxotrophs. 

Even more problematic are the results of synthetic lethality shown in auxotrophs. 

This determination was made using tetracycline-controlled transcriptional activation. This 

process involves inserting certain operator sequences upstream of a minimal promoter 

sequence to create a tetracycline response element (TRE). When the tetracycline 

transactivator protein (tTA) binds to a TRE expression of the genes downstream are 

increased. The presence of tetracycline or its derivatives (doxycycline in this experiment) 

represses expression of the TRE-controlled genes by competitively binding with the tTA 

proteins and rendering them incapable of activating the TRE sequences. Four non-

metabolic genes were tested in both the BY4741 background and the prototroph 

background, while a known essential gene (POL1) and a known non-essential gene 

(ENO2) in both backgrounds were used as controls. When treated with doxycycline all 

four auxotrophs showed that the corresponding genes were essential, as the colonies 

died when unable to express them. Yet, the prototrophs survived the doxycycline 

treatment, indicating that the genes were not essential. As expected, both POL1 samples 

expired under treatment, while both ENO2 samples survived. This experiment shows just 

how misleading auxotrophic backgrounds can be when testing the lethality of knockouts. 
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Prototrophs are more suitable for genetic and genomic studies as they are less 

affected by the media and have at least twice the lifespan (4). Auxotrophy not only gives 

more varied results but has been shown to give false results, as well. This research has 

the potential to change how studies in gene expression are conducted by urging the 

scientific community a to adopt a prototrophic background that may more appropriately 

represent epistatic interactions without the confounding effects present in auxotrophs. 
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