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INTRODUCTION: Genetic interactions occur
when mutations in different genes combine
to result in a phenotype that is different from
expectation based on those of the individual
mutations. Negative genetic interactions oc-
cur when a combination of mutations leads to
a fitness defect that is more exacerbated than
expected. For example, synthetic lethality oc-
curs when two mutations, neither of
which is lethal on its own, generate
an inviable double mutant. Alterna-
tively, positive genetic interactions
occur when genetic perturbations
combine to generate a double mutant
with a greater fitness than expected.
Global digenic interaction studies have been
useful for understanding the functional wiring
diagram of the cell and may also provide insight
into the genotype-to-phenotype relationship,
which is important for tracking the missing
heritability of human health and disease. Here
we describe a network of higher-order trigenic
interactions and explore its implications.

RATIONALE: Variation in phenotypic outcomes
in different individuals is caused by genetic de-
terminants that act as modifiers. Modifier loci
are prevalent in human populations, but knowl-
edge regarding how variants interact to modu-
late phenotype in different individuals is lacking.
Similarly, in yeast, traits including conditional
essentiality—in which certain genes are essen-
tial in one genetic background but nonessential
in another—often result from an interplay of
multiple modifier loci. Because complex mod-
ifiers may underlie the genetic basis of phys-
iological states found in natural populations,
it is critical to understand the landscape of
higher-order genetic interactions.
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RESULTS: To survey trigenic interactions, we
designed query strains that sampled key fea-
tures of the global digenic interaction network:
(i) digenic interaction strength, (ii) average
number of digenic interactions, and (iii) di-
genic interaction profile similarity. In total,
we tested ~400,000 double and ~200,000 tri-
ple mutants for fitness defects and identified

~9500 digenic and ~3200 trigenic

negative interactions. Although tri-

genic interactions tend to be weaker
than digenic interactions, they were
both enriched for functional relation-
ships. About one-third of trigenic
interactions identified “novel” con-
nections that were not observed in our di-
genic control network, whereas the remaining
approximately two-thirds of trigenic interac-
tions “modified” a digenic interaction, sug-
gesting that the global digenic interaction
network is important for understanding the
trigenic interaction network. Despite their
functional enrichment, trigenic interactions
also bridged distant bioprocesses. We estimate
that the global trigenic interaction network
is ~100 times as large as the global digenic
network, highlighting the potential for com-
plex genetic interactions to affect the biol-
ogy of inheritance.

CONCLUSION: The extensive network of tri-
genic interactions and their ability to gen-
erate functionally diverse phenotypes suggest
that higher-order genetic interactions may
play a key role in the genotype-to-phenotype
relationship, genome size, and speciation.

Systematic analysis of trigenic interac-
tions. We surveyed for trigenic interactions
and found that they are ~100 times as
prevalent as digenic interactions, often
modify a digenic interaction, and connect
functionally related genes as well as genes
in more diverse bioprocesses (multicolored
nodes). PPI, protein-protein interaction.

Mapping digenic and corresponding
trigenic interaction networks

Digenic and trigenic interactions were scored in
parallel for the corresponding single mutant and
double mutant query strains (large nodes).
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To systematically explore complex genetic interactions, we constructed ~200,000 yeast
triple mutants and scored negative trigenic interactions. We selected double-mutant
query genes across a broad spectrum of biological processes, spanning a range of
quantitative features of the global digenic interaction network and tested for a genetic
interaction with a third mutation. Trigenic interactions often occurred among functionally
related genes, and essential genes were hubs on the trigenic network. Despite their
functional enrichment, trigenic interactions tended to link genes in distant bioprocesses
and displayed a weaker magnitude than digenic interactions. We estimate that the
global trigenic interaction network is ~100 times as large as the global digenic network,
highlighting the potential for complex genetic interactions to affect the biology of
inheritance, including the genotype-to-phenotype relationship.

enetic interactions occur when a combi-

nation of mutations in different genes

leads to an unexpected phenotype that

deviates from a model incorporating the

combined effects of the corresponding
single-mutant phenotypes. In humans, each in-
dividual carries thousands of different variants
that may modulate gene function, which means
that there is incredible potential for combinato-
rial genetic interactions to determine our person-
al phenotype (7, 2). Indeed, genetic interactions
are thought to represent a substantial compo-
nent of the missing heritability associated with
current genome-wide association studies (GWAS)
(3). However, the statistical limitations associated
with GWAS data sets preclude the detection of
specific genetic interactions, and thus potential
genetic networks underlying inherited traits,
including diseases, remain elusive (3-5). To ad-
dress the role of genetic interactions in the
genotype-to-phenotype relationship, we have
been exploring their general principles through
systematic analysis of genetic networks under-
lying cellular fitness in a genetically tractable
model system, the budding yeast Saccharomyces

cerevisiae (6). Our previous studies focused pre-
dominantly on genetic interactions involving two
genes (digenic interactions) (7). In this study, we
analyzed a series of single-, double-, and triple-
mutants by quantifying their colony size, as a
proxy for fitness, to systematically explore com-
plex genetic interactions.

