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Gene loss and compensatory evolution promotes
the emergence of morphological novelties in
budding yeast
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Deleterious mutations are generally considered to be irrelevant for morphological evolution. However, they could be compen-
sated by conditionally beneficial mutations, thereby providing access to new adaptive paths. Here we use high-dimensional
phenotyping of laboratory-evolved budding yeast lineages to demonstrate that new cellular morphologies emerge exception-
ally rapidly as a by-product of gene loss and subsequent compensatory evolution. Unexpectedly, the capacities for invasive
growth, multicellular aggregation and biofilm formation also spontaneously evolve in response to gene loss. These multicellular
phenotypes can be achieved by diverse mutational routes and without reactivating the canonical regulatory pathways. These
ecologically and clinically relevant traits originate as pleiotropic side effects of compensatory evolution and have no obvious
utility in the laboratory environment. The extent of morphological diversity in the evolved lineages is comparable to that of
natural yeast isolates with diverse genetic backgrounds and lifestyles. Finally, we show that both the initial gene loss and sub-
sequent compensatory mutations contribute to new morphologies, with their synergistic effects underlying specific morpho-
logical changes. We conclude that compensatory evolution is a previously unrecognized source of morphological diversity and

phenotypic novelties.

t is generally believed that phenotypic innovations driven by

selection arise as a result of step-by-step accumulation of multiple

beneficial mutations. Accordingly, the contribution of deleterious
mutations to the evolution of phenotypic innovations is generally
disregarded'. However, slightly deleterious mutations are far more
common than adaptive mutations and can reach high frequen-
cies in natural populations as a result of genetic drift’, hitchhiking
with adaptive mutations’ and environmental change®. Indeed, the
genomes of unicellular eukaryotic and human populations carry
a wide range of loss-of-function alleles*®. While gene loss can be
beneficial in special circumstances’, the overwhelming majority of
loss-of-function mutations are non-adaptive’. Long-term accumula-
tion of deleterious loss-of-function mutations would have disastrous
consequences for organism survival unless the corresponding harm-
ful effects were later mitigated by conditionally beneficial mutations
elsewhere in the genome. This process, dubbed compensatory evo-
lution, could also explain how core cellular processes can remain
conserved despite substantial changes in the underlying genetic net-
works during evolution® (refs. '*!! provide alternative explanations).

Signs of compensatory evolution are apparent at many organi-
zational levels, including RNA and protein secondary structures'’,
antibiotic resistance'’, genomic expression'* and mitochondrial-
nuclear co-adaptation'®. The phenotypic effects of gene inactivation
substantially vary across isolates of the same unicellular species',

indicating the widespread occurrence of compensatory mutations
that can buffer gene loss in some, but not all, populations. In the
laboratory, deleterious gene loss in yeast and bacteria initiates adap-
tive genomic changes that rapidly restore fitness®”-*. This process
not only promotes genomic divergence of parallel evolving labora-
tory populations but also has substantial pleiotropic side effects on
genomic expression, cellular physiology and viability under stress-
ful conditions®'®.

Here we propose that compensatory evolution following fixation
of deleterious loss-of-function mutations initiate major changes in
cellular and macroscopic morphological traits without direct selec-
tion on these traits. We systematically study the effect of compensa-
tory evolution on the emergence of new morphologies by focusing
on the unicellular yeast Saccharomyces cerevisiae.

There are several reasons to focus on cellular morphology and
use baker’s yeast as a model organism for the study. First, yeast
cell morphology reflects a wide range of cellular events, includ-
ing regulation of cell size, progression through the cell cycle and
establishment of cell polarity”. Accordingly, activity of nearly half of
the non-essential genes in the yeast genome shapes at least one cell
morphology trait®. As the mutational target size for morphological
variation is enormous, it is feasible that a large fraction of adaptive
mutations has unselected pleiotropic side effects on cell morphol-
ogy. Second, comprehensive analysis of yeast cell morphology is
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feasible through powerful high-throughput fluorescent microscopy
imaging analysis®**'. Third, specific morphological traits, such as
cell size, have direct physiological relevance as they affect the cell’s
surface-to-volume ratio and hence nutrient uptake rate’>*. Finally,
cell morphological traits of natural baker’s yeast isolates do not cor-
relate with their ecological origin, indicating that they are not sim-
ply the result of adaptation to different ecological niches™.

In a prior work, we initiated laboratory evolutionary experiments
with isogenic haploid S. cerevisiae strains all of which initially dis-
played slow growth owing to the inactivation of a single gene®. The
corresponding genes cover a wide range of molecular processes and
functions. Here we focus on 86 slow-growing isogenic single-gene
deletion strains (referred to as ancestor strains) and the corre-
sponding 142 parallel evolved lines (referred to as compensated
strains) from our previous study®. All starting and compensated
strains were subjected to high-throughput fitness measurements by
monitoring growth rates in liquid cultures (Methods). The com-
pensated strains rapidly restored wild type-like fitness during the
course of laboratory evolution® (Extended Data Fig. 1). Genomic
analysis revealed that the accumulated mutations were not benefi-
cial in the wild-type genetic background and were generally specific
to the functional defect incurred®. To control for potential adapta-
tion unrelated to compensatory evolution, we also established 21
populations starting from the isogenic wild-type genotype (referred
to as evolved controls).

Results

Rapid evolution of cellular morphology in the laboratory. We
quantitatively measured single-cell morphology of four major
classes of strains, including the wild type, the evolved control
(N=21), the ancestor (N=86) and the corresponding compensated
strains (N=142). We confirmed that all investigated strains have
remained haploid (Methods). We applied an established protocol
designed for quantitative morphological phenotyping®* that is
well suited for large-scale analyses’*". By using image analysis, we
extracted 149 single-cell morphological traits (Supplementary Data
1) that describe various morphological attributes of exponentially
growing cell populations, including average cell size, bud size and
bud growth direction (Methods).

To allow unbiased comparison of different strains in the
high-dimensional morphological space, we accounted for intrin-
sic correlations between traits using principal component analysis
(PCA)*** (Methods). This resulted in eight morphological princi-
pal components, together explaining ~96% of the morphological
variance (Supplementary Data 2 and Extended Data Fig. 2a). For
an intuitive understanding of the morphological principal compo-
nents, see Fig. 1a and Extended Data Fig. 2b,c. We found that 71%
of the 142 compensated strains and 66% of the 86 ancestors display
significant changes in morphological principal components com-
pared with the wild type (Fig. 1b and Methods).

Compensatory evolution may shape cellular morphology in three
different manners: it (1) may restore the wild-type morphology
initially perturbed by gene loss, (2) may retain the morphological
change initiated by gene loss without invoking any further changes
or (3) may generate novel morphological alterations (Fig. 1b).

To investigate these possibilities, significant changes in mor-
phological principal components were calculated between the wild
type, the ancestral and the compensated strain carrying the same
gene deletion (Fig. 1b at a false discovery rate (FDR) of 2.53%;
Methods). Generally, the cellular morphology of the compensated
and the wild-type strains significantly differed from each other,
hence restoration of the wild-type morphology was relatively rare
(15% of the 142 cases, Fig. 1b). In 25% of cases, the ancestral and the
corresponding compensated strains showed similar cellular mor-
phologies, but they substantially differed from that of the wild type.
Hence, in these cases, compensatory evolution improved fitness but
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left the knockout’s cellular morphology unaltered. In 46% of the
cases, the compensated strains displayed markedly different mor-
phology compared with that of the wild type and the corresponding
ancestral strain as well. Additionally, when only ancestral knockout
strains with wild-type morphology were considered, compensatory
evolution generated novel morphological states in 16 out of the 36
cases (44%). Importantly, the morphological differences between
the compensated and the ancestor strains are also apparent when
specific traits representative of each principal component were
considered individually (Fig. 1c and Extended Data Fig. 3). Finally,
hierarchical clustering of the morphological profiles coupled with a
bootstrap analysis” identified 11 morphologically distinct groups
of compensated strains with statistical support, indicating the exis-
tence of multiple distinct morphotypes (Extended Data Fig. 4a,b
and Supplementary Data 3). Together, these results suggest that
compensatory evolution following gene loss frequently promotes
the evolutionary divergence of morphological traits despite yielding
wild type-like fitness.

