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Abstract

fitness in the context of a gene network.

Yeast

Background: Gene-environment interactions are often mediated though gene networks in which gene expression
products interact with other network components to dictate network activity levels, which in turn determines the
fitness of the host cell in specific environments. Even though a gene network is the right context for studying
gene-environment interactions, we have little understanding on how systematic genetic perturbations affects

Results: Here we examine the effect of combinatorial gene dosage alterations on gene network activity and cellular
fitness. Using the galactose utilization pathway as a model network in diploid yeast, we reduce the copy number of
four regulatory genes (GAL2, GAL3, GAL4, GAL80) from two to one, and measure the activity of the perturbed networks.
We integrate these results with competitive fitness measurements made in six different rationally-designed
environments containing different galactose concentrations representing the natural induction spectrum of
the galactose network. In the lowest galactose environment, we find a nonlinear relationship between gene
expression and fitness while high galactose environments lead to a linear relationship between the two with
a saturation regime reached at a sufficiently high galactose concentration. We further uncover environment-specific
relevance of the different network components for dictating the relationship between the network activity and
organismal fitness, indicating that none of the network components are redundant.

Conclusions: These results provide experimental support to the hypothesis that dynamic changes in the environment
throughout natural evolution is key to structuring natural gene networks in a multi-component fashion, which robustly
provides protection against population extinction in different environments.
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Background

Cells are extraordinarily complex systems that emerged out
of billions of years of evolution that morphed the earliest
prokaryotes into the diverse universe of biological organ-
isms today. Having undergone such a lengthy optimization
process, the parameters of these systems, including the ex-
pression levels of the genes in the cell, are surely near their
optimal values for fitness. It follows that, as a general mat-
ter, significant changes to such parameters will likely cause
a reduction in fitness, and indeed halving the dosage of
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most essential genes in diploid yeast has been shown to
give rise to negative fitness impact, especially for genes of
which the protein products interact with other proteins [1].
Similarly, in humans, duplications increasing the dosage of
critical genes are known to cause severe genetic diseases
[2]. Such drastic dosage changes aside, the amount of the
product of a gene in the cell is hardly constant over time,
due to the inherent stochasticity, or noise, of the transcrip-
tion and translation processes as well as other parts of the
cellular machinery [3-9], resulting in a change in the effect-
ive dosage of the gene.

However, genes generally do not interact with the envir-
onment in isolation. Instead, those interactions typically
occur through the action of often complex gene networks:
the environment interacts with specific gene expression
products, which alter the activity level of the network
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through their interactions with other network components.
That activity level then determines the cell’s fitness in that
environment. To study the effect of genetic perturbations
without considering it in the context of the gene network is
not unlike the parable of the blind men and an elephant: it
misses the forest for the trees.

Work has been done on changing the dosage of indi-
vidual genes [1, 10, 11], as well as changes in the dosage
of entire gene networks, which, like the dosage of indi-
vidual genes, can occur due to changes in cell volume
and genome content during cell cycle [12-14]. In the
latter case, a molecular mechanism intrinsic to the gene
network topologies has been discovered [12] and mul-
tiple instances of such topologies have been found in the
budding yeast genome [13]. Nonetheless, little has been
done to study the effect of dosage perturbations of indi-
vidual genes in a gene network context. A comprehen-
sive understanding on the links between gene dosage
perturbation, network activity levels and fitness in the
context of a natural gene network would provide im-
portant insights into why certain gene expression levels
and network topologies have been selected over evolu-
tionary timescales.

Results

Systematically characterizing dosage-fitness relationships
in the yeast GAL network

For a systematic characterization of dosage-fitness relation-
ships, we used the Saccharomyces cerevisiae galactose
utilization (GAL) network as the model system, as it is
arguably the most well-characterized gene network in
eukaryotic biology (Fig. 1a) [7, 12, 15-19]. Transcription of
genes in the GAL network is controlled by the constitu-
tively expressed transcription factor Galdp, whose activity
in the absence of galactose is inhibited by the inhibitor
Gal80p. The signal transducer Gal3p is activated by galact-
ose and binds to the inhibitor Gal80p, relieving Gal4p from
Gal80p’s suppression to activate all GAL network genes ex-
cept for Galdp itself [20-23]. Gal2p is a galactose permease
that imports extracellular galactose molecules into the cell
[24], and thus may potentially impact both the level of GAL
network activation and the benefit the cells receive from
the production of GAL network proteins.