There are two basic types of fitness-based ge-
netic interactions. A negative genetic interac-
tion refers to a combination of mutations that
results in a fitness defect that is more severe than
expected (8). Synthetic lethality is an extreme
example of a negative genetic interaction and
occurs when two mutations, neither of which is
lethal on its own, combine and lead to an inviable
double-mutant phenotype (9, 10). Conversely,
a positive genetic interaction occurs when a
combination of genetic perturbations gener-
ates a double mutant with a greater fitness than
expected; one example is genetic suppression, in
which the fitness defect of a query mutant is
alleviated by a mutation in a second gene (11).
To map a global digenic interaction network
for yeast, we constructed millions of double mu-
tants and identified hundreds of thousands of

negative and positive genetic interactions (7). To
put these results in perspective, although only
~1000 of the ~6000 total yeast genes are indi-
vidually essential and cause lethality when deleted
(12) and an equivalent number of nonessential
genes cause a slow-growth defect under standard
laboratory conditions (13), ~550,000 different yeast
gene pairs display a combinatorial negative ge-
netic interaction, including a subset of ~10,000
extreme synthetic lethal interactions involving
nonessential gene pairs (7). Thus, there are nu-
merous potential ways to generate extreme lethal
phenotypes through negative digenic interactions
of nonessential gene pairs.

The set of digenic interactions for a query gene,
its genetic interaction profile, provides a quan-
titative measure of function, because genes with
similar roles have overlapping profiles (14, 15).
Genes belonging to the same biological path-
way or protein complex display highly similar
genetic interaction profiles. Moreover, a global
network based on digenic interaction profile sim-
ilarity reveals a hierarchy of functional modules,
which includes detailed pathways and complexes,
that in turn cluster into larger modules corre-
sponding to bioprocesses. Those larger units sub-
sequently assemble into modules corresponding
to cellular compartments to outline the functional
architecture of a cell (7).

A complete understanding of the role of ge-
netic interactions in the genotype-to-phenotype
relationship requires that we also investigate com-
plex, higher-order genetic interactions involving
more than two genes. Because there are ~2000
times as many triple gene combinations as gene
pairs (~18 million), it is possible that there is a
substantially greater number of trigenic than
digenic interactions and that higher-order inter-
actions may be important for driving inherited
traits. In this study, we surveyed yeast trigenic
interactions, sampling quantitative features of
the digenic network, and explored the impli-
cations of the higher-order genetic interaction
network.

Mapping trigenic interactions
quantitatively and surveying the
global trigenic landscape

To explore the trigenic interaction landscape, we
designed query strains that sampled three key
quantitative features of our global digenic in-
teraction network (7). We designed query strains
carrying mutations in two genes spanning a
range of the following features: (1) digenic in-
teraction strength, (2) number of digenic inter-
actions (average digenic interaction degree), and
(3) digenic interaction profile similarity (Fig. 1A
and table S1). Gene pairs were selected to fill
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bins of varying digenic interaction attributes and
to cover all major biological processes in the cell,
thus producing a sample that would provide a di-
verse survey of the trigenic interaction landscape.
We largely focused on unambiguous singletons
because duplicated genes represent a relatively
small subset of genes and thus can only represent
a small fraction of the global trigenic interac-
tion network. For this survey, we constructed
151 double-mutant query strains and 302 single-
mutant strains, encompassing 47 temperature-
sensitive alleles of different essential genes and
255 deletion alleles of nonessential genes. The
query strains in this set were selected to span
the different digenic attribute bins according to
predefined thresholds (table S1). An additional
31 double-mutant queries fell outside of the de-
fined thresholds but were included for validation
and comparison purposes (data S1 to S3) (16).
The fitness of the resulting query strains was mea-
sured using a quantitative growth assay, and the
behavior of the single- and double-mutant query
strains showed strong agreement with our pre-
viously published data set (figs. S1 and S2 and
data S4) (7, 15).

Trigenic interaction screening required devel-
opment and implementation of three opera-
tional components. First, synthetic genetic array
(SGA) analysis—an automated form of yeast ge-
netics that is often used to cross a query gene
mutation into an array of single mutants to
generate a defined set of haploid double mutants
(6)—was adapted such that a double-mutant
query strain could be crossed into an array of
single mutants to generate triple mutants for
trigenic interaction analysis (Fig. 1B). Because
the identification of a trigenic interaction re-
quires comparison with the corresponding dou-
ble mutants, we also conducted screens in which
the individual mutants of the query gene pair
were scored for digenic interactions (Fig. 1B).
Second, for experimental feasibility, we assem-
bled a diagnostic array of 1182 strains, compris-
ing 990 nonessential gene deletion mutants and
192 essential gene mutants carrying temperature-
sensitive alleles, which combine to span ~20%
of the yeast genome (data S5). The diagnostic
array was designed to be highly representative
of the rest of the genome in terms of exhibited
genetic interaction profiles (fig. S3). Briefly, ar-

ray strains were selected from a larger genetic
interaction data set for their ability to represent
different regions of the global network in a min-
imally redundant way. This was accomplished
by iteratively selecting strains to maximize the
performance of profile similarities when predict-
ing coannotations to a functional gold standard
(17). Third, we developed a scoring method, the
1-SGA score, which combines double- and triple-
mutant fitness estimates derived from colony
size measurements to identify trigenic interactions
quantitatively (Fig. 1C). The t-SGA score differs
from the MinDC score reported previously (18),
because it accounts for all cases in which two of
the genes are not independent, resulting in an ex-
pectation that contains digenic interaction effects
scaled by the fitness of the noninteracting genes
(fig. S4) (16). The final trigenic 1-SGA interaction
score then accounts for digenic effects but also
enables detection of trigenic interactions in which
digenic effects of insufficient explanatory power
can be found.