Several lines of evidence indicate that the observed morphologi-
cal changes are driven by specific deleterious and compensatory
mutations. First and foremost, the morphological changes in the
evolved controls were limited, indicating that morphological diver-
gence of compensated strains is not the result of adaptation to the
physical environment (Extended Data Fig. 5a-d). Second, morpho-
logical changes are not simply side effects of growth rate increase
for two reasons: (1) only one of the 149 single-cell morphological
traits (D197-C; that is, nuclei size ratio) shows a significant asso-
ciation with growth rate of the compensated strains (Spearman’s
correlation, FDR <5%, Supplementary Data 4); and (2) the extent
of changes in morphological traits are also not associated with
the extent of growth rate increase during compensatory evolution
(Spearmans correlation, FDR <5%, Supplementary Data 4). Third,
morphological evolution in the laboratory may be driven by numer-
ous mutations, all of which have small effects individually. If it were
so, one might expect a positive correlation between the number
of mutations that have accumulated during the course of labora-
tory evolution and the extent of morphological change. However,
analysis of available genome sequences of a set of 18 compensated
strains® revealed no significant correlation between these two vari-
ables (Extended Data Fig. 5e), indicating that certain compensatory
mutations have exceptionally large effects on cellular morphology.

Comparable diversity of compensated and natural strains. Next,
we focused on three morphological traits: cell size, cell elongation
and bud neck position for three reasons. First, out of the 149 mea-
sured morphological traits, changes in cell size and cell elongation
were especially high, yielding up to ~50% and ~35% increments,
respectively, in the compensated strains compared with that in the
wild type (Fig. 2a) and explaining most variation across strains (Fig.
la). Second, compensated strains with extremely low bud neck
positions form a distinct group (Fig. 2a), corresponding to a highly
diverged and statistically significant cluster in the cluster analysis
(Extended Data Fig. 4a,b). Third, and most importantly, these three
traits are highly variable across natural S. cerevisiae isolates*.

We compared the extent of morphological diversity induced by
laboratory evolution to that observed in nature. For this purpose, we
measured these three morphological traits in 29 natural S. cerevisiae
isolates with diverse ecological origins (Supplementary Data 5 and
Methods). The selected isolates represent several diverged clades
of S. cerevisiae®® and were confirmed to be haploids (Methods).
While the natural isolates differ by ~10°-10° mutations from each
other”, the compensated strains typically differ from the wild type
by only ~6 mutations in addition to the focal gene deletion®. Despite
these vast differences in the extent of genomic divergence, the over-
all extent of morphological variation in the compensated strains
is comparable to that of natural strains (Fig. 2a,b). This pattern

NATURE ECOLOGY & EVOLUTION | VOL 6 | JUNE 2022 | 763-773 | www.nature.com/natecolevol


http://www.nature.com/natecolevol

NATURE ECOLOGY & EVOLUTION ARTICLES

a b
PC1 PC5
cell size bud size relative to WT-like compensated Novel compensated

mother size

(before mitosis) No change 20 16

evo
evo

PC2 PC6 A
cell elongation bud size relative to anc WT

mother size

(after mitosis) .

Restoration 21 anc WT
PC3 PC7 X0
nucleus—mother tip nucleus elongation — 50
distance (single cell) anc WT am
(after mitosis)
Ancestor-lik mpensat
PCa PCa cestor-like compensated
nucleus—mother center neck position ‘ evo 35
distance (or angle of | I —
H —
(single cell) the bud) — WT — WT
Deleterious Compensatory
gene loss mutations

WIT ———> anc —— > evo

c EEI Ancestor E:EI Compensated
mms22-evl - | | & mp7-ev3 | - | —fh | |
mrp7—-ev3 ﬂ': : = dbf2—-ev3 - : 'I"I # - yta12-ev2 : :
iwrl—evd 4 | -t iwrl-ev4 4 o - ! !
wrl-evi | 1 -HHt rpsda-evd 1 1! - \ :
pimi-ev24 | | ¢ {EH— iwrli—evi{ 1 £ esco-ev3 | - | . !
rpb9-evd 4+ 1 ~ff ffE— rad52-ev1 ' "EEL' it | |
1 1 [ 1 1
adkl-ev24 | | - rps4a—ev1 -| [ -+ ! !
- B [ B s (] M 1 1
as2-evi |11 snt309-ev3 - i~ i LEL X
umpl-ev1
m09-evi 4 | B ev2 | ' u - P ' '
bimi-ev4{ ' 1 ¢ - fpb9-ev2 ! '{E‘ L !
[ dbf2—ev4 1 b £ 1 1
rpsda—evd { | Ll T ! !
dbf2-eva | ! -flk ) iog-evt 1, docl-ev2{ +f ! !
rads2—evi4{ | 1*- nup120-ev3 H} t : :
ohieva | 1 W of pihi—ev3+ %.ﬁ. | i
't iht-ev2 | ! ' '
rpsda—evli 4 | - BB pi | 1 M 1
mza—evi 4 11 - bimi-ev2 | o - Ps30b-ev1 ! !
1 1 1 1 1
S ) bud26-evi4 | 4 -} ' !
4 1 1 - [ | o 1 1
rps30b—ev1 \ I"EB“EB‘ ump1-evi [ - xrs2—ev1 - !
vid22—ev2 | e fhi - npi3-ev4 | {1 ! '
rads2-ev2{ | ' H- viczz-ev2 { - ! ! I I
400 500 600 700 1.2 1.4 1.6 10 20 30 40
Cell size Cell elongation Neck position

Fig. 1| Compensatory evolution alters cellular morphology. a, Schematic representation of the principal components (PC1-PC8). The figure shows

the intuitive meaning of the first eight principal components based on the top contributing morphological traits (Extended Data Fig. 2b). Separate
morphological traits are defined for three cell cycle stages (single cell, budded cell before or after mitosis). Principal components without an indication of
a specific cell cycle stage can be linked to all cell cycle stages for a given type of trait. b, Main classes of evolutionary trajectories in morphological space
and their prevalence. Compensated strains may not differ significantly from the wild type ("WT-like compensated"), differ from wild type while being
similar to the ancestor (‘Ancestor-like compensated") or differ from both the wild type and the ancestor (‘Novel compensated’). Compensated strains
with wild type-like ancestors are coloured with orange background. For each triplet of genotypes involving a compensated strain (evo), morphological
differences between genotypes are visualized by a triangle (long and short edges denote presence and absence, respectively, of significant difference in at
least one principal component; Methods). Numbers indicate the number of compensated strains corresponding to each evolutionary trajectory. Bottom
flowchart depicts the two steps of compensatory evolution: (1) deleterious gene loss that results in a low fitness state (anc) and (2) accumulation of
subsequent compensatory mutations that mitigate the fitness defect of gene loss and result in a fitness-compensated strain (evo). ¢, Changes in three
morphological traits in compensated strains with the most extreme trait values. Box plots showing cell size, cell elongation and neck position values of
compensated strains that differ most from the wild type (based on n=3 or n=4 biological replicates per strain). Cell size (area in pixels of unbudded cell),
cell elongation (ratio of the long- and short-axis length of the cell) and neck (that is, boundary between mother and daughter cell) position (angle unit)
correspond to CalMorph traits C11-1-A, C115-A and C105-A1B, respectively. Dashed lines indicate the range of the wild-type values (average +2 standard
deviations). Box plots show the median, first and third quartiles, with whiskers showing the 5th and 95th percentiles.

is especially remarkable considering that we probably overesti- Extended Data Fig. 6a). We conclude that compensatory evolution
mate morphological variation of natural strains as many of them in the laboratory generates morphological diversity in an exception-
are monosporic derivatives of isolates that are diploid in the wild**.  ally rapid manner (that is, within ~400 generations).

Surprisingly, certain compensated strains resemble specific natu- Yeast cell size and cell shape are intimately linked with progres-
ral isolates in their cell size and cell elongation values (Fig. 2c and  sion through the cell cycle, therefore we next asked whether the rapid
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evolution of cell size and cell elongation is associated with changes
in cell cycle phase distributions. To this end, we estimated the frac-
tion of cells residing in G1 and G2 cell cycle phases (that is, G1 and
G2 percentages, respectively) using flow cytometry (Methods and
Supplementary Data 6). Indeed, we found large changes in both G1
and G2 percentages in the compensated strains compared with that
in the wild type (Fig. 2d). Specifically, 32.4% (n=46) and 43.7%
(n=62) of the compensated strains show a marked alteration in G1
and G2 percentages, respectively. Prior works unveiled a control
mechanism that regulates G1 duration based on cell size, resulting
in a relatively shorter G1 for larger cells”. As might be expected, we
found a negative correlation between cell size and G1 percentage
(Fig. 2d). More remarkably, bud elongation has been shown to be
directly affected by the relative duration of G2 (ref. *°), and there was
a positive correlation between G2 percentage and both bud and cell
elongation across compensated strains (Fig. 2d and Extended Data
Fig. 7). While deciphering the mechanistic underpinnings of these
patterns goes beyond the scope of the current paper, the latter result
indicates that cell elongation has partly evolved through changes in
cell cycle phase distributions.