Using Pgar;-YFP as our single-cell level reporter of
the GAL network activity, we constructed 16 different
diploid yeast strains by combinatorially reducing the
copy number of the four regulatory genes of interest
(GAL2, GAL3, GAL4, GALS80) from two to one (Fig. 2a).
We confirmed that these strains have no GAL network
activity when grown in 2% glucose (Additional file 1:
Figure S1). We next measured the comparative fitness
and YFP expression levels in these strains in three kinds
of environments designed to represent a diverse set of
environmental conditions: an environment with minimal
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(0.03%) galactose and a moderate amount (0.1%) of
mannose (a non-inducing neutral carbon source for the
GAL network); a “mirror” environment with moderate
(0.1%) galactose and minimal (0.03%) mannose; and sev-
eral pure-galactose environments with galactose concentra-
tions ranging from 0.1 to 2%. To measure the fitness of a
strain in a given environment, we mixed it with cells from a
reference strain carrying the constitutively expressed
Prgr;-mCherry reporter in the diploid wild-type back-
ground, grew the mixture (after appropriate equilibration)
for 48 h, and calculated its fitness [25] relative to the
reference strain from the ratio of cells at the beginning
and end of the growth period (Fig. 1b). We confirmed
that the fitness value measured is invariant with respect
to the ratio of cells at the beginning of the growth
period (Additional file 1: Figure S2).

Dosage-fitness relationships in mixed sugar environments
In the first environment, with minimal galactose and
moderate neutral sugar, we observed significant differ-
ences in both expression level and the fitness of the 16
strains (Fig. 2). Most strikingly, reducing the dosage of
GALSO significantly increased the expression level and
at the same time caused significant loss of fitness (Fig.
2b and c), while reducing the dosage of GAL3 has a
much smaller positive impact on fitness (Fig. 2e). How-
ever, as can be seen from the hockey-stick-like plot of
fitness against expression, the exact amount of expres-
sion level increase had a nonlinear relationship with the
fitness lost (Fig. 2d), and indeed strains whose average
expression level differ by up to 10-fold displayed similar
levels of fitness, indicating that the fitness cost is linked
to the very act of activating the GAL network genes, ra-
ther than simply the energy cost of producing excess
GAL network proteins.

We then assessed the results obtained from the second
environment (Fig. 3), which is a mirror of the first: min-
imal neutral sugar (0.03%) and moderate galactose (0.1%).
Here we observed two separate trends: strains with the
GAL2 copy number halved displayed a significant loss of
fitness (Fig. 3¢, e), despite having similar levels of GAL
network expression (Fig. 3b), which we interpreted to be
due to their reduced ability to internalize the environmen-
tal galactose. While other hexose transporters capable of
transporting galactose do exist in yeast, it is apparent that
at least in this environment, they are unable to make up
for the reduction in Gal2p expression in these strains,
probably because they have less affinity for galactose and
may require a higher concentration to function. Mean-
while, of the strains that have two copies of GAL2, there’s
a clear inverse correlation between the expression level
and fitness, indicating that at 0.1% galactose, the cost of
expressing additional GAL network proteins outweighs
the benefit (Fig. 3d).
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Fig. 1 a Network architecture built by the GAL2, GAL3, GAL4, and GAL8O0 regulatory genes. The red lines denote the four-stage signaling cascade.
The galactose-bound state of Gal3p is denoted by Gal3p*. Pointed and blunt red arrows reflect activation and inhibition, respectively. The dashed
blue arrows denote feedback loops established by Gal2p, Gal3p and Gal80p. The dashed red arrow represents the constitutive expression of the
Gal4 proteins. The double red arrows denote translocation of Gal80p and Gal3p* between cytoplasm and nucleus. b lllustration of the fitness

metric. The strain under investigation is mixed with a reference strain, allowed to equilibrate and then grown for 48 h. The fitness value is calculated
from the population ratio of the two strains at the beginning and end of the growth period as shown