We focused exclusively on the analysis of del-
eterious negative trigenic interactions for two
reasons. First, quantitative scoring of negative
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Fig. 1. Triple-mutant synthetic genetic array (SGA) analysis. (A) Criteria for selecting query strains for
sampling trigenic interaction landscape of singleton genes in yeast. The gene pairs were grouped into three
general categories based on a range of features: (1) Digenic interaction strength. Gene pairs were directly
connected by zero to very weak (digenic interaction score: O to —0.08, n = 74 strains), weak (—0.08 to -0.1,

n = 32), or moderate (<-0.1, n = 45) negative digenic interactions. (2) Number of digenic interactions. Gene
pairs had a low (10 to 45 interactions, n = 50), intermediate (46 to 70, n = 53), or high (>71, n = 48) average
digenic interaction degree (denoted by the number of black edges of each node). (3) Digenic interaction profile
similarity. Gene pairs had low (score: —0.02 to 0.03, n = 46; represented by genes A and B, which show a
relatively low overlap of genetic interactions with genes K to R), intermediate (0.03 to 0.1, n = 59; represented
by genes C and D, which display an intermediate overlap of genetic interactions), or high (>0.1, n = 46, rep-
resented by genes E and F, which display a relatively high level of overlap of genetic interactions) functional
similarity, as measured by digenic interaction profile similarity and coannotation to the same GO term(s). Query
mutant genes were either nonessential deletion mutant alleles (A) or conditional temperature-sensitive (ts)
alleles of essential genes. (B) Diagram illustrating the triple-mutant SGA experimental strategy. To quantify a
trigenic interaction, three types of screens are conducted in parallel. To estimate triple-mutant fitness, a double-
mutant query strain carrying two desired mutated genes of interest (red and blue filled circles) is crossed

into a diagnostic array of single mutants (black filled circle). Meiosis is induced in heterozygous triple
mutants, and haploid triple-mutant progeny is selected in sequential replica pinning steps. In parallel, single-

mutant control query strains are used to generate double mutants for fitness analysis. (C) Triple-mutant
SGA quantitative scoring strategy. The top equation shows the quantification of a digenic interaction, where g;; is the digenic interaction score, f; is the
observed double-mutant fitness, and the expected double-mutant fitness is expressed as the product of single-mutant fitness estimates fif;. In the
bottom equation, the trigenic interaction score (7 is derived from the digenic interaction score, where fjy is the observed triple-mutant fitness and fififi
is the triple-mutant fitness expectation expressed as the product of three single-mutant fitness estimates. The influence of digenic interactions is
subtracted from the expectation, and each digenic interaction is scaled by the fitness of the third mutation.
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genetic interactions is often more accurate than
that for positive interactions because there is a
greater signal-to-noise ratio for negative genetic
interactions. Hence, negative genetic interac-
tions are associated with lower false-positive
and false-negative rates than positive interactions
(8), a feature that is important for the robust
statistical analysis necessary to differentiate true
trigenic interactions from the extensive back-
ground digenic network. Second, negative digenic
interactions are generally more functionally in-
formative than positive digenic interactions (8),
and thus the large-scale mapping of a negative
trigenic interaction network is expected to pro-
vide the most mechanistic insight into gene
function and pathway wiring.

Trigenic interactions are enriched
for functionally related genes

To obtain sufficient precision, we carried out
each analysis, which involved screening the in-
dividual query genes for digenic interactions
and the double-mutant query for trigenic inter-
actions, in at least two replicate screens with four
colonies per screen (fig. S5). In total, we tested
410,399 double and 195,666 triple mutants for
fitness defects, meeting a previously established
intermediate magnitude cutoff (75) (data S2) and
identified 9363 digenic and 3196 trigenic negative
interactions. From detailed validation of trigenic
interactions of our CLNI-CLN2 double-mutant
query, which was screened previously (19), we
estimated a false-negative rate of ~40%, a false-
positive rate of ~20%, and a true-positive rate
between ~60 and ~75% (table S2 and fig. S6) (16),
which is consistent with our previous global di-
genic network analysis (8).

The distribution of trigenic interaction degree
for array strains shows that the majority of low-
degree genes (70%) account for ~88% of all tri-
genic interactions, whereas highly connected
genes contribute the remaining ~12% of interac-
tions. Thus, the trigenic interactions are not as-
sociated with a small set of highly connected
genes; rather, the interactions are distributed
across many different genes (fig. S7). On the other
hand, with a smaller, more biased set of double-
mutant query genes, the distribution of trigenic
interaction degree shows that ~22% of them ac-
counted for 51% of trigenic interactions, indicat-
ing that a particular subset of the digenic queries
were enriched for trigenic interactions (fig. S7).
About one-third of the newly mapped trigenic
interactions identified connections that were
not observed in our digenic control network; we
refer to these as “novel” trigenic interactions. The
remaining approximately two-thirds of the trigenic
interactions overlapped a digenic interaction while
still exhibiting a stronger than expected fitness
defect in the triple mutant; these we refer to as
“modified” trigenic interactions (fig. SSA). Thus,
although a substantial fraction of trigenic inter-
actions elucidate totally new functional information,
the majority of the trigenic interactions we mapped
expand upon the digenic interaction network.