Rapid evolution of multicellular phenotypes. Alteration of cellular
morphologies and formation of multicellular structures have been
reported to be linked in yeast®. Therefore, we next asked whether
compensatory evolution alters the capacity to exhibit multicellular
phenotypes. Different species of yeasts typically undergo a develop-
mental transition from a single-cell form into multicellular forms
upon environmental change’*?. We studied three different forms of
multicellular phenotypes: (1) invasive growth phenotype that per-
mits penetration into solid agar®, (2) biofilm formation that allows
adherence to semi-solid agar’ and (3) cellular aggregation in liquid
medium via flocculation® or clump formation®. These three traits
enable survival under stressful conditions, aid nutrient acquisition®
and contribute to virulence in pathogenic yeasts’>”. However, sev-
eral natural S. cerevisiae strains have lost their capacity to display
these multicellular traits™.

We screened the wild type, the ancestor and the compensated
strains for invasive growth, cell aggregation and biofilm forma-
tion using established methods (Methods). Consistent with earlier
works, the wild type fails to show invasive growth and cell aggre-
gation phenotype®. It also forms 50% smaller biofilms* compared

with the positive control sigma 1278b strain (Supplementary Data
7 and Fig. 3e). Strikingly, however, several compensated strains
gained the capacity of invasive growth (13%), formed enlarged bio-
films (2.8%) or displayed multicellular aggregates in liquid (12.4%)
(Fig. 3 and Extended Data Fig. 8a—d). Multicellular aggregation in
the compensated strains was achieved by incomplete daughter cell
separation (that is, clumping™) rather than by flocculation of previ-
ously separated cells (Extended Data Fig. 8e).

Overall, 23.4% of the compensated strains showed an enhanced
capacity to display at least one multicellular trait (Fig. 3d). This fig-
ure is striking as the capacity to display these traits are unlikely to
confer any benefit in the well-shaken liquid medium employed dur-
ing the course of laboratory evolution. Consistent with this notion,
none of the 21 control evolved strains exhibited any of these phe-
notypes (P=0.0055, Fisher’s exact test; Extended Data Fig. 8a—c
and Supplementary Data 7). Similarly, the corresponding ancestral
strains typically displayed only mild or no changes in these traits
(Fig. 3a—c and Supplementary Data 7). Together, these results indi-
cate a prevalent role of compensatory evolution in generating mul-
ticellular phenotypes.

An important issue is whether multicellular phenotypes arise
through convergent evolution at the molecular level. If it were so,
one would expect an overlapping set of genes to be mutated in
strains displaying the same evolved phenotype. This was clearly not
the case: compensated strains that independently evolved the same
multicellular trait showed no overlap in their sets of mutated genes
(N=46 mutations in 9 sequenced strains, Supplementary Data 8).
This indicates that morphological novelties arise through diverse
mutational routes in the laboratory.

Prior studies demonstrated a substantial variation in invasive
growth phenotype among natural yeast strains®. Here we compared
the extent of variation in this phenotype in the laboratory-evolved
strains and natural isolates with different ecological origins. For this
purpose, we measured the capacity for invasive growth phenotypeina
set of natural S. cerevisiae isolates (Methods and Supplementary Data
9). Unexpectedly, the extent of gain in invasive growth phenotype in
the compensated strains reaches as high as ~50% of the range of inva-
siveness displayed by the natural isolates (Extended Data Fig. 9a).

A compensated laboratory strain with Abub3 genetic back-
ground (bub3-ev3) shows an especially high invasiveness score and
it displays filament-like multicellular structures invading into the

>
>

Fig. 2 | Comparable morphological diversity of compensated and natural strains. a, Distribution of three morphological traits across compensated and
natural strains. Black dots in swarm plots represent the average values of cell size, cell elongation and neck position (based on at least three biological
replicates per genotype) for compensated and natural strains. Red dots indicate the average value of the wild-type biological replicates in the two sets

of measurements (n=88 and n=16 for compensated strains and natural isolates, respectively). Grey area represents the average +2 standard deviation
of the 88 wild-type replicates of the set of measurements involving the compensated strains. b, Distribution of pairwise Euclidean distances of the
morphological profiles for all pairs of compensated strains (N=10,011) and natural isolates (N=406). Each dot represents a pair of compensated or
natural strains. Red dots indicate the median distance of all strain pairs in the two sets. ¢, Similar cellular morphology of compensated strains and natural
isolates. Scatter plot showing the distribution of compensated strains (blue dots) and natural isolates (orange triangles) according to average cell size and
cell elongation values (based on at least three biological replicates). Red dots and red triangles show the same wild-type genotype (WT) in the screens of
the compensated and natural strains (n=88 and n=16 replicates, respectively). Images show pairs of compensated and natural strains that display similar
morphological trait combinations (cell wall and nuclei are coloured with green and red, respectively): (1) large cells with normal, wild-type-like elongation:
xrs2-evl, OS_1586 isolate from tree leaves, (2) large round cells: vid22-ev2, OS_755 wine yeast isolate and (3) small round cells: med1-ev4, OS_675
isolate from human blood. Cell size and cell elongation in panels a and ¢ and neck position in panel a correspond to the same CalMorph parameters as in
Fig. Tc. Scale bar (on image of xrs2-ev1) represents 5pum. For larger fields of view, see Extended Data Fig. 6a. d, Compensatory evolution alters cell cycle.
Left panel shows the scatter plot of mean cell size and mean G1 percentage in both the ancestor (orange) and compensated (blue) strains. Cell size shows
a significant negative correlation with G1 percentage (that is, fraction of cells in the G1 cell cycle phase in the population) across all genotypes (Pearson'’s
correlation). Right panel shows the scatter plot of mean bud elongation and mean G2 percentage (that is, fraction of cells in the G2 cell cycle phase)

in both the ancestor (orange) and compensated (blue) strains. Bud elongation shows a significant positive correlation with G2 percentage (Pearson’s
correlation). Cell size and bud elongation correspond to the CalMorph traits C11-1-A (that is, the size of unbudded mother cell as in Fig. 2c) and C114-C
(that is, the ratio of the long- and short-axis length of the bud in post-mitotic cells), respectively. Mean G1and G2 percentages were estimated by
performing flow-cytometry analysis of two biological replicates for each strain (Methods). Dashed lines represent the average of the wild type. Grey area
represents the wild type average +2 standard deviations. We estimated standard deviation using the pool of strain-wise centred replicate measurements

of all investigated strains.
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agar (Fig. 4a). Invasive growth in S. cerevisiae is generally mediated
by Flol1p, a key cell surface protein whose regulation is impaired
in the laboratory yeast background used as a wild type here'’. We
found that bub3-ev3 did not regain the ability to express FLO11,
as evidenced by low activities of the FLO11 promoter (Fig. 4b) and
of a reporter protein of the filamentous growth pathway (Extended
Data Fig. 9b and Supplementary Data 10 and 11). Thus, our data
suggest that invasiveness in this strain emerged without reactivating
the canonical filamentous regulatory pathway.