15

_ %_g) =133

(1

Dosage-fitness relationship in pure galactose environments
Since activating the GAL network carries significant fit-
ness cost and the presence of the neutral sugar permit-
ted some cells to survive without activating the network
(Fig. 3a), we decided to examine the behavior of these
strains when the neutral sugar is removed and only 0.1%
galactose is present in the environment (Fig. 4). All cells
in this environment necessarily pay the cost associated
with activating the GAL network, eliminating the con-
founding factor and allowing for a clearer evaluation of
the relationship between additional expression and fitness.
As we expected, the GAL2-dependent fitness reduction
also appeared in this environment (Fig. 4c, e). However,
unlike in the previous environment (Fig. 3e), reducing the

copy number of GAL4 only has a minimal effect on fitness
(Fig. 4e). This is consistent with these cells’ inability to
avoid activating the network (and the associated fitness
cost). Indeed, the amount of fitness lost due to increased
expression is significantly smaller (Fig. 4c-d) compared to
the previous environment (Fig. 3d).

We then decided to explore the impact of further in-
creasing the environmental galactose concentration in
pure-galactose environments with 0.3%, 1% or 2% galactose.
Unlike the 0.1% galactose environment, reducing GAL2
dosage turned out to either have no significant effect on fit-
ness (Additional file 1: Figure S3E) or slightly increase fit-
ness (Fig. 4e; Additional file 1, Figure S4E) in these higher
galactose environments, even though the activity of the
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Fig. 2 Results of the competition experiment in Environment A (0.03% galactose, 0.1% mannose). a Final expression level distributions of the 16
strains. b Average Pg,, ;-YFP expression level of the 16 strains. Expression levels are normalized to the expression level of the reference strain in
the same sample. Error bars indicate s.em. (N =9). Stars indicate statistically significant differences from wild-type strain as determined by a
two-tailed Student’s t-test (Bonferroni-corrected p-value: ****: p < 0.0001; ***: p < 0.001; **: p < 0.01; *: p < 0.05). ¢ Average fitness value of the 16
strains, normalized to the average fitness value of the wild-type strain. Error bars indicate s.e.m. (N =9). Stars indicate statistically significant differences
from wild-type strain as determined by a two-tailed Student’s t-test (Bonferroni-corrected p-value: ****: p < 0.0001; ***: p < 0.001; **: p < 0.01;
* p<0.05). d Plot of expression vs. fitness for the 16 strains. Error bars indicate s.e.m. (N=9). e Average effect of copy number reduction on
fitness for the four genes in this environment. Error bars indicate uncertainty calculated from the s.e.m. of the fitness measurements
J

network, as indicated by the expression level of the re-
porter, did not change significantly (Fig. 5a; Additional file
1: Figures. S3A, S4A) compared to the 0.1% galactose case
(Fig. 4a), and so the cells are expressing similar amounts of
Gal2p. We interpret the absence of fitness reduction to be
due to the non-specific hexose transporters [24, 26] such as
Hxtdp [27] being able to assist in galactose import at these
higher galactose concentrations. The slight increase in fit-
ness at 1% and 2% galactose is consistent with previous ob-
servations that GAL2 overexpression can decrease uptake
of galactose [28] and reduce growth rate [29]. Meanwhile,
the benefit from being able to metabolize additional galact-
ose begins to overtake the cost of producing additional

GAL network proteins as the environmental galactose con-
centration increases. As a result, we see that the strains
with one copy of the GAL4 gene (the constitutively-
expressed master transcription factor of the entire GAL
network) gradually lose ground to the wild type in terms of
fitness as the galactose concentration rises: at 0.3% galact-
ose, the expression level is approximately fitness-neutral
(Additional file 1: Figure S3D-E), while at even higher
galactose levels (1% or 2%) the higher expression level
is associated with an increase in fitness (Fig. 5d-e;
Additional file 1: Figure S4D-E).

