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How genome instability is harnessed for ﬁtness gain despite its
potential deleterious effects is largely elusive. An ideal system to
address this important open question is provided by the protozoan
pathogen Leishmania, which exploits frequent variations in chromosome and gene copy number to regulate expression levels. Using
ecological genomics and experimental evolution approaches, we
provide evidence that Leishmania adaptation relies on epistatic
interactions between functionally associated gene copy number
variations in pathways driving ﬁtness gain in a given environment.
We further uncover posttranscriptional regulation as a key mechanism that compensates for deleterious gene dosage effects and provides phenotypic robustness to genetically heterogenous parasite
populations. Finally, we correlate dynamic variations in small nucleolar RNA (snoRNA) gene dosage with changes in ribosomal RNA 20 O-methylation and pseudouridylation, suggesting translational control as an additional layer of parasite adaptation. Leishmania
genome instability is thus harnessed for ﬁtness gain by genomedependent variations in gene expression and genome-independent
compensatory mechanisms. This allows for polyclonal adaptation
and maintenance of genetic heterogeneity despite strong selective
pressure. The epistatic adaptation described here needs to be considered in Leishmania epidemiology and biomarker discovery and
may be relevant to other fast-evolving eukaryotic cells that exploit
genome instability for adaptation, such as fungal pathogens or
cancer.

metacyclic form of the parasite into mammalian hosts during a blood meal. There, following uptake by macrophages,
Leishmania develops into nonmotile, intracellular amastigotes
that proliferate inside fully acidified phagolysosomes and subvert
host cell immuno-metabolomic functions, thus causing the severe
immuno-pathologies underlying leishmaniasis.
Genome instability is a hallmark of Leishmania biology since
these parasites lack promoter-dependent gene regulation (6, 7)
but exploit chromosome and gene copy number variations
(CNVs) to regulate messenger RNA (mRNA) abundance by
gene dosage (8–12). In the absence of confounding transcriptional control, Leishmania thus represents an ideal system to
investigate the role of genome instability in fast-evolving
eukaryotic cells. We applied an experimental evolution (EE)
approach and assessed changes at genomic and transcriptomic
levels during adaptation of animal-derived parasites to in vitro
culture. As demonstrated in our previous study (11), fitness
Signiﬁcance
Chromosome and gene copy number variations often correlate with the evolution of microbial and cancer drug resistance, thus causing important human mortality. How
genome instability is harnessed to generate beneﬁcial phenotypes and how deleterious gene dosage effects are compensated remain open questions. The protist pathogen
Leishmania exploits genome instability to regulate expression via gene dosage changes. Using these parasites as a
unique model system, we uncover complex epistatic interactions between gene copy number variations and compensatory transcriptomic responses as key processes that harness
genome instability for adaptive evolution in Leishmania. Our
results propose a model of eukaryotic ﬁtness gain that may
be broadly applicable to pathogenic fungi or tumor cells
known to exploit genome instability for adaptation.

genome instability j epistatic interactions j posttranscriptional regulation j
evolutionary adaptation j ﬁtness gain
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D

arwinian evolution plays a central, yet poorly understood, role in human disease. Iterative rounds of
genetic mutation and environmental selection drive tumor
development, microbial fitness, and therapeutic failure.
Genome instability is a key source for genetic and phenotypic diversity, often defining disease outcome (1–4).
However, the mechanism(s) by which genome instability is
harnessed for fitness gain despite its potential deleterious
effects remain largely elusive. Here we investigate this question in the protozoan parasite Leishmania, which causes a
spectrum of severe diseases known as leishmaniases that
generate substantial human morbidity worldwide (5). Visceral leishmaniasis (also known as kala azar) is caused by
Leishmania donovani or Leishmania infantum and is fatal if
left untreated. Most Leishmania species show a digenic life
cycle comprising two major developmental stages that infect
two distinct hosts. The motile, extracellular promastigote
form of Leishmania proliferates inside the digestive tract of
phlebotomine sand flies, which transmit the highly virulent
PNAS 2021 Vol. 118 No. 51 e2113744118
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Fig. 1. Genome-wide mapping of CNVs, their environmental selection, and epistatic interactions. (A) Genome-wide normalized coverage values in natural logarithm scale (y axis) across the 36 chromosomes (x axis) for 204 L. donovani ﬁeld isolates from the Indian subcontinent (ISC) (13). The x axis reports
the position of genomic windows along the chromosomes. The smoothed blue color represents the two-dimensional kernel density estimate of genomic
bins. A sample of 50,000 genomic bins with normalized coverage ≥1.5 or ≤0.5 are materialized as black dots. The black horizontal line and the two red
lines indicate normalized coverage values of 1.5, 1, and 0.5. (B) Heatmap generated for the 204 clinical isolates (columns) showing their phylogenetic relationship as a function of CNV regions (rows). The color scale reﬂects the deviation from the minimum bin coverage observed across all genomes. The
two-colored columns on the right report the presence of annotated genes (orange) and intragenic regions (blue), and the chromosomal location of the
CNVs is deﬁned by the legend below the plot. (C) Association between CNVs and repetitive elements. The bar plots show the number of observed overlap
instances between the boundaries of the CNV regions and repetitive elements (Left), and the log2 ratio between the observed and expected overlap
events over 10,000 randomizations (Right). (D) Gene CNV network analysis. The nodes represent gene CNVs while the edges indicate statistically signiﬁcant positive (red) and negative (blue) correlations observed in the 204 ﬁeld isolates. The nodes are colored according to the predicted network clusters
(NC). The indicated gene identiﬁers refer to key nodes of the network, i.e., genes that connect positive or negative correlating clusters, such as a putative
protein kinase (LdBPK_160014000), a member of the 4F5 protein family (LdBPK_010007900), the eukaryotic translation initiation factor 2 subunit alpha
(LdBPK_030014900), or the rRNA gene LdBPK_210010700. (E) Phylogenetic tree based on SNVs (>90% frequency) (Upper) for the ISC core population comprising 191 isolates (13) [not including the distant ISC1 strains (48); see also cladogram in SI Appendix, Fig. S5]. The heatmap (Lower) shows the normalized gene sequencing coverage across genomes (rows). To ease the visualization, gene ampliﬁcations with normalized coverage >2 are indicated as 2. (F)
Violin plot showing the distributions of the normalized genomic coverage values of the collapsed CNV positions (dots) matching genic (orange) and intergenic
(blue) regions. (G) Log2 ratio distributions of observed and expected nucleotide overlap between collapsed CNV regions and gene/intergenic annotations.