Synergistic epistasis at the level of morphology. Finally, we
conducted in-depth genetic analyses to decipher potential epi-
static interactions between loss-of-function and compensatory
mutations. We first focused on a compensated strain with Arpb9
genetic background (rpb9-ev2) displaying an elongated cell shape
(Fig. 5a). Rpb9-ev2 carries a compensatory loss-of-function muta-
tion in WHI2 (ref. *). The RPB9 gene encodes an RNA polymerase II
subunit whose deletion reduces transcriptional fidelity and inhibits
growth as a result of proteotoxic stress response* and subsequent
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Fig. 3 | Compensatory evolution promotes the emergence of multicellular phenotypes. a,b,c, Plots show trait values for three types of multicellular form:
invasiveness (a), multicellular aggregates as measured by settling (b) and biofilm area (¢). Along with the corresponding ancestor strains (red), only
those compensated strains (blue) are plotted that show a marked change in trait value compared with the wild type based on both g-value and effect size
thresholds (grey dashed line) (Methods). Mean (black dashed line) and standard error (dark grey shaded area) of the wild type for the invasive growth/
settling/biofilm assay was calculated based on 156/106,/42 biological replicates, respectively. Please note the small standard error of the wild type in

a. The horizontal light grey shaded areas mark those pairs of strains where the compensated strain displays a significantly higher value than that of the
corresponding ancestor strain (one-sided Student's t-test, 10% FDR). The empty circle and the point range represent the mean and the standard error of
the corresponding trait values, respectively, based on at least three biological replicates. d, Heat map summarizes the presence (orange) or absence (light
grey) of alterations in the three investigated traits across 41 compensated strains, each of which display a marked change in at least one multicellular trait
compared with the wild type. e, Representative images of six compensated strains showing an increased level in at least one multicellular trait (with sigma
1278b as a positive control). Photos with orange frame mark significant trait changes. Scale bars represent 1Tmm, 50 um and 1cm on the images in rows
invasivity, clumping and biofilm, respectively. For larger fields of view of microscopic images, see Extended Data Fig. 8d.
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Fig. 4 | High invasiveness of a compensated strain. a-f, Filament formation appeared in a compensated strain of Abub3. a,b, The figure shows yeast
spots (illuminated from the top) of wild type, the ancestor (bub3-an) and a compensated strain (bub3-ev3) of Abub3 on solid medium after seven days of
incubation, before (a) and after (b) plate washing (Methods). ¢-g, Transmitted light microscopy images show the agar-embedded structures after plate
washing with different magnifications. Yellow boxes in b mark the areas that are magnified in ¢ and e, respectively. White boxes in ¢ and e mark the areas
that are magnified in d and f, respectively. White triangles and red box in f indicate extensive filament formation in bub3-ev3 line. Red box in f marks the
area that is magnified on g. Scale bars: 3mm (b), 250 um (c and e) and 50 um (d, f and g). h, Promoter activity of FLOTT across four genotypes, including

the wild type, the ancestor (bub3-an) and a compensated strain (bub3-ev3) of Abub3 and the positive control strain (sigma 1278b). Absolute promoter
activity was estimated by measuring the colony fluorescence (that is, the optical density normalized fluorescent level) of yeast spots after seven days

of incubation on solid medium, using a pFLO11-yEVenus-tADH1 reporter plasmid (Supplementary Protocols). Relative promoter activity of FLOTT was
calculated by normalizing the absolute promoter activity of the genotypes to that of the wild type. The relative promoter activity of FLOTT of the sigma
1278b genotype shows a median 36-fold increase compared with the laboratory wild type (median relative promoter activity of FLOT1=1). Box plots show
the median, first and third quartiles, with whiskers showing the 5th and 95th percentiles of two independent measurements of eight biological replicates
for each genotype. Significant differences were assessed by two-sided Student'’s t-tests (**** indicates P <0.0001). The P values are 2.1x1078, 21x 108
and 1.6 x 1078 for comparing sigma 1278b with wild type, bub3-an and bub3-ev3, respectively. a.u., arbitrary units.

downregulation of the major growth control (target of rapamycin)
pathway. As noted earlier, a loss-of-function mutation in Whi2p, a
negative regulator of the target of rapamycin pathway”, mitigates
the fitness defect of Arpb9 (ref. ®) via relief of growth inhibition.
Intriguingly, deletion of WHI2 not only improves fitness but also
yields elongated cells in Arpb9, while it is non-beneficial® and has
no major effect on cell elongation in the wild type (Fig. 5a,b and
Extended Data Fig. 6b.). We conclude that the initial loss-of-function
mutation (Arpb9) and the compensatory mutation (Awhi2) display
synergistic epistasis on cell elongation (Fig. 5b).

Analysis of a compensated strain (bub3-ev3) exhibiting a novel
multicellular phenotype resulted in a similar conclusion: bub3-ev3
shows an exceptionally high capacity for invasive growth (Fig.
3a) compared with that of all other compensated, several natural
(Extended Data Fig. 9a) and the corresponding Abub3 ancestor
strains. The BUB3 gene encodes a spindle assembly checkpoint
protein involved in delaying the cell division until each chromo-
some is properly attached to the microtubules”. Bub3-ev3 carries
a non-synonymous point mutation (Y332S) in a morphogenesis
checkpoint protein Swelp®. Swelp normally delays nuclear division
until the bud has been formed*. It is plausible that the mutation
in Swelp (SWEI') alters cell cycle kinetics and thereby partly
compensates for spindle checkpoint defects. We introduced the
SWEI'*? mutation into both the wild-type and Abub3 genetic back-
grounds. The mutation significantly improved fitness in Abub3 but
not in the wild type (Extended Data Fig. 10 and Supplementary Data
12), confirming its causal role in fitness compensation. Remarkably,
the reconstructed double mutant Abub3 SWEI'** showed a strong
invasive growth phenotype similar to that of bub3-ev3 (Fig. 5¢,d).
In contrast, the SWEI%* mutation had no major impact on inva-
siveness in the wild type, indicating synergistic epistasis between
gene loss and the associated compensatory mutation on invasive-
ness (Fig. 5d).

Discussion

In this work, we addressed a long-standing debate on the role of
non-adaptive mutations in generating evolutionary novelties.
Compensatory evolution following gene loss generates hidden
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genetic and physiological variation across parallel evolving lines®.
As a consequence, gene loss initiates adaptive genomic changes that
rapidly restore fitness, but this process has pleiotropic side effects on
cellular physiology and evolvability**. Here we hypothesized that
organisms undergo major changes in morphological traits not sim-
ply to adapt to external conditions but also as a by-product of com-
pensating for previously accumulated deleterious mutations. Using
laboratory evolution, we found an exceptionally rapid diversifica-
tion of morphological traits in response to gene loss. Furthermore,
in-depth genetic analyses demonstrated that the loss-of-function
and the compensatory mutations are jointly required for specific
morphological alterations (Fig. 5).

Both the set of disrupted genes and the mutations that have accu-
mulated during the course of laboratory evolution are very diverse
in the compensated strains®. Therefore, we propose that a broad
range of molecular processes associated with compensatory evolu-
tion can initiate major changes in cellular morphology. Indeed, com-
pensated strains that independently evolved the same multicellular
trait display no overlap in their sets of mutated genes, suggesting
that morphological novelties can arise through diverse mutational
routes. While these analyses focused on point mutations, structural
variants such as chromosome aneuploidies might also contribute to
morphological changes®. Clearly, future systematic works should
reveal the relative contribution of different types of compensatory
mutation to morphological novelties.

Our work indicates that compensatory evolution generates rudi-
mentary forms of ecologically and clinically relevant traits, which
could be later fine-tuned by direct selection. Some of these traits,
including invasive growth and biofilm formation, are virulence
factors in several pathogenic fungi’”, suggesting that gene loss
and subsequent compensatory mutations could be relevant for the
emergence of pathogenicity.

Despite the short time scale of laboratory evolution, the extent of
morphological diversity was comparable to that of haploid natural
yeast isolates with diverse genetic backgrounds and lifestyles. These
results could be relevant for understanding the evolution of cellu-
lar morphology in the wild. Systematic analyses of morphological
traits in natural yeast isolates have revealed abundant trait variation
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Fig. 5 | Synergistic epistasis underlying morphological changes in two compensated strains. a, Representative images of yeast cells of five selected
genotypes, including the wild type, two single mutants (Arpb9 and Awhi2) and a reconstructed double mutant (Arpb9 + Awhi2). The fifth genotype is the
compensated strain of Arpb9 (rpb9-ev2) that harbours the whi25”*" loss-of-function allele. Loss-of-function mutation of WHI2 recapitulates the elongated
cell shape of the compensated strain when introduced into Arpb9 but not when introduced into the WT. Cell wall and nuclei are coloured with green and
blue, respectively. Scale bar represents 5 pm for all images. For larger fields of view, see Extended Data Fig 6b. b, Box plots show cell elongation values
(CalMorph trait C115-A) of the same five genotypes (based on N=4 and N=8 replicates for the mutants and the wild type, respectively) as in a. Vertical
dashed line shows the expected value of the double mutant in the absence of epistasis (Methods). €, Representative images of yeast spots before and
after plate washing (left and right images, respectively, in each grid) across five selected genotypes, including the wild type, two single mutants (Abub3
and SWET"33%5) and a reconstructed double mutant (Abub3+ SWET"33%). The fifth genotype is the compensated strain of Abub3 (bub3-ev3) that harbours
the SWET32 mutant allele. SWET3% confers a high capacity for invasive growth when introduced into Abub3, whereas it has only a minor effect in the
wild type background. Scale bar represents 1mm for all images. d, Box plots show the relative invasiveness score of the same five genotypes (using at
least eight biological replicates for each genotype) as in c. Vertical dashed line shows the expected value of the double mutant in the absence of epistasis
(Methods). Box plots show the median, first and third quartiles, with whiskers showing the 5th and 95th percentiles.