To obtain another layer of quantitative understanding
about the relationship between expression level, galactose



Luo et al. BMC Systems Biology (2018) 12:85

Page 5 of 11

p
a Eh h
ih \ ) § )}
2 [2] hL h:.
32 Eﬂ JH_L
o
e}
1
g 8 IR
10" 102 10° 10* 10° H'L J Jl
Expression [a.u.] \
b 1.5 d 25
8 40 20 &
8 g 15 5
a <
0.0 05 rold  He e 1ol1ay
HEREPRARPEPH R P H 00
07 08 09 10 11
Expression
c 2 5 Kkkk kkk  kk kkkk ok Hkkk kkkk dkkk kkkk hkkk kkkk kkkk e 1 5
2 1.0
2 fg £ s
Q N = -
£ 10 S 00 i
os [ [ILIM i i
00 [t} = I B W & 1.0
i A e P e L P 4 P D R O R D 15
GAL2 GAL3 GAL4 GAL8O
Fig. 3 Results of the competition experiment in Environment B (0.1% galactose, 0.03% mannose). a Final expression level distributions of the 16
strains. b Average Pg,, ;-YFP expression level of the 16 strains. Expression levels are normalized to the expression level of the reference strain in
the same sample. Error bars indicate s.em. (N =9). Stars indicate statistically significant differences from wild-type strain as determined by a
two-tailed Student’s t-test (Bonferroni-corrected p-value: ****: p < 0.0001; ***: p < 0.001; **: p < 0.01; *: p < 0.05). ¢ Average fitness value of the 16
strains, normalized to the average fitness value of the wild-type strain. Error bars indicate s.e.m. (N =9). Stars indicate statistically significant
differences from wild-type strain as determined by a two-tailed Student’s t-test (Bonferroni-corrected p-value: ****: p < 0.0001; ***: p < 0.001; **: p < 0.01;
* p<005). d Plot of expression vs. fitness for the 16 strains. e Average effect of copy number reduction on fitness for the four genes in this environment.
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concentration and fitness, we fitted the expression level
and fitness data from the 0.3% and 1% galactose-only envi-
ronments to a simple linear model (Fig. 5d; Additional file
1: Figure S3D). The model provided a reasonably good
match between expression level and fitness in the 0.1%
galactose environment for strains with two copies of
GAL2 (Fig. 4d, solid line), but predicted a significantly
steeper curve than experimentally observed for the 2%
galactose environment (Additional file 1: Figure S4D, solid
line), indicating saturation. Indeed, the experimental re-
sults obtained in the 2% galactose environment were far
closer to what the model predicts for the 1% galactose en-
vironment (Additional file 1, Figure S4D: dotted line).

Epistasis analysis

Finally, we examined the epistatic effects of dosage reduc-
tion in multiple genes. In each environment, we first com-
puted the overall epistatic deviation for the eleven strains
with dosage reductions in at least two genes (Additional
file 1: Figure S5, left column). We found significant epi-
static deviations at o = 0.05 for five dosage-reduction com-
binations in environments A and B, two combinations in
environment C, and one combination in environment D.
We next computed higher-order epistatic deviations and
found only three combinations with significant higher-
order epistatic interactions, all in environment A
(Additional file 1: Figure S5, right column). We attribute
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Fig. 4 Results of the competition experiment in Environment C (0.1% galactose). a Final expression level distributions of the 16 strains. b Average
Peari-YFP expression level of the 16 strains. Expression levels are normalized to the expression level of the reference strain in the same sample. Error
bars indicate s.e.m. (N=9). Stars indicate statistically significant differences from wild-type strain as determined by a two-tailed Student’s
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normalized to the average fitness value of the wild-type strain. Error bars indicate se.m. (N =9). Stars indicate statistically significant differences from
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the absence of additional cases of higher-order epistatic de-
viations to the high level of uncertainty arising out of error
propagation: each higher-order epistatic deviation measure
is calculated from at least seven fitness measurements.