We first assessed the functional information
embedded in the trigenic network by comparing

Kuzmin et al., Science 360, eaao1729 (2018)

the distributions of digenic and trigenic inter-
actions across different biological processes.
As observed previously (15), digenic interactions
were enriched among genes annotated to the
same biological process and, although the mag-
nitude of trigenic interaction enrichment was
somewhat lower, they were comparably enriched
for genes within the same bioprocess (Fig. 2A).
We also evaluated the enrichment of digenic and
trigenic interactions across common functional
standards, including annotation to the same Gene
Ontology (GO) biological process, subcellular-
localization pattern, protein-protein interaction,
and gene coexpression (Fig. 2B). Like digenic
interactions (7, 15), genes involved in trigenic
interactions were significantly enriched for all
of these standards, with genes participating in
the “modified” class of trigenic interactions ex-
hibiting stronger functional relationships (fig.
S8B) as well as a stronger magnitude of inter-
actions (fig. S8C). Thus, trigenic interactions
resemble digenic interactions in that they are
rich in functional information, which means that
genes participating in many trigenic interactions
can be predicted from alternative data sets and
general knowledge of cellular function.

Trigenic interactions expand functional
connections mapped by the global
digenic network

Our functional analysis revealed that trigenic
interactions have some properties distinct from

those of digenic interactions, which suggests that
trigenic interactions may be useful for discover-
ing previously unknown connections between
genes and their corresponding pathways. As an
illustrative example, we examined the MDY2-
MTCI double-mutant query, which is a highly
connected hub within the trigenic network. MDY2
encodes a protein that interacts and functions
with components of the GET (guided entry of
tail-anchor) pathway (20), which is important
for Golgi-to-endoplasmic reticulum (ER) traf-
ficking and inserting tail-anchored proteins into
ER membranes. M7TCI encodes a protein of un-
known function that localizes to the early Golgi
apparatus. The MTCI digenic interaction profile
is similar to that of USOI, which is involved in
vesicle-mediated ER-to-Golgi transport (21), and
RUDS3, which encodes a Golgi matrix protein
important for the structural organization of the
cis-Golgi (22), suggesting that MTCI also has a
role in the early secretory pathway.

As expected from these previous findings, the
MDY2 and MTCI digenic interactions identified
in our screen were enriched for genes involved
in cell polarity and the early secretory pathway
(Fig. 3, fig. S9A, and data S6). However, the MDY2-
MTC1 double-mutant query profile encompassed
a much more functionally diverse set of genes
(Fig. 3). For example, although we observed novel
trigenic interactions with ER-to-Golgi transport
genes, we also observed trigenic interactions
with genes involved in other modes of vesicle

A B
o &
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’ O &P
senrichment, p<0.05 o O O & &
p>0.05 @@
05235 S Lo .
[log, fold changel| RN M Digenic interactions
Q’&«i\& M Trigenic interactions
mRNA and tRNA processing

Nuclear-cytoplasmic transport : :

Vesicle traffic @) @
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DNA replication and repair () .

Transcription and chromatin organization @ @

Glycosylation and protein folding/targeting @ @
Mitochondria and respiration
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Co-expression
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Co-localization
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(all p < 0.008)

Fig. 2. Functional characterization of trigenic interactions. (A) Frequency of negative genetic
interactions within biological processes. For our analysis, we used the fraction of screened query-
array combinations exhibiting negative interactions belonging to functional gene sets annotated by
SAFE (spatial analysis of functional enrichment) on the global genetic interaction network (55).
The “within process” category received a count for any combination in which both genes for digenic
interactions or all three genes for trigenic interactions were annotated to the same term. The size
of the circle assigned to each “within process” element reflects the fold increase over the
background fraction of interactions (digenic = 0.023, trigenic = 0.016). Significance was assessed
with a hypergeometric test; P < 0.05. Blue circles represent significant enrichment; gray circles
denote no significant change. (B) Enrichment of negative digenic and trigenic interactions across
four functional standards. The dashed line indicates no enrichment. The functional standards are
merged protein-protein interaction (PPI) (56-60), coannotation (based on SAFE terms) (7),
coexpression (61), and colocalization (62). Significance was assessed with a hypergeometric test;
* represents 1074 < P < 0.01, ** represents P < 1074,
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trafficking, including endocytosis and peroxi-
some biology. Moreover, MDY2-MTCI trigenic
interactions identified connections to genes with
more diverse functions, such as components of
the elongator complex (Fig. 3), which controls
the modification of wobble nucleosides in tRNAs,
and several genes involved in DNA replication
and repair. Notably, the MDY2-MTCI query also
showed a trigenic interaction with TORI (target
of rapamycin I), which encodes the key kinase
subunit of the TORCI complex that is required
for growth in response to nutrients by regulat-
ing ribosome biogenesis, nutrient transport, and
autophagy (23). Consistent with this observation,
the MDY2-MTCI trigenic interaction network
captures a set of genes that have a dual role in
TORCI signaling and sorting of the general ami-
no acid permease, including GTRI, MEHI, and
LST4 (24-26).

The spectrum of bioprocesses that are repre-
sented in genetic interaction profiles can be vis-
ualized by mapping functional enrichment within
the context of the global yeast digenic interac-
tion profile similarity network, which clusters
genes into 17 distinct bioprocesses (7, 27) (Fig. 4A).
In comparison with the MDY2 and MTCI digenic
interaction profiles (Fig. 4, B and C), the MDY?2-
MTCI trigenic interactions were enriched not
only for vesicle trafficking and cell polarity bio-
process regions of the network but also in regions
encompassing genes annotated to the tRNA wob-
ble modification bioprocess, DNA replication and
repair, as well as mitosis and chromosome segre-
gation (Fig. 4D). Thus, the MDY2-MTCI trigenic
interaction profile exhibited a more expanded
and functionally diverse set of connections than
either of the corresponding MDY2 or MTCI di-
genic interaction profiles.