between strains with no correlation with their ecological origin or
genetic relatedness***. However, these traits are also claimed to be
shaped by positive selection rather than neutral evolution*. These
seemingly contradictory findings are consistent with the hypothesis
that morphological diversity is driven partly by compensatory evo-
lution and not simply by adaptation to changing ecological settings.
Indeed, it has been previously suggested that adaptive mutations at
the genomic level may generally reflect compensatory rather than
progressive changes in the phenotype. For example, an ancient lin-
eage of budding yeasts (genus Hanseniaspora) has diversified and
thrived, despite lacking many cell-cycle checkpoint genes which are
essential in other fungal lineages™. Perhaps importantly, these yeasts
underwent a burst of accelerated molecular evolution and display
markedly altered budding morphology. Further work should be
done to explore whether compensatory evolution has played a role
in the phenotypic evolution of the Hanseniaspora lineage.
Although putatively deleterious loss-of-function alleles are
prevalent in eukaryotic genomes, the underlying evolutionary
mechanisms are far from being clear. One can envisage at least three
possibilities. Population bottlenecks and genetic drift promote the
accumulation of deleterious mutations, but this scenario may be
unfeasible in microbes with large effective population sizes. It is
more likely that loss-of-function mutations are positively selected if

770

they are beneficial in one environment and detrimental in another
environment®’. Indeed, a large fraction of gene deletant mutants dis-
play such antagonistic pleiotropy in baker’s yeast®. It is an interest-
ing and open issue how subsequent accumulation of compensatory
mutations shape fitness across environments. Finally, the order of
events may occur the other way around: nearly neutral compensa-
tory mutations may arise first in the population that later permit the
fixation of loss-of-function mutations without serious fitness conse-
quences. This scenario is consistent with a recent systematic study
that showed that pre-existing natural genetic variants frequently
suppress deleterious mutations in specific strains of baker’s yeast™.
Our work has some general implications on the tempo and
mode of phenotypic evolution. It is generally believed that phe-
notypic evolution proceeds in small discrete steps. The justifica-
tion for this assumption is that mutations with large effects tend
to have deleterious side consequences®’. While this could be gen-
erally true, our work indicates that the fitness defects associated
with mutations can be rapidly mitigated by compensatory evolution
without restoring the original phenotype. Hence, laboratory evolu-
tion can generate ‘hopeful monsters™, organisms with profoundly
altered morphological phenotypes but normal fitness. In the future,
it will be important to establish whether such hopeful monsters
have the potential to establish new evolutionary lineages through
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promoting reproductive isolation. In sum, our work provides direct
experimental evidence that loss-of-function mutations can act as
stepping stones' in morphological evolution.

Methods

Yeast strains and media. All strains used in this study were derived from the
BY4741 S. cerevisiae parental strain. A set of slow-growing non-essential single-gene
deletion strains from the haploid yeast deletion collection (MATa; his3A 1; leu2A 0;
met15A 0; ura3A 0; xxx::KanMX4) were used in our previous study to investigate
compensatory evolution in the laboratory®. In this prior batch selection experiment,
each slow-growing deletion strain (that is, ancestor strain) was propagated for ~400
generations under standard laboratory conditions (YPD medium: 1% yeast extract,
2% peptone, 2% glucose) that resulted in fitness-compensated evolved lines (referred
to as compensated strains throughout the text). As a proxy for fitness, we previously
measured growth rate’. Growth rate was estimated by monitoring the growth curves
of yeast populations in liquid medium using a modified version of an established
procedure™*". To investigate the effect of the initial deleterious and subsequent
compensatory mutations on single-cell and multicellular morphological features,

we here used isolated clones of both the slow-growing ancestor strains (1 =_86,
impaired in diverse cellular functions) and 1-4 parallel evolved compensated strains
(n=145) per ancestor that showed fitness compensation and remained haploid
during the laboratory evolution (details below). Note that all strains, including
ancestor, compensated and control evolved strains, were saved and stored as glycerol
stock until further experiments. All experiments throughout this study were also
performed on a set of control evolved lines (n=21) initiated from the wild-type strain
(his3::KanMX, designated as wild type throughout the manuscript) in our previous
study” to control for morphological changes unrelated to compensatory evolution. To
investigate the diversity of morphological traits across natural baker’s yeast isolates,
we selected 29 haploid and euploid strains (Supplementary Data 5) from a collection
of 1,011 S. cerevisiae isolates™. The selected isolates represent several phylogenetically
diverged clades of S. cerevisiae with diverse ecological origins. For the quantitative
invasive growth/settling/biofilm formation/filamentous response assays (see below),
we used the sigma 1278b parental strain (L5684, matA, ura3-52, leu2::hisG) as a
positive control”. To distinguish between calcium-dependent aggregation (that is,
flocculation) and mother-daughter separation defect (that is, clump formation) as a
mechanism underlying enhanced settling (see below), we used a highly flocculating
natural strain (OS_1189) as a positive control*.

For single-cell morphological phenotyping, ploidy analysis and fitness
measurements, all strains were cultured in rich, YPD liquid medium. Quantitative
biofilm-formation assays, colony size-based fitness measurement and quantitative
invasive growth assays were performed on solid YPD medium with low-density
(0.3%), medium-density (2%) and high-density (3%) agar, respectively.

High-throughput single-cell morphology measurements. To quantitatively
measure single-cell morphology, we applied a previously established protocol***
with minor modifications. Single colonies were selected from yeast populations to
establish single clones. Yeast strains were inoculated into standard 96-well plates in
four biological replicates as follows. Random layouts were generated by a custom

R script to avoid plate effects biasing the genotype-specific morphological trait
values. This protocol resulted in layouts where each biological replicate position

is randomly chosen with two constraints. First, each biological replicate of a given
genotype is placed on a separate plate to ensure that it is measured on different
days. Second, each plate contains four control wells (wild type) in random positions
within different quadrants in distinct rows and columns. Overall, this resulted

in 88 replicates for wild type. After reaching the saturation in cell density, each
culture was diluted into 500 pl fresh YPD medium in a 96 deep-well plate including
0.5mm glass beads in each well and grown until mid-exponential phase. After that,
the cells were fixed in phosphate buffer (pH 6.5) containing 3.7% formaldehyde
(Sigma-Aldrich). Fixed cells were washed with phosphate-buffered saline (PBS)
(137mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,, 1.8 mM KH,PO,, 1 mM CaCl,,
0.5mM MgCl,) and P buffer (10mM Na,HPO,, pH 7.2, 150 mM NaCl), and then
we performed fluorescent staining of the cell wall and the nucleus (actin-staining
was omitted due to low reproducibility as in a previous study”'). Staining of the

cell wall was performed by incubating the fixed cells with 1 mgml~" Alexa Fluor
488 conjugate of concanavalin A (Alexa-488-conA, Thermo-Fisher) solution for
2h at 4°C. After washing with P buffer, the cells were kept in PBS buffer at 4°C
until microscopy. Before microscopy, the nuclei were stained with 350 ngml™!
4',6-diamidino-2-phenylindole (DAPI, Thermo-Fisher) in PBS buffer supplemented
with 0.1% Triton X-100 (Molar Chemicals) for 30 min at room temperature. After
repeated pipetting (at least 30 times to minimize cell aggregates), the cells were
diluted and transferred into black clear-bottom 96-well plates (Greiner) coated with
1 mgml™ concanavalin A solution (conA, Santa-Cruz Biotechnology). Fluorescently
stained cells were sedimented by centrifugation (1,750 X gravity for 4 min).
Microscopy screening was performed by an Operetta High-Content Imaging
System (PerkinElmer Inc.) using a 63X high numerical aperture dry objective.
During the imaging, 13 fields were captured from each well with two channels
configured for Alexa-488-conA and DAPI in four layers of z-stack. Raw tiff images
were processed using custom a MATLAB script to select the optimal z-stack layer

for each cell and to produce 696 x 520 8-bit jpeg images (four images per field
of view), which were then used as inputs for the CalMorph software”. The same
procedures were applied in the cases of reconstructed mutants and natural isolates.