Discussion

Our observations provide new insights into how gene
dosage alterations influence cellular fitness. The fitness
levels of most strains with gene dosage alterations were
found to be environment-dependent, and reducing the
copy number of GAL2, GAL4 or GALS8O0 caused substan-
tial reductions in fitness in at least of one of the environ-
ments used in our study. The “quadruple deletion”

strain in which the copy number of all four genes have
been halved is less fit than the wild-type strain in five of
the six environments tested and have similar fitness in
the remaining one (environment E). We note that, while
network dosage compensation [12—-14] keeps the activity
of the GAL network promoters similar between the wild
type and the quadruple-deletion strain, having one vs
two genes still makes a difference in overall gene expres-
sion from the specific genes.

We note that halving the dosage of the genes may not
reduce their expression level exactly by half, with the ex-
ception of the constitutively expressed transcription factor
GAL4 [30]. The remaining genes are all regulated by the
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GAL network machinery with its multiple feedback loops
that can potentially either mitigate or amplify the effect of
dosage reduction on network output. While the focus of
this study has been to uncover how gene dosage variations
affect network output and fitness of the host cells, the
shifts we observed in downstream GAL1 promoter activity
and fitness clearly indicate that expression level changes
have taken place as a result of the gene dosage alterations.

Our results lend empirical support to our original hy-
pothesis that the expression levels in wild-type cells were
sufficiently optimized such that perturbations are to be
detrimental. Regarding GAL3, simply reducing its copy

number in our experiments either has no effect on fit-
ness or a slightly positive one, depending on the envir-
onment. However, this is not the entire picture. The
GAL network has a second inducer: the galactokinase
Gallp also serves as a weak, but highly expressed, inducer
[20, 22, 31] of the GAL network. To avoid the confounding
factor through galactose metabolism and its effect on over-
all fitness, we did not perturb the GAL1 dosage in this
study. Also, due to experimental limitations, we were only
able to reliably measure fitness after cells have adapted to
the environment and reached steady state. While Gal3p’s
role as the activator of the GAL network after the network’s



Luo et al. BMC Systems Biology (2018) 12:85

initial activation can be filled by Gallp, Gal3p still plays an
essential role in the initial activation of the network, as the
basal expression of Gallp in the absence of galactose is vir-
tually nonexistent [32]. Indeed, complete deletion of GAL3
is known to dramatically increase the induction lag from a
few minutes to several days [33, 34]. Thus, while reducing
the dosage of GAL3 might increase the fitness after the cells
have adapted to its environment, it almost certainly will
negatively impact the ability of the cells to react and adapt
to increases in environmental galactose.

Genes typically interact with the environment through
the activity of gene networks, and it is not possible to ob-
tain a comprehensive understanding of the impact of gen-
etic perturbations on cellular fitness without considering
the complete picture in the context of a gene network. By
systematically perturbing the dosage of the GAL network
regulatory genes and studying the impact of each perturb-
ation on the network activity level and fitness of the cell,
we demonstrate the role played by each network compo-
nent in determining the relationship between the network
activity and organismal fitness in specific environments,
with the combined effects of the network genes ensuring
that the organism is competitive in a wide range of envi-
ronments. Our results provide experimental support to
the hypothesis that selection for multi-component gene
network structures is a beneficial evolutionary strategy,
with each component’s expression taking the lead in fit-
ness optimization in a specific environment, as such a
strategy can facilitate robust protection against population
extinction in changing environments.

Methods

Construction of yeast strains

AlL S. cerevisiae strains used in this study have the W303
genetic background. Complete descriptions of all strains
can be found in Additional file 1: Table S1.