We used a variety of assays to test three func-
tional connections revealed by the MDY2-MTCI
trigenic interaction profile. First, although the

Kuzmin et al., Science 360, eaao1729 (2018)

GSE, Lst4-Lst7

0 e © 0D 800 & ~ ¢

OAF TORCH1 MRX

, Smc5-Smc6

R|c1/Rgp1/Yp16

___ @0

VOO -

factor C

Elongator

Fig. 3. The MDY2-MTC1 double mutant: a hub on the trigenic
interaction network. Representative digenic interactions are high-
lighted for MDY2 and MTCI single-mutant query genes, and rep-
resentative trigenic interactions are shown for the MDY2-MTC1
double-mutant query. The network was visualized using Cytoscape
(63). Genes were chosen from representative protein complexes (8) in
which =50% of members on the diagnostic array display genetic
interactions. Negative genetic interactions (e or 1 < -0.08, P < 0.05)
are depicted. All of the digenic and trigenic interactions displayed
have been confirmed by tetrad analysis. Nodes are color coded on

the basis of their biological roles and are labeled with gene names.
Genes are grouped according to specific protein complexes.

MDY2-MTC1 double-mutant strain did not show
an exaggerated cell biological phenotype asso-
ciated with the early trafficking function (fig.
S9B), it displayed a marked synthetic sick pheno-
type when combined with deletion of SLAZ, which
is involved in cortical actin assembly and endo-
cytic vesicle formation, which translates into an
extended Slal patch lifetime, reflecting a defect
in endocytosis (Fig. 5A) (28). Second, given a
negative trigenic interaction with OAFI, which
encodes an oleate-activated transcription factor
involved in peroxisome organization and bio-
genesis (29), we used fluorescence microscopy
to explore peroxisome morphology. The MDY2-
MTCI double mutant displayed an accumulation
of relatively small peroxisomes (Fig. 5B), which
may be indicative of a defect in ER-derived per-
oxisome membrane biogenesis (30). Third, the
MDY2-MTC1 double mutant showed pronounced
sensitivity to hydroxyurea (HU) but not methyl
methanesulfonate (MMS), which is consistent
with a specific defect in DNA replication and re-
flects the negative genetic interactions we ob-
served with a number of DNA replication and
repair genes, including NSE4 and NSE5, which
encode components of the Smc5-Smce6 complex
that mediates resolution of DNA structures span-
ning sister chromatids (Fig. 5C and fig. S10, A to
C) (31). We suspect that the MDY2-MTCI double
mutant may be primarily defective in traffick-
ing functions that can modulate signaling or
metabolic pathways and thereby influence DNA
synthesis and repair pathways indirectly (fig.
S10, D to H).

Trigenic interaction profiles are more
functionally diverse than their
corresponding digenic profiles

To test the generality of whether query genes
connect to more functionally divergent genes
through trigenic interactions than through di-
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genic interactions, we compared digenic pro-
file similarity of pairs of genes spanned by either
digenic or trigenic interactions. Indeed, genes
involved in trigenic interactions tend to show
profiles that are less similar than those con-
nected by digenic interactions, which suggests
that they are less functionally related than those
connected by digenic interactions (Fig. 6A and
fig. S11A). We also found that trigenic interactions
were more enriched than digenic interactions
for connections that bridge several different
biological processes, including mRNA and tRNA
processing, vesicle trafficking, mitosis and chro-
mosome segregation, and glycosylation and pro-
tein folding and targeting (Fig. 6B). Moreover,
as we showed for the MDY2-MTC1 double-mutant
query (Fig. 4), trigenic interaction profiles were
generally enriched for genes spanning more di-
verse bioprocesses than the corresponding di-
genic interaction profiles (Fig. 6C and fig. S11,
B to D). Genes involved in vesicle trafficking
were particularly enriched for trigenic interac-
tions occurring between bioprocesses (Fig. 6B
and figs. S7 and S11D). As we observed for MDY2-
MTC1, other double-mutant queries carrying
mutations in genes implicated in membrane traf-
ficking were enriched for trigenic interactions
with genes involved in DNA replication and re-
pair machinery, which may indicate a general
connection between these two bioprocesses. For
example, the digenic query strain MVPI-MRLI,
which carries mutations in genes required for
sorting proteins to the vacuole (32, 33), and the
strain SEC27-GET4, which carries mutations in
genes involved in ER-to-Golgi transport (34) and
the insertion of tail-anchored proteins into ER
membrane (20), both exhibited an enrichment
of trigenic interactions with DNA replication
and repair machinery (fig. S11D). In general, our
findings show that trigenic interaction profiles
are composed of connections involving genes
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(7) was annotated using SAFE (55), identifying network regions
enriched for similar GO biological process terms as outlined by dashed

that are more functionally diverse than their cor-
responding digenic interaction profiles (Fig. 6C).
However, despite their higher tendency to con-
nect diverse processes, a significant fraction of
trigenic interactions occurs among genes within
the same bioprocess (P < 1 x 107'%; hypergeo-
metric test) (Fig. 2A).