Statistical analysis of morphological data. All data analysis was performed using
the R language™. First, average morphological trait values were calculated for

each biological replicate (that is, separate well). These average trait values (with
the exception of traits representing angles) were log2 transformed, and then the
transformed values were weighted by the number of cells per well for each genotype.
Next, these genotype-level averages were standardized to the wild type: the average
value of the wild type was subtracted, then this value was divided by the standard
deviation of the wild-type biological replicates (n==88). Dimension reduction was
performed on this wild-type standardized data by using principal component
analysis resulting in eight ‘principal component traits’ explaining ~96% of all
variance. We used the ‘prcomp()’ function from R using default parameter values.

The morphological profile of each strain is defined by the eight principal
component values, transformed to have unit variance across strains. This ensures
that each principal component (type of morphological trait) is equally considered
in the analyses below, not only the ones with the highest variance.

To define ‘significant’ morphological differences between strains, biological
replicates of all strains were projected to the principal component space calculated
above. Average +2 standard deviation intervals were calculated from the biological
replicates of each strain. Two strains are defined as being significantly different in
a given principal component when their intervals are non-overlapping. We used
standard deviations instead of statistical tests or confidence intervals because the
results of the latter methods are highly influenced by the differences in sample sizes
(3, 4 or 88). Two strains are defined as ‘morphologically different’ if they differ
from each other in at least one principal component.

We estimated the FDR of identifying significantly altered morphologies
between two strains as follows. We first estimated the FDR of comparing 4-4
biological replicates, representing most of the comparisons between ancestral
and compensated deletion strains (94 of 142 comparisons). To this end, we
used the 88 biological replicates of the wild-type strain, randomly selecting two
sets of four biological replicates for comparison. We reasoned that significant
differences between such subsets of wild-type replicates represent false positives.
Next, we calculated whether the two sets show a significant difference in their
morphology (that is, their mean +2 standard deviation intervals overlap for
at least one principal component trait). To estimate the FDR, we repeated the
random sampling 10,000 times and calculated the proportion of significant cases,
resulting in a FDR of 1.3%, yielding ~1.3 expected false positive cases in our
dataset. In a similar vein, we also estimated the FDR for comparing three versus
four biological replicates (representing 42 out of 142 comparisons). This yielded
~1.8 false positive cases. Finally, comparison of three versus three biological
replicates (6 out of 142 comparisons) yielded ~0.5 false positive cases. Thus, in
total, we expect 3.6 false positives (2.53%) when comparing gene deletion ancestors
and corresponding compensated strains. We note that comparisons between the
wild type versus ancestor or compensated strains imply comparing 88 versus four
biological replicates, therefore the FDR for those comparisons is expected to be
negligible. Overall, these analyses show that the rate and number of falsely detected
significantly different strains is very low and is unlikely to affect our conclusions.

Classes of evolutionary trajectories depicted in Fig. 1b are defined as follows.
‘No change’: neither the compensated strain nor its ancestor is morphologically
different from the wild type. ‘Restoration’: the ancestor is morphologically different
from the wild type, but the compensated strain is not. For simplicity, we also
included in this category the two compensated strains in which all the principal
components are at least partially restored. Partial restoration for a given principal
component is defined by both the compensated strain and its ancestor differing
from the wild type in the same direction but the compensated strain being closer
to the wild type while being significantly different from its ancestor. ‘Ancestor-like
compensated’: both the compensated strain and its ancestor are morphologically
different from the wild type, but they are not different from each other (with
the possible exception of partial or full restoration of some but not all principal
components). The remaining strains are classified as ‘Novel compensated” and can
be further divided into two subclasses: (1) the compensated strain is different from
the wild type, but its ancestor is not and (2) both the compensated strain and its
ancestor are different from the wild type and from each other.

For Fig. 1c we selected compensated strains with the most extreme trait values
based on the following criteria. We considered only those compensated strains whose
average +2 standard deviation interval is non-overlapping with the wild-type interval
for a given trait (calculated on log2 scale for cell size and cell elongation). From these
sets, we display up to 20 strains with the largest absolute differences from the wild
type for each trait (based on log2 fold change for cell size and cell elongation).

To quantify morphological distances between wild type and control evolved
strains, we calculated pairwise Euclidean distances between their morphological
profiles. To compare the degree of morphological diversity of compensated strains
and natural isolates, we calculated Euclidean distances between the morphological
profiles of each pair of strains within each group. Morphological profiles were
defined by the principal components as above. More specifically, morphological
trait values were standardized for the two sets of strains separately using their
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corresponding replicate measurements of the wild-type strain. The two sets of
standardized values were merged and PCA was carried out. The standardized scores
of the first eight principal component (explaining ~96% of the total variation) were
used to calculate all pairwise Euclidean distances within each set of strains.

To identify significantly different groups of strains with similar morphologies,
we performed hierarchical clustering of their morphological profiles by using the
R package ‘pvclust’”’, with Euclidean distance and average linkage. Significant
clusters were defined as having higher than 0.95 approximately unbiased bootstrap
value after 10,000-time bootstrap sampling. To define a minimal set of significant
clusters, we selected the largest significant clusters above the height of the node
where the wild type and all the control evolved lines are merged (‘wild type-like
cluster’), not including those that contain the ‘wild type-like cluster. From this list,
we considered only those clusters which contained compensated strains initiated
from at least three different gene deletion strains.

Quantitative invasive growth assay. To screen the ancestor and compensated
strains of deletion mutants (along with control evolved strains) for invasive growth
phenotype, we used an established plate-washing assay’’ with minor modifications.
Briefly, strains were inoculated into randomly selected positions of a standard
96-well plate, excluding the borders of the plates that were inoculated with a filler’
strain that was not analysed afterwards. The positive control strain, sigma 1278b,
was also inoculated into the plates. After reaching saturation in cell density, each
96-well plate was spotted onto a solid YPD medium with high-density (3%) agar.
After seven days of incubation at 30 °C, all plates were photographed to obtain
digital images of spot growth and then 10 ml water was pipetted onto the plates.
After 10 min of incubation, the non-invasive cells were washed off with a gentle
stream of water and gentle rubbing with a finger (wearing a latex glove). Dried
plates were re-grown for 24 h at 30°C to enhance the growth of the agar-invaded
cells. Images of post-washed spots were also obtained by photographing the plates.
Spots were illuminated from the bottom throughout the study unless otherwise
indicated (that is, on the representative images of Fig. 4a in which case illumination
from the top was used). The pixel intensity of each spot pre- and post-wash

was estimated with a custom-developed image analysis pipeline in MATLAB
programming environment (Supplementary Protocols).

The level of invasive growth, that is, absolute invasiveness, was determined
as the ratio of the intensity after washing to the intensity before washing (based
on four biological replicates of each). Relative invasiveness was calculated by
normalizing the invasiveness of the investigated strains to that of the positive
control strain (sigma 1278b). Strains that met the following criteria were
considered to display an invasive growth phenotype: (1) the relative invasiveness
value was significantly higher than that of the wild type (one-sided Wilcoxon
rank-sum test, 10% FDR) and (2) the relative invasiveness value was higher than
10% of the corresponding value of the positive control strain (sigma 1278b, note
that positive hits were confirmed by visual inspection of the plates after washing).
To assess whether the trait value of the compensated strains are significantly higher
than their corresponding ancestors, one-sided Student’s ¢-tests were used (10%
FDR) because these comparisons involved low sample sizes.

To investigate epistasis between Abub3 and SWEI"* at the level of invasiveness,
we performed an agar invasion assay using the wild type, the two single mutants
(Abub3 and SWE1"%) and the reconstructed double mutant (Abub3 + SWE1"%%)
using at least eight biological replicates. With the presumption of additive epistasis
on invasiveness, we calculated the expected relative invasiveness value of the double
mutant as follows: first, we subtracted the wild-type value from those of the two
single mutants and then performed addition of the subtracted values.