We constructed the 16 different diploid yeast strains
carrying one or two copies of each of the four GAL regula-
tory genes by mating haploid strains of the opposite mat-
ing types that have zero, one or two knockouts of the four
genes. We amplified either the PagrprnatNT2-tADHI
cassette from pYM17 (Euroscarf) or PrgrkanMX4-tTEF
cassette from pRS400 (Boekes Lab, NYU) with primers
carrying 60 bp homology to the immediate upstream and
downstream of target gene to knock out its entire open
reading frame. Specifically, GAL2 or/and GAL3 were
knocked out from the haploid strain MAURA3-YFP of mat-
ing type MATa, while GAL4 or/and GAL80 were knocked
out from the haploid strain MALEU2 of mating type MATa.
To obtain MAURA3-YFP, we first PCR-amplified the
HIS5-Pgar -YFP-tCYCI cassette from the plasmid pHIS5-
G1YFP using primers carrying 60 bp homology to the /o
locus and transformed the PCR-amplified linear DNA into
the strain MA0001, which is a haploid wild-type strain with
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MATa background. Then, the plasmid pRS306 linearized at
BstBI cut site within L/JRA3 was transformed into the result-
ing strain at the ura locus. The strain MALEU2 was con-
structed by inserting linearized plasmid pRS305 (cut at the
Al site within LEU2) into MA0002, which is a wild-type
haploid strain with MATa background. The competing
strains XLUYLmC and XLUYLmCdd80 were constructed
in a similar manner. XLUYLmC was obtained by mating
MAURA3-YFP with XLLHmC, which has a single copy of
HIS5-Prgr;-mCherry-tCYC1 cassette integrated in the ho
locus of MALEU2. The HIS5-Prgg;-mCherry-tCYCI cas-
sette was constructed by replacing the Kpn-Pga;;-BamHI
fragment with Kpn-Prgp;-BamHI fragment, BamHI-YFP-E-
coRI fragment with BamHI-mCherry-EcoRI fragment, in the
plasmid pHIS5GLYFP. For XLUYLmCdd80, we knocked
out GAL80 from both MAURA3-YFP and XLLHmC, and
mated the resulting strains.

Growth conditions, media and flow cytometry

Cultures were grown in synthetic complete media. All
growths were performed in a 30 °C shaker at 220 rpm with
a total volume of 1 mL, except for during the competition
period, for ~8 h per day growths were performed in
96-well plates (Costar® 3799) in a 30 °C plate shaker at
880 rpm with a total volume of 100 pL. After 48 h of
growth on minimal media plates with 2% glucose, 0.03%
mannose was used as a non-inducing carbon source for the
22 h overnight growth for all 16 strains and the competing
strain. This was followed by a 72 h induction period in one
of the six competition environments with different combi-
nations of carbon source concentrations. The six environ-
ments are as follows:

Environment  Galactose Concentration ~ Mannose Concentration
A 0.03% 0.1%

B 0.1% 0.03%

C 0.1% 0

D 1% 0

E 0.3% 0

F 2% 0

By the end of the induction period, each culture of the
16 strains was mixed with the competing strain to target
a final ratio of 1:1 (3:7 for environment A) in terms of
population size. ODggq of each culture was measured for
mixing volume calculation. Right after mixing, the
population ratios were verified by flow cytometry and
the mixtures were diluted into fresh media of the same
environment and grown for another 24 h. At that point,
the expression levels of the two populations had reached
steady state in the exact same environment and any
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effect from even slight ODggo difference at time of
mixing had been eliminated. The population ratios were
then measured and recorded as the starting point of the
competition period, and were subsequently recorded
every 24 h for another 48 h. In all flow cytometry
measurements, ~ 25,000 cells were recorded by FACS-
Aria (Becton Dickinson) at flow rate 11. An FSC-SSC
(forward scatter - side scatter) gate representing the
densest 30~ 40% of total population was applied during
data analysis to eliminate individuals with unusual
morphologies, such as dying cells and cell debris. For
each group, no significant day-to-day growth rate vari-
ation was observed during the entire experiment. Start-
ing from the beginning of induction, cell densities were
kept below ODggy 0.15 for environments A and B, and
between ODggo 0.2 and 0.3 for all other environments to
prevent nutrient depletion.

To test the fitness measurement’s invariability to the
mixing ratio of the populations, the sixteen strains were
also mixed with the competing strain and grown under
environment C using the same procedure as described
above, except that 3:7 and 7:3 were used as the targeted
final ratio instead of 1:1. The fitness values from these
experiments are then quantified as usual, and compared
with each other and with results from the same
experiment performed with a 1:1 target ratio using a
two-sample Students t-test. The Benjamini-Hochberg
procedure [35] was applied to control the false discovery
rate at a = 0.05.

