
Supporting Text S1 
Deleterious loss-of-function variants are prevalent in yeast populations 

Doniger and colleagues[1] sequenced the genome of two natural yeast strains and compared them to a reference genome (laboratory strain S288C) with the aim to identify deleterious and neutral DNA sequence variation within Saccharomyces cerevisiae. The paper found substantial evidence for functional variation in gene content and structure resulting from large insertions/deletions, frame-shifts and polymorphic start and stop codons. We analyzed this dataset further, and found that many of the identified loss-of function mutations would have serious fitness consequences in the reference (haploid) genome. First, we focused on large gaps in the genome alignments of the three strains (>5KB) most likely indicating insertion/deletion events across populations. Altogether, such gaps covered 211 genes (all of which are intact in the reference genome). Comparison of this dataset to results of previous genome-scale single gene knock-out screens [2-4] revealed that 12% of these 211 genes significantly reduce fitness in at least one laboratory condition when deleted. Similar results hold for point mutations which cause frame-shift in protein coding sequence regions. Out of the 379 genes affected by such events [1], 22% reduce fitness when deleted. These relatively high figures indicate that deleterious loss of function variants can reach high frequencies in yeast populations, which may be subjects of compensatory evolution. 

Evolutionary compensation in lines carrying deletion in MDM34
MDM34 is a subunit of the endoplasmatic reticulum - mitochondria tethering complex (ERMES complex). Deletion of MDM34 reduces the levels of cardiolipin (CL) [5]. CL is a mitochondrium-specific phospholipid, and has a critical for the biogenesis of respiratory chain supercomplexes. It binds to cytochrome c, limiting its soluble pool [6]. Mitochondrial CL is mainly composed of mono-unsaturated and di-unsaturated fatty acyl chains of 16–18 carbons in length [6]. Despite of the substantial fitness defect associated to MDM34 deletion, the fitnesses of all four ∆mdm34 independently evolving lines were uniformly high and comparable to those of the wild type in the medium of laboratory evolution (Table S1). However, the fitnesses of these replicate lines showed a large variation across environments (Figure S4), indicating differences in the underlying genetic mechanisms of compensation. Consequently, these lines are especially suitable candidates for an in-depth analysis to understand the nature and molecular mechanisms of compensatory evolution.

Upregulation of unsaturated fatty acid synthesis (evolved line 1)

A point mutation in the MGA2 gene (referred to as mga2-1) was found in one of the evolved ∆mdm34 lines. MGA2 positively regulates the transcription of an essential fatty acid desaturase (OLE1). OLE1 is required for the production of monounsaturated fatty acids [7], which are precursors of cardiolipin [8]. Real-time PCR analysis demonstrated that the ∆mdm34 evolved line harboring the mga2-1 mutation showed two-fold enhancement in the expression of OLE1 compared to the expression level of this gene in the corresponding ancestor, (t-test, P<0.05, see Figure S4B).


We propose that upregulation of OLE1 transcription via mutation in MGA2 increases the production of unsaturated fatty acids, and as consequence, increases CL production in ∆mdm34 by mass action. According to this hypothesis, cell growth is limited by the availability of desaturated fatty acids in ∆mdm34 but not in the corresponding evolved line with mga2-1 mutation. Several lines of evidence support this hypothesis (see below). 


Oleic acid is the main primary product of Ole1 protein, as addition of oleic acid complements OLE1 null mutation [7]. As a consequence, administration of oleic acid into the medium partially compensated the fitness defect of ∆mdm34 (Figure S4C). As expected, this effect was specific to the unsaturated oleic acid, since administration of the saturated stearic acid with the same carbon chain length did not provide compensation. 


However, the external oleic acid failed to increase the fitness of the evolved line, indicating that cell growth is no longer limited by the availability of the desaturated fatty acid in the presence of an mga2-1 mutation (Figure S4C). To further support our hypothesis, we introduced the mga2-1 mutation into ∆mdm34. As expected, OLE1 was upregulated in this strain (t-test, p<0.05, see Figure S4B), and addition of external unsaturated fatty acid to the medium had no fitness effect (Figure S4C).


Environmental dependence of the phenotypic effects of mga2-1 



As a next step, the fitness of the ∆mdm34 mga2-1 double mutant was measured in 14 environments. The fitness profile of the double mutant showed strong positive correlation with that of the corresponding evolved line (Spearman rho= 0.94 p<10-6, see Figure S4D), demonstrating that this double mutant captures the fitness trade-offs of evolved line 1. Remarkably, mga2-1 mutations failed to compensate loss of mdm34 in an acidic environment (Figure 6C). We suspect that this pattern is partly due to a dominant downregulation of OLE1 upon mild acidic stress [9].

Cardiolipin biosynthesis gene MDM35 (evolved line 3)

Mdm35p is a mitochondrial intermembrane space protein, and its physical association with Ups1p is required for the normal function of Ups1p in cardiolipin biosynthesis [10]. The identified mutation in MDM35 may facilitate the Ups1p dependent step of cardiolipin biosynthesis in the intermembrane space, downstream of the phospholipid transport, which is catalyzed by the ERMES complex.

Carnitine transporter (evolved line 4)

Crc1p is a mitochondrial inner membrane carnitine transporter. It is involved in the carnitine-dependent transport of acetyl-CoA from peroxisomes to mitochondria during fatty acid beta-oxidation [11]. Crc1p also transports long-chain acylcarnitines, albeit at lower efficiency [11], which may provide an alternative route for long chain unsaturated acyl groups to enter the cardiolipin synthesis pathway. Moreover, the free carnitine in the mitochondrion activates respiration through interaction with cardiolipin at the membrane level [12]. We speculate that the identified point mutation in the CRC1 gene acts through the modulation of the mitochondrial carnitine pool, and indirectly modulates cardiolipin functioning in respiration.

Computational pipeline of image analysis and colony growth normalization

Images of plates with colony arrays were photographed in a dark-room with a backlit plate mount. We have developed a JAVA software to process images and calculate colony sizes. First, grid positions on the plate were triangulated using reference spots on the plate mount. Then a threshold level was set manually on the grayscale histogram of a randomly chosen image of a particular experiment (the same threshold was used for all plates of one particular experiment). Then a binary image was obtained by thresholding and round objects were detected by Hough transformation. Objects were accepted as true colonies if they fit the following criteria: appropriate Hough value, complete separation from neighboring objects and circularity. All these parameters had been optimized to enable efficient distinction of true colonies from irrelevant objects such as bubbles, scratches and image noise. Finally, a multilayer image with the original image and the identified colonies was generated and manually confirmed for all analyzed plates. The number of pixels occupied by the identified colonies was used as a measure of fitness.
Colony growth in high-density arrays is often affected by various systematic effects [8]. Thus, we developed a Matlab script to identify and minimize these effects. First, colonies located in the two outermost rows and columns were excluded. Next, all colony sizes were normalized by the median size of isogenic wild type control distributed evenly across the same plate. Next, to identify potential systematic biases of colony size measurement, we calculated the error of measurement (eom) value for each colony using the following formula: 

eom=(x-µ)/µ

where x is the size of the actual colony and µ is the mean of the colony sizes of the same genotype. Thus eom estimates the relative deviation of the colony size from the expected value of its genotype. The matrix of eom values was used to detect systematic biases. The detected plate-, row- and spatial-effects were then corrected in case of all colonies [8]. Both softwares are available upon request from the authors.
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