Quantitative settling assay. To systematically investigate the ability of the
ancestor and compensated strains to form multicellular clumps or flocs, we first
performed a well-established quantitative sedimentation assay*® with minor
modification. Briefly, strains were inoculated into culture tubes filled with 5ml
YPD liquid medium and grown for 24 h at 30 °C with 200 r.p.m. shaking. Strains
were vortexed vigorously in the culture tubes and then were incubated without
agitation for 60 min to help sedimentation of the cells. After the incubation

time, the culture tubes were photographed then the fraction of the settled cells
(absolute settling score) was estimated using an image analysis pipeline described
previously*. Relative settling score was calculated by normalizing the absolute
settling score of the investigated strains (based on four biological replicates of each)
to that of the wild-type strain. Strains showing at least a 10% increase in relative
settling score and a significant difference (one-sided Wilcoxon rank-sum test,
10% FDR) compared with the wild type were considered to display an increased
settling capacity. To assess whether the trait value of the compensated strains are
significantly higher than their corresponding ancestors, one-sided Student’s ¢-tests
were used (10% FDR) because these comparisons involved low sample sizes.

Detection of multicellular aggregates. Formation of multicellular aggregates

of strains with increased settling capacity was further confirmed by microscopy
analysis (Zeiss Laser Capture Microdissection microscope) with 20x
magnification. To distinguish between calcium-dependent aggregation (that is,
flocculation) and mother-daughter separation defect (that is, clump formation) as
a mechanism underlying multicellular structures, we performed a deflocculation

assay as described in an earlier work® with minor modifications. Briefly, we treated
cells with a chelating agent (EDTA) that sequesters calcium ions and thereby
prevents cell adhesion mediated by calcium-dependent flocculins. Cells were
incubated in 3 ml YPD medium in 24 deep-well plates for 24h with 220r.p.m.
agitation. Cultures were settled for 60 min without agitation, then 200 pl of
sedimented culture was taken from the bottom of the wells, resuspended, split

into two parts and centrifuged. One part was resuspended in 100 pl water and

the other part was resuspended in deflocculation solution (100 pl 4mM EDTA).
After 50 min of incubation at room temperature without agitation, cells were taken
from the bottom of the centrifuge tube, mixed with mounting medium (9:1 mix
of glycerol and 1 X PBS) and examined by microscope with 20X magnification
(Zeiss Laser Capture Microdissection and Operetta High-Content Imaging System
(PerkinElmer Inc.)). For the deflocculation assay, we used a positive control strain
(natural strain (OS_1189) isolated from soil in the Netherlands, described in a
previous study**) that flocculated well in minimal synthetic defined medium after
two days and deflocculated completely after the EDTA treatment.

Quantitative biofilm-formation assay. To screen the ancestor and compensated
strains for increased biofilm production, we used an established protocol with
minor modifications™. Briefly, cells growing on solid YPD with medium density
(2%) agar plates were picked and spotted by toothpick onto solid YPD with
low-density (0.3%) agar plates and incubated for 5 days at 25°C. The plates were
subsequently photographed to obtain digital images of the biofilms and then the
area of the biofilm was estimated by using an image analysis pipeline described
previously”. Relative biofilm area was calculated by normalizing the biofilm area
of the investigated strains (based on three biological replicates of each) to that of
the wild type. Strains having at least a 10% increase and a significant difference
(one-sided Wilcoxon rank-sum test, 10% FDR) in biofilm area compared with the
wild type were considered to display an increased biofilm-formation capacity. To
assess whether the trait value of the compensated strains are significantly higher
than their corresponding ancestors, one-sided Students ¢-tests were used (10%
FDR) because these comparisons involved low sample sizes.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

All data are available in the main text, Methods or the Supplementary Information.
A multi-page pdf containing the investigation of ploidy level of yeast strains is
available at https://figshare.com/s/cc55743a3c97d927db59. High-resolution

image of Extended Data Fig. 4 can be found at https://figshare.com/s/
a5f1571eb8cc5bada89b.

Code availability

Scripts used in the analysis of microscopic images are available at https://github.
com/pappb/Farkas-et-al-Compensatory-evolution. The MATLAB code used in
the image analysis of invasive growth is available at https://github.com/csmolnar/
invasivegrowth.
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Extended Data Fig. 3 | Evolution of five representative morphological traits in compensated strains with the most extreme trait values. The boxplots
display the trait values in the compensated strains and corresponding ancestors compared to that of the wild-type (based on n=3 or n=4 biological
replicates each). Traits are representative traits of PCs 3-7, shown in the order of PCs (Fig. 1a). Note that for each trait, a subset of compensated strains
displaying the most extreme trait values are displayed. The corresponding CalMorph traits are D103_C, D148_A, C118_A1B, C118_C, and D182_A
respectively. Dashed lines indicate the range of the wild-type trait values (average + 2 standard deviations). Boxplots show the median, first and third
quartiles, with whiskers showing the 5th and 95th percentiles.
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Extended Data Fig. 4 | Clustering of the morphological profiles. (a) Heatmap of morphological profiles. Each row represents the morphological profile
of a genotype. Ancestor (red) and compensated (blue) strains are marked along the column next to the dendrogram (labeled as column an-ev). The
column left to the heatmap (labeled as column WT) indicates wild-type (red) and control evolved strains (blue). Columns of the heatmap are the first
eight principal components with colors representing the principal component scores. The dendrogram is the result of hierarchical clustering with red boxes
representing 11 significant clusters (see Methods). Representative images of the wild-type (WT) and strains from the two clusters: i) containing cells with
small bud angle (esc2-ev3, Cluster #11) and ii) cells with enlarged bud size relative to mother cell size (mms22-ev1, Cluster #02), are shown. We note
that the strains harboring deletion of DNA damage responding genes are 16.5-fold enriched in the latter cluster (GO:0006974, Fisher's exact test, P<2
x107%, Supplementary Data 3). Cell wall and nuclei are colored with green and red, respectively. Scale bar (on image of WT) represents 5 pm distance.
(b) Dendrogram showing hierarchical clustering of genotypes based on single-cell morphology profiles. The same dendrogram as in panel (a), but

also showing the names of the strains and the approximately unbiased probability values (AU p-value) for each cluster. AU p-values were used to define
statistically significant clusters (Cluster #01-11) indicated by red boxes (for further details, see Methods). For further information on the clusters, see
Supplementary Data 3. High-resolution image of Extended Data Fig. 4 can be found at https://figshare.com/s/a5f1571eb8cc5bada89b.
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Extended Data Fig. 5 | Morphological changes are specific to compensatory evolution. (a-b-c-d) Evolved control strains show limited change in cellular
morphology. Distribution of cell size (a), cell elongation (b) and neck position (¢) for the evolved controls (initiated from the wild-type background,
WTevo) and compensated strains (KOevo). Each dot represents average trait value for an individual strain. Changes of the above parameters in the
evolved controls are negligible in comparison to a large number of compensated strains. Horizontal line and grey area denote the average value and
average + 2 standard deviation of the wild-type replicates, respectively. Morphological traits correspond to the same CalMorph parameters as in Fig. 1c.
(d) Distribution of Euclidean distance (from the wild-type) of the control evolved (WTevo) and compensated strains (KOevo). Degree of morphological
changes between the wild type (WT) and evolved controls is smaller than between the WT and most of the compensated strains (Brunner-Munzel test,

P =3 x107"). Degree of morphological change is measured by Euclidean distance between morphological profiles (see Methods). Red dots and error bars
show the average and 95% confidence interval for the two strain sets. (e) Morphological divergence during compensatory evolution is independent of
the number of accumulated mutations. The figure shows the Euclidean distance of the 18 compensated strains from their corresponding ancestors as a
function of the number of mutations accumulated during the course of compensatory evolution®. The left and right panel shows the number of mutations
including and excluding the synonymous ones, respectively. We found a lack of significant correlation between the number of accumulated mutations and
the overall morphological distance, indicating that large morphological changes are often accessible in a few mutational steps.
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Extended Data Fig. 6 | Larger field of views for microscopy images. (a) Similar cellular morphology of compensated strains and natural isolates. The
figure shows wider field of views for Fig. 2c. Images show pairs of compensated and natural strains that display similar morphological trait combinations
(cell wall and nuclei are colored with green and red, respectively): (i) large cells with normal, wild-type-like elongation: xrs2-ev1, OS_1586 isolate from
tree leaves, (ii) large round cells: vid22-ev2, OS_755 wine yeast isolate, (iii) small round cells: med1-ev4, OS_675 isolate from human blood. Scale bar
represents 10 pm. (b) Synergistic epistasis underlying morphological changes in a compensated strain of Arpb9. The figure shows wider field of view
images for Fig. 5a. Images show 5 selected genotypes, including the wild-type (WT), two single mutants (Arpb9 and Awhi2) and a reconstructed double
mutant (Arpb9 + Awhi2). The fifth genotype is the compensated strain of Arpb9 (rpb9-ev2) that harbors the whi2s"*" loss-of-function allele. Cell wall and
nuclei are colored with green and blue, respectively.
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Extended Data Fig. 7 | Cell morphology progression through the cell cycle. (a) Pearson'’s correlation between cell elongation and G2 percentage (as
measured by flow-cytometry). Cell elongation corresponds to CalMorph trait C115-A. WT denotes the wild-type strain. Ancestors and compensated
strains are colored by red and blue, respectively. Dashed line represents the average of the WT. Grey area represents the WT average + 2 standard
deviations. We estimated standard deviation using the pool of strainwise centered replicate measurements of all investigated strains. (b) Scheme of bud
growth stages through the cell cycle. (c) Plot shows cell size in different cell cycle stages of the 10 largest compensated strains. Importantly, genotypes
with large mother cells also have larger buds than that of the wild-type (red line). Note that the extent of cell size increase throughout the cell cycle stages
varies somewhat across the compensated strains. (d) Compensated strains displaying the most elongated mother cells reach their elongated shape during
the G2/M and cytokinesis phase of the bud growth. Note that several strains show more intense bud elongation than the wild type. Size of the mother