For the control experiment in 2% glucose, strains were
grown on minimal media plates with 2% glucose for
48 h, then inoculated into synthetic complete liquid
media with 2% glucose as the sole carbon source for the
22 h overnight growth. This was followed by another
22 h of growth in the same 2% glucose liquid media
environment, with a final ODgy, below 0.15. YFP and
mCherry expression levels of each strain were then
measured by FACS as described above.

Quantification of fitness and expression values

The raw expression level of each strain during the
experiment is measured by averaging the Pguz;-YFP
fluorescence of the cells as measured by flow cytometry.
To control for the effect of different cell density, the raw
expression levels are normalized using the average
expression level of the reference strain from the same
sample. This measurement is performed three times per
individual experiment: at the start of the competition
period, 24 h after the start of the competition period,
and 48 h after the start of the competition period. The
average of the three normalized expression levels were
taken as the expression level of the strain from that
experiment.
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The fitness value of each strain relative to the
reference strain is calculated from the population ratio
of the cells in the sample at the beginning and end of
the competition period as depicted in Fig. 1b and then
normalized to the average fitness value of the wild-type
strain for ease of comparison.

Quantification of average effect of gene dosage reduction
on fitness
In Figs. 2e through 5e as well as Additional file 1: Figures.
S3E and S4E, we quantified and plotted the average effect
of gene dosage reduction on the fitness of the yeast strain.
Without loss of generality, we describe below how we
quantified the average effect of halving the dosage of
GALS80. The same method was separately applied for each
gene to obtain the results depicted in the figures.

First, we identified the 8 genetic backgrounds in which
the dosage of GAL80 was halved, which are:

B B B B B B B B

Here, the genetic background of each S. cerevisiae
strain is specified by a square composed of 4 small
squares. The small squares represent the four regulatory
genes (blue for GAL3, red for GAL8O, green for GAL2,
yellow for GAL4). The square is fully filled if the dosage
of the gene is unchanged from wild type and half-filled if
the dosage of the gene is halved. For example, [ repre-
sents the wild type S. cerevisiae, while B represents a
strain with the dosage of all four regulatory genes halved
(the “quadruple deletion” strain).

For each growth environment, the fitness values of the
strains with GAL80 dosage halved were subtracted from
the fitness values of the strains with GAL80 dosage
unchanged in an otherwise identical genetic background,
and these differences were averaged as shown:

(- + (P-F) + (- + (- A+ (- + (P F) + (B AR+ (B -FR )
8

The results of this averaging process, performed
separately for each environment, were plotted in the
figures. The uncertainty in the result is calculated from
the s.e.m. of the measured fitness values used to compute
the result and plotted as error bars in the figure.

Quantification of epistatic deviations

Overall and net epistatic deviations are quantified
according to the approach in [36]. Briefly, the overall
epistatic deviation of a strain with dosage reduction in
the gene set M is

&M = WM_HieMWi

where M is the set of genes with reduced dosage, wy,
is the relative fitness of a strain with the dosage of all
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genes in M reduced, and w; is the relative fitness of a
strain with only the dosage of gene i reduced. The expected
fitness in the absence of epistatic interactions is the product
of fitness of the strains that are dosage-reduced in only one
gene. The uncertainty in the result is calculated
from the s.e.m. of the measured fitness values used to
compute the result and plotted as error bars in the figure.

The net epistatic deviation for higher-order epistatic
interactions are computed by removing the net effects of
all lower-order epistatic interactions:

EIABC = EABC—EAB—EBC—EAC

/ U / !
EIABCD = €ABCD—€ABc—€ABD—€acD—EBCD—€AB—EBC—EAC
—EAD—EBD—ECD
= EABCD—EABC—EABD—EACD—EBCD + €4B + €BC

+&ac + Eap + €D + ECD

Where A, B, C, and D represents genes whose dosage
was reduced. The uncertainty in the result is calculated
from the uncertainty in the overall epistatic deviations
used to compute the result and plotted as error bars in
the figure.

Significance of epistatic deviations are assessed using a
two-tailed Z-test (Hy:e=0), controlling the family-wise
error rate using the Holm-Bonferroni procedure [37].