Gene features of trigenic interactions
and the expanse of the global
trigenic landscape

Having selected the query gene pairs based on
the properties of the global digenic interaction
network, we can assess how these properties relate
to trigenic interaction frequency. The strongest
correlation with the number of observed trigenic
interactions for each gene pair was the digenic
genetic interaction profile similarity (correlation
coefficient = 0.41, P = 1.2 x 107, followed by
the average number of digenic interactions of
the query genes (r = 0.25, P = 1.9 x 10~2) and the
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strength of a direct negative genetic interaction
between the query gene pair (7 = 0.23, P = 5.4 x
107%) (fig. S12, A to C). Thus, numerous trigenic
interactions were observed for functionally re-
lated query genes, which display overlapping
profiles on the digenic similarity network and
often show a digenic interaction with each other
(7) (Fig. 7A). As observed for digenic interactions
(7), the frequency of trigenic interactions was
highly correlated with the fitness defect of the
double-mutant query strain (fig. S13). Consistent
with this observation, essential genes exhibited
high connectivity on the trigenic interaction
network. A double-mutant query that carries at
least one temperature-sensitive allele of an es-
sential gene, which is often associated with a
fitness defect at the semipermissive screening
temperature, exhibited more genetic interactions
than a query deleted for a pair of nonessential
genes (P = 0.035) (Fig. 7B). More generally, query
genes that are highly connected on the digenic
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enrichments. (D) MDY2-MTCI trigenic interactions showing
bioprocess enrichments.

network are also highly connected on the tri-
genic network (fig. S12D).

Notably, trigenic interactions tend to be ~25%
weaker than digenic interactions (P < 1.7 x 10™%%)
(Fig. 7C), which means the average digenic in-
teraction often has a more profound phenotype
than the average trigenic interaction. However,
to fully understand the potential for trigenic in-
teractions to drive fitness defects, we also need
to estimate the frequency at which they occur.
Because we have mapped digenic interactions
comprehensively and we know the false-positive
and false-negative rates associated with this
analysis, we can estimate the number of digenic
interactions within the yeast genome, reveal-
ing a distribution that centers on ~6 x 10° total
negative interactions (Fig. 7D) (16). Further-
more, because digenic interaction properties
are predictive of trigenic interaction degree, we
can also extrapolate our findings to estimate the
number of negative trigenic interactions across
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the whole genome. As noted earlier, we selected
gene pairs for trigenic analysis to fill bins of vary-
ing attributes, including double-mutant queries
with either weak or strong interactions, as well
as those with either sparse or rich genetic in-
teraction profiles, as depicted schematically in
Figs. 1A and 7A (table S1). For extrapolation to
the whole genome, we used the mean trigenic
interaction degree of double mutants in a given
bin as the expected degree for any hypothetical
pair from the genome with similar character-
istics (data S7 and fig. S14). Integrating this
value across the total number of gene pairs with
the given characteristics, which preserves the
double-mutant distribution across different di-
genic interaction features, and summing over
all bins yielded an estimate of the total number
of trigenic interactions.

In the yeast genome, there are 2000 times as
many possible triple gene combinations (36 bil-
lion) as possible gene pairs (18 million), but the
density of interactions (as both observed and
extrapolated) is similar, reduced by only a factor
of ~3 for trigenic interactions (table S3). We
predict that ~10® trigenic combinations exhibit
a negative genetic interaction, generating a con-
servative estimate of on the order of 100 times
as many trigenic interactions as observed for
the global digenic network (Fig. 7D and table
S3). To establish confidence intervals (CIs) for
the estimate, we repeated the extrapolation pro-
cess with 10,000 bootstrapped samplings of the
151 double-mutant query pairs, keeping their
associated trigenic interactions degrees and the
corresponding digenic interaction features con-
stant. The bin with the lowest digenic interac-
tion degree encompasses a large fraction of the
potential double mutants in the genome and is
assigned a low trigenic interaction degree, which
means that the summarized estimate provided
is likely a conservative underestimate. More-
over, because our binning scheme restricts our
extrapolation to ~25% of the potential trigenic
interaction space (e.g., by omitting potential
double-mutant queries that show a positive di-
genic interaction), we are underestimating its
extent, and the true number of trigenic inter-
actions is likely to be several times higher (fig.
S15 and table S3) (16). The vast expanse of the
global trigenic interaction network points to
the potential for higher-order interactions to
affect all aspects of the genetics of outbred pop-
ulations, including the genotype-to-phenotype
relationship.

Discussion

Systematic mapping of trigenic interactions re-
vealed that their properties resemble those of
digenic interactions because they often connect
functionally related genes, which means that tri-
genic interactions have the potential to con-
tribute to our understanding of the functional
wiring diagram of the cell. The global digenic
network is predictive of trigenic interactions
because query gene pairs showing properties
associated with shared functionality, such as
overlapping digenic interaction profiles or a

Kuzmin et al., Science 360, eaao1729 (2018)

negative digenic genetic interaction, often map
numerous trigenic interactions (Fig. 7A). Thus,
if two query genes are in the same or similar bio-
process cluster on the global digenic profile sim-
ilarity network (Fig. 4A), they will likely show
a rich trigenic interaction profile, as we observed
for the MDY2-MTC1 double mutant query (Figs. 3
and 4D). Gene essentiality and the average di-
genic interaction degree of the query gene pair
were also correlated with trigenic connectivity
(Fig. 7B), indicating that highly connected hubs
are consistent on both the digenic and trigenic
interaction networks (fig. S12, C and D).