cell and bud corresponds to CalMorph traits C11-1 and C11-2, respectively. Elongation of the mother cell and bud corresponds to CalMorph traits C114

and C115, respectively. Cell cycle stages G1, G2/M and cytokinesis indicated on the plots correspond to stages A, A1B and C of the CalMorph software,
respectively.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Multicellular morphologies of compensated strains. (a-b-c) Systematic screening of multicellular morphology. Barplots show the
relative invasiveness (a), the relative settling score (b) and the relative biofilm area (¢) of the compensated strains (initiated from knockout backgrounds,
left panel) and control evolved strains (initiated from WT, right panel), respectively. Relative invasiveness score was calculated by normalizing the
invasiveness score of the strains to that of the positive control strain (sigma1278b). Relative settling score (a proxy of cell aggregation) was calculated by
normalizing the settling of the strains to that of the wild type strain. Relative biofilm area was calculated by normalizing the biofilm area of the strains to
that of the WT. Orange color marks those compensated strains that display the corresponding trait (see Methods). (d) Imaging multicellular aggregation.
The label-free microscopy images shows wider field of views for Fig. 3¢, involving clump-forming compensated strains and the non-clumping WT. (e)
Flocculation assay. Heatmap on the left summarizes the response of multicellular clumps to a deflocculation agent (4 mM EDTA) that can disrupt

clumps formed via Ca?*-dependent flocculation (see Methods). Deflocculation resulted in clear separation of the multicellular flocs into single / few cells
(green) in a well-flocculating positive control strain (OS_1189 soil isolate, described in a previous study”®). In contrast, there was no obvious change in the
phenotypes of the compensated strains forming multicellular aggregates (red). Compensated strains were grouped into 3 different classes: +++/++/+
show the largest/medium-sized/smallest multicellular clumps, respectively. Microscopic images on the right show the deflocculation assay of two
representative compensated strains that displayed significant settling (bub3-ev2 and rpb9-ev3), along with a flocculation positive strain (OS_1189). For
microscopy analysis of the flocculation positive control strain and the compensated strains, a 10x and a 20x objective was used, respectively. Scale bar
represents 50 pm distance.
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Extended Data Fig. 9 | Analyzing invasive growth phenotype of bub3-ev3 and natural yeast isolates. (a) Invasive growth assay of 29 haploid natural
yeast isolates. Natural baker's yeast isolates were selected from a previous study? and represent several phylogenetic clades (N=8) and ecological
origins (N=10), indicated on the left panel. Relative invasiveness score (right panel) was calculated by normalizing the invasiveness of the strains to the
mean of the positive control strain (sigma 1278b). The black cross and the point-range represent the mean and the standard error of the invasiveness
score of at least four biological replicates (separate grey points). The red dashed line mark the mean invasiveness score of the compensated strain
(bub3-ev3) that displays the strongest invasive growth phenotype. For further details, see Methods. For strain abbreviations, see Supplementary Data 5.
(b) Measuring the activity of the filamentous growth pathway. Boxplot shows the activity of the FRE-lacZ reporter across several genotypes including
WT, bub3-ev3 line, and a positive control strain (sigma 1278b). Activity of the FRE (Teclp-dependent filamentous response element) gives information
about activity of the filamentous growth pathway. The level of the filamentous response was estimated by measuring the p-galactosidase activity on
protein extracts of yeast colonies after 3 days of incubation. To assess (3-galactosidase activity, an established ONPG assay was used. Relative FRE-lacZ
activity was calculated by normalizing the Miller Units of the investigated genotypes to that of the WT. Boxplots show the median, first and third quartiles,
with whiskers showing the 5th and 95th percentiles of at least four biological replicates for each of the genotypes. Significant differences were assessed by
two-sided Student's t-tests (***/**** indicates P < 0.001/0.0001). The P values are 5.3 x10~* and 4.2 x10~¢ for comparing WT with bub3-ev3 and sigma
1278Db, respectively.
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Extended Data Fig. 10 | Mutation in SWET partially compensates the fitness defect of the Abub3 ancestor strain. Boxplot shows the relative fitness
across several genotypes, including wild-type (WT), the ancestor (bub3-an) and a compensated strain of Abub3 (bub3-ev3), and strains harboring the
reconstructed SWET332 mutant allele. As a proxy for fitness, colony size after 72 h of incubation on solid medium was measured as previously®. Briefly,
ordered arrays of strains at 768-density were spotted onto YPD solid medium with medium-density (2%) agar. After 48 h of acclimatization to the
medium at 30 °C, plates were replicated again onto the same medium. Digital images of the plates were taken with a camera after 72 h of incubation at
30°C. The images were then processed to calculate colony sizes, after correcting for potential systematic biases®. Genotype fitness was estimated by
the mean colony size of six biological replicates (i.e. six independent colonies). Relative fitness was calculated by normalizing the absolute colony sizes
(see Methods) to that of the wild type strain. Significant differences were assessed by two-sided Wilcoxon rank-sum tests (**** indicates P < 0.0001,
ns=non-significant). The P values are 0.15 and 3.1 x10-28 for comparing WT with WT + SWE1Y33?* and bub3-an, respectively, while the P values are 6.92
X107 and 4.16 x10~8 for comparing bub3-an with bub3-ev3 and bub3-an + SWE1"33?, respectively. Boxplots show the median, first and third quartiles,
with whiskers showing the 5th and 95th percentiles.
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Software and code

Policy information about availability of computer code

Data collection  Raw tiff images of yeast cells were processed using a custom Matlab script.
CalMorph 1.2 software was used to extract single-cell morphological data.
Pixel intensities for invasive growth assay were estimated with a custom-developed image analysis pipeline in Matlab.

Data analysis Custom codes were written in R programming language (R version 4.1.0) and are available at https://github.com/pappb/Farkas-et-al-
Compensatory-evolution. The MATLAB code used in the image analysis of invasive growth is available at https://github.com/csmolnar/
invasivegrowth.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data are available in the main text or the supplementary materials. Scripts used in the analysis of microscopic images and cell level morphological data are
available at https://github.com/pappb/Farkas-et-al-Compensatory-evolution. The MATLAB code used in the image analysis of invasive growth is available at https://
github.com/csmolnar/invasivegrowth.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size For microsopic morphology we used at least 3 biological replicates following previous studies (e.g. PMID: 23822767), which were found to be
sensitive enough to find morphological differences. For macrosopic mesurements the number of biological replicates (3 or 4) was high enough
to typically provide significant p-values with the effect size we used.

Data exclusions  All data exclusions are described in the following Methods section: Quality control of raw morphological data
Replication Biological replicates were used to handle random errors, randomization was used to preclude systematic errors/batch effects.
Randomization  Random layout was used to assign biological replicates of strains to well positions.

Blinding Not applicable, objective automated image processing was used to quantify morphological differences.
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Methodology
Sample preparation Exponentially growing yeast cells were fixed and stained with Sytox-Green nucleic acid stain to investigate ploidy level.
Instrument Beckman Coulter's CytoFLEX S
Software CytExpert for CytoFLEX Acquisition and Analysis Software (DNA content analysis),

Kaluza Analysis 2.1 software from Beckman Coulter (Beckman Coulter Diagnostic, CA, USA; cell-cycle analysis)
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