Additional file

Additional file 1: Figure S1. Expression level distributions of the strains
used in this study in a 2% glucose environment. Center: Expression level
distributions of the 16 strains under study. Bottom corners: expression
level distributions of the two reference strains: left: the gal80A strain
(XLUYLmCdd80); right: the WT strain with PTEF-mCherry (XLUYLMO).
Glucose catabolite repression and the repression from Gal80p combine
to eliminate all expression from the PGALT-YFP reporter in all strains
except the gal80A strain. Figure S2. Fitness level measured is invariant to
the initial population ratio. Fitness measurements are performed for all 16
strains in Environment D (1% galactose) using different initial fractions:
red =67% (s.d. = 7%), green = 27% (s.d. = 3%), blue = 54% (s.d. = 6%). The
results are shown above. Error bars indicate s.e.m. (N =9). No statistically
significant differences were observed (using Student’s t-test with the
Benjamini-Hochberg procedure to control false discovery rate at 0.05).
Figure S3. Results of the competition experiment in Environment E (0.3%
galactose). A. Final expression level distributions of the 16 strains. B. Average
PGALIT-YFP expression level of the 16 strains. Expression levels are
normalized to the expression level of the reference strain in the same
sample. Error bars indicate se.m. (N =9). Stars indicate statistically significant
differences from wild-type strain as determined by a two-tailed Student’s
t-test (Bonferroni-corrected p-value: ****: p < 0.0001; ***: p < 0.001; **: p < 0.01;
* p <005). C. Average fitness value of the 16 strains, normalized to the
average 5 fitness value of the wild-type strain. Error bars indicate s.e.m.
(N'=09). Stars indicate statistically significant differences from wild-type
strain as determined by a two-tailed Student’s t-test (Bonferroni-corrected
p-value: ****: p < 0,0001; **: p < 0.001; **: p < 0.01; *: p < 0.05). D. Plot of
expression vs. fitness for the 16 strains. Solid line is the prediction of the
fitted linear model. Error bars indicate sem. (N =9). E. Average effect of
copy number reduction on fitness for the four genes in this environment.
Error bars indicate uncertainty calculated from the s.em. of the fitness
measurements. Figure S4. Results of the competition experiment in
Environment F (2% galactose). A. Final expression level distributions
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of the 16 strains. B. Average PGALI-YFP expression level of the 16
strains. Expression levels are normalized to the expression level of the
reference strain in the same sample. Error bars indicate sem. (N=9).
Stars indicate statistically significant differences from wild-type strain
as determined by a twotailed Student's t-test (Bonferroni-corrected
p-value: **** p <0.0001; ***: p <0.001; **: p < 0.01; *: p < 0.05). C. Average
fitness value of the 16 strains, normalized to the average fitness 7 value of
the wild-type strain. Error bars indicate s.e.m. (N =9). Stars indicate
statistically significant differences from wild-type strain as determined
by a two-tailed Student’s t-test (Bonferroni-corrected p-value: ***: p < 0.0001;
*** p<00071; % p<001; * p<005). D. Plot of expression vs. fitness for the
16 strains. Solid line is the prediction of the fitted linear model; dotted line
shows the prediction of the model at 1% galactose. Error bars indicate s.e.m.
(N=9). E. Average effect of copy number reduction on fitness for the four
genes in this environment. Error bars indicate uncertainty calculated from
the sem. of the fitness measurements. Figure S5. Epistasis analysis. A-F: Left:
Overall epistatic deviation of strains with the dosage of more than one gene
reduced for environments A through F, respectively. Right: Net epistatic
deviation for higher-order interactions for environments A through F,
respectively. Error bars indicate uncertainty calculated from the s.e.m. of
the fitness measurements. Stars indicate statistically significant epistatic
deviation as determined by a two-sided Z-test, with the family-wise error
rate controlled using the Holm- Bonferroni procedure: ****: a = 0.0001; ***:
a=0001;*: a=001; * a=005. Table S1. Saccharomyces cerevisiae strains
used in the study. All strains are built on the W303 genetic background.
(PDF 1334 kb)
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