Many of the trigenic interactions we observed
overlapped with at least one digenic interaction.
In some cases, we chose query gene pairs display-
ing a negative genetic interaction and so all of
the trigenic interactions in these profiles accen-
tuated the query interaction (fig. S8). Moreover,
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Vo«
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scalebar=10s
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mdy2A

mitc1A
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a substantial proportion of trigenic interac-
tions measured for noninteracting query pairs
exacerbated a digenic interaction that was pre-
viously seen between one or both of the query
genes and the third gene (fig. S8). Thus, our find-
ings show that negative trigenic interactions often
highlight the potential for a third mutation to
amplify the phenotype of a digenic interaction.
Analogously, in human genetics, the variation in
an individual’s genetic background can have pro-
found influence on the penetrance of the pheno-
type associated with a disease gene (35).
Although we found that trigenic interactions
tend to be slightly weaker than digenic interac-
tions, they are ~100 times more numerous and
are more functionally diverse than their digenic
counterparts. The expanse of possible three-gene
combinations makes exhaustive trigenic inter-
action mapping intractable with our current
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Fig. 5. Trigenic interactions reflect the physiology of the MDY2-MTC1 double-mutant query
strain. (A) Endocytic membrane trafficking is impaired in the mdy2A-mtcIA double-mutant query
strain. (Top) Example of tetrad analysis confirmations for the mdy2A-mtcIA-slalA triple-mutant
strain. (Bottom left) Endocytic uptake dynamics were examined with the Slal—-green fluorescent protein
(GFP) reporter. Representative kymographs are displayed for the wild type and the mdy2A-mtclA
double mutant. (Bottom right) Lifetime of Slal-GFP endocytic vesicle formation was quantified across
~100 different patches in two independent experiments. Error bars represent SD. (B) Peroxisome
biogenesis was monitored in the wild type (wt) and in mdy2A, mtclA, and mdy2A-mtclA mutants using
Pex14p-GFP reporter. (C) Growth response to HU and MMS for the wild type and mdy2A, mtcla,

and mdy2A-mtclA mutants. YPD, yeast extract, peptone, and dextrose.
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methodology. However, the substantial overlap
of the digenic and trigenic networks indicates
that the genetic landscape of the cell expands
with higher-order genetic interactions but does
not change drastically in terms of its functional
modularity. Thus, the global digenic network is
highly informative of potential trigenic inter-
actions and can be used effectively to predict
candidate query gene pairs for efficient trigenic
interaction analysis.

Trigenic interaction data may inform a wide
variety of subjects within biology. For exam-
ple, the number, magnitude, and properties of
digenic and trigenic interactions clarifies as-
pects of speciation theory in evolutionary biol-
ogy (36, 37). Hybrids between species exhibit
reduced fitness, which is usually attributed to
negative (epistatic) interactions among genes
that diverged in isolated populations. Each
population may evolve fixed variants that are

Kuzmin et al., Science 360, eaao1729 (2018)

neutral or adaptive in their own genetic back-
grounds. When these variants are brought to-
gether for the first time in hybrid genomes, they
may cause deleterious genetic interactions, also
termed Dobzhansky-Muller incompatibilities. As
populations diverge from one another, the num-
ber of potential digenic interactions increases
as the square of the number of substitutions,
the so-called “snowball effect” (36, 38, 39). That
is, each subsequent substitution in a distinct
population has the potential to interact with
any substitution from the other population (and
vice versa), and thus the probability of a specia-
tion event grows with each step. Most speci-
ation genetics research has focused on these
digenic interactions. However, the number of
trigenic combinations accumulates exponentially
faster than the number of digenic combinations.
Both digenic and trigenic interactions have been
implicated in speciation (40, 41), but the general
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extent to which digenic or complex negative
genetic interactions drive speciation remains
unknown. If digenic interactions do, in fact,
play a major role in orchestrating speciation,
then either the frequency and/or the strength
of deleterious trigenic interactions must be
relatively smaller than that of digenic inter-
actions. Our systematic analysis shows that
trigenic interactions are somewhat less likely
to occur (by a factor of 3; ~3% versus ~1% for
digenic versus trigenic, respectively) and gener-
ally weaker (~25% weaker) than digenic inter-
actions. Nevertheless, modeling based on our
findings suggests that trigenic interactions are
substantially common and often strong enough
to play a key role in the evolution of hybrid in-
viability (fig. S16 and table S4) (16). Because the
connections associated with higher-order inter-
actions may often overlap with those of simpler
interactions and because those simpler inter-
actions require fewer substitutions and will often
manifest first, our findings may also suggest that
the evolution of even more highly complex in-
teractions may be limited, even though their
absolute numbers increase exponentially, a
possibility that is consistent with evolutionary
theory (38).

Our trigenic interaction study is also relevant
to synthetic biology efforts aimed at efficient
synthesis (42, 43) and design of minimal ge-
nomes (44, 45). Digenic synthetic lethal interac-
tions were recently noted as a major constraint
in the design of the minimal genome for the
bacteria Mycoplasma mycoides, for which a
viable genome could be constructed only after
resolving lethal interactions that arose between
nonessential genes (44). For species in which
systematic gene perturbation studies have been
conducted, the proportion of essential genes is
relatively small (e.g., ~20% in yeast, ~10% in
human cells, which increases to 20% when only
expressed genes are considered) (13, 46-48).
However, we expect that digenic and trigenic
interactions will dictate much larger minimal
genomes than the essential gene set, even for
growth under simple laboratory conditions. With
the complete digenic network (7), we estimate
that the minimal yeast genome would encom-
pass more than ~70% of genes after accounting
for digenic interactions (table S5) (16). With the
inclusion of constraints imposed by trigenic in-
teractions, we expect that a minimal genome,
without a substantial fitness defect, may nearly
approach the complete set of genes encoded in
the genome. Thus, genetic interactions may help
to explain the large gap between the number of
genes with strong individual fitness defects and
the total genome size, and the prevalence of
yeast negative trigenic interactions suggests
that many genomes lack the potential for sub-
stantial compression while maintaining normal
fitness.

It is important to consider other types of ge-
netic interactions in addition to those associated
with severe loss-of-function alleles due to entire
open reading frame deletions of nonessential
genes or temperature-sensitive alleles of essential
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(A) Trigenic interaction degree distribution correlated with three quanti-
tative features of genes on the digenic interaction network: (i) Interaction
profile similarity of the two genes in the double-mutant query gene pair
(bin thresholds: —0.02, 0.03, 0.1, +o00), which generates three bins for
average digenic interaction profile similarity (r): =0.02 <r < 0.03;

0.03 =r<0.1; 0.1 <r. (ii) Negative digenic interaction strength associated
with the double-mutant query gene pair (bin thresholds: 0, —0.08,

-0.1, —00), which generates three bins for digenic interaction score (¢g):

e <-01; -0.1<e<-0.08; -0.08 <& < 0. (ii) Average digenic interaction
degree, which represents the average number of negative genetic
interactions associated with each of the genes of the double-mutant
query gene pair (bin thresholds: 10, 45, 70, +oc), which generates three
bins for average digenic interaction degree: 10 < degree < 45; 45 < degree

trigenic interaction degree. Number of single mutants: 254 nonessential
genes, 47 essential genes. Number of double mutants: 111 nonessential
gene pairs, 40 essential or mixed essentiality gene pairs. Mean genetic
interaction is represented; error bars indicate SEM; P values are based on
a t test. Negative genetic interactions (e or 1 < =0.08, P < 0.05) are depicted.
(C) Cumulative distribution of negative digenic and trigenic interaction
score magnitudes. Pairwise significance was assessed with a Wilcoxon rank
sum test. (D) Estimates of the number of digenic and trigenic interactions
at the intermediate score cutoff (e or 1 < —0.08, P < 0.05). Bootstrapping
was used to generate the estimate by sampling 10,000 times with
replacement. Dashed lines indicate the 95% Cls; solid lines denote

the estimated extent of the trigenic interaction landscape. This
conservative estimate of the total number of trigenic interactions

<70; 70 =< degree. The bin with the highest average negative trigenic
interaction degree at the intermediate interaction score cutoff

genes. Our analysis revealed that double mu-
tants with strong fitness defects often show rich
trigenic interaction profiles (fig. S13C). Similarly,
single-mutant fitness defects also correlate with
digenic interaction degree (fig. S13A) (7). Presum-
ably, the weaker fitness effects associated with
the variation found in natural populations may
require higher-order combinations, involving
more than two genes, to influence trait herita-
bility through genetic interactions (49). In the
yeast model system, genetic interactions were
found to play an important role in the herita-
bility of a number of different quantitative traits,
possibly with a greater contribution made by
digenic interactions versus higher-order inter-
actions (4, 5, 50). The genetic mechanism un-
derlying conditional essentiality, in which a given
yeast gene is nonessential in one genetic back-
ground but essential in another, often appears
to be associated with a complex set of modifier
loci (49), as do a number of other traits (51, 52).

Kuzmin et al., Science 360, eaao1729 (2018)

Thus, both digenic and higher-order interactions
are established components of the genetic ar-
chitecture of yeast complex traits, and similar
findings have been made in a number of other
organisms (53). In part because model organism
populations have allele distributions that dif-
fer from those in humans, the degree to which
higher-order genetic interactions will contrib-
ute to the genetics of complex human disease
remains to be seen (50, 54). Nevertheless, the
extensive landscape of trigenic interactions re-
vealed here for yeast, as well as their capacity
for generating functionally diverse phenotypes
and driving speciation, suggests that higher-
order genetic interactions may play a key role
in the genotype-to-phenotype relationship.

Materials and methods summary

The supplementary materials contain a detailed
description of materials and methods for the
construction of yeast single-, double-, and triple-

20 April 2018

in the yeast genome covers ~26% of the interaction space. For the
total genome-wide estimate, see fig. S15B and table S3.

L

mutant strains as well as quantification of ge-
netic interactions and any associated analyses.
General methodological information and ref-
erences to specific sections appear throughout
the text.
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Trigenic interactions in yeast link bioprocesses

To dissect the genotype-phenotype landscape of a cell, it is necessary to understand interactions between genes.
Building on the digenic protein-protein interaction network, Kuzmin et al. created a trigenic landscape of yeast by using
a synthetic genetic array (see the Perspective by Walhout). Triple-mutant analyses indicated that the majority of genes
with trigenic associations functioned within the same biological processes. These converged on networks identified in
the digenic interaction landscape. Although the overall effects were weaker for trigenic than for digenic interactions,
trigenic interactions were more likely to bridge biological processes in the cell.

Science, this issue p. eaa01729; see also p. 269
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