gain in this in vitro system is driven largely by the rate of parasite proliferation, which depends on accelerated cell cycle
progression and increased transcription and translation efficiencies.
Here, we uncover complex epistatic interactions between gene
2 of 8 j PNAS
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CNVs and compensatory transcriptomic responses as key processes
that harness genome instability for fitness gain in Leishmania. Our
data may be broadly applicable to pathogenic fungi or cancer cells
known to exploit genome instability for adaptation.
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Fig. 2. Longitudinal analysis of gene CNVs during ﬁtness gain in culture. (A) Heatmap generated by plotting gene read depth values (columns) across L.
donovani amastigotes isolated from infected hamster spleen (AMA) and derived promastigotes evolving in continuous culture for 2, 10, 20, and 135 passages (P2, P10, P20, P135) (rows). The gray level reﬂects the scaled normalized gene coverage as indicated in the ﬁgure. The colored ribbon indicates the
simpliﬁed gene annotation as shown in the legend to the right. (B) Screenshot of the IGV genome browser showing gradual loss of the NIMA-like kinase
gene Ld1S_360735700 during culture adaptation between splenic amastigotes (AMA) and derived promastigotes at passages P2 and P135. The right panel
shows the gel-electrophoretic analysis of PCR fragments obtained from lesion amastigotes (AMA) and derived promastigotes at the indicated culture passages that are diagnostic for the WT (11 kb) and the deleted NIMA-like kinase locus (2 kb) (see SI Appendix, Fig. S7A for a schematic overview of the PCR
strategy). (C) Heatmap generated by plotting gene read depth variation (columns) across eight clones isolated from the P20 population (rows). The color
code is deﬁned in the legend and corresponds to the deviation from the minimum sequencing coverage measured for that gene in all clones. The colored
ribbon indicates the simpliﬁed gene annotation as shown in the legend of A. The deletion of the NIMA-like kinase Ld1S_360735700 is indicated by the
arrow. (D) Analysis of the phylogenetic relation of the P20 clones. The red dots and numbers indicate the node bootstrap support (1 = 100%). The genetic
distance is indicated by the branch length and scaled as indicated in the ﬁgure.

Results
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Leishmania Genomic Adaptation Is Governed by Epistatic
Interactions between Gene CNVs. We first assessed the level of

CNV across 204 L. donovani clinical isolates from the Indian
subcontinent (13). This collection includes a core group of 191
strains that are genetically highly homogenous as judged by the
small number of single nucleotide variants (SNVs) (<2,500
total), which provided us with a useful benchmark to study the
dynamics of CNVs across a large number of quasiclonal populations. DNA read depth analysis of these isolates revealed
important CNVs in both coding and noncoding (nc) regions,
with amplifications and deletions affecting respectively 14%
and 4% of the genome (Fig. 1 A and B and Datasets S1 and
S2). Analyzing the statistical association of observed CNVs
with repetitive sequence elements uncovered 11 DNA repeats,
including the previously described SIDER (14) and LDRP1
elements (15). In addition, we describe simple/low complexity
repeats (16) and eight repetitive sequence elements that may
drive Leishmania genome instability through microhomologymediated, break-induced replication as observed for human
CNVs (17) (Fig. 1C, SI Appendix, Fig. S1, and Dataset S3).
Gene dosage changes were not random but clearly under selection as judged by the reproducibility of genetic interactions
across independent isolates and the enrichment of amplified
genes in biological functions associated with proliferation and
Bussotti et al.
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thus fitness gain in culture. Statistically significant interactions
were observed between positive (correlating) and negative
(anticorrelating) read depth variations (Fig. 1D, SI Appendix,
Figs. S2 and S3, and Datasets S4 and S5), including a highly
connected network cluster (NC) containing 60 coamplified
transfer RNA (tRNA) genes encoded on 16 different chromosomes (NC1, Fig. 1D, SI Appendix, Fig. S4, and Datasets S6
and S7). Natural selection of gene CNVs is further supported
by 1) their independent emergence across phylogenetically distinct strains providing evidence for evolutionary convergence,
2) the very high copy number observed for certain genes (up to
21-fold) suggesting strong, positive selection, and 3) the global
enrichment of read depth variations in phenotypically silent,
intergenic regions, suggesting purifying selection against deleterious effects caused by gene CNVs (Fig. 1 E–G, SI Appendix,
Fig. S5, and Datasets S8–S10). Together, our data provide evidence that Leishmania genomic adaptation is governed by gene
CNVs through highly dynamic, functional interactions that are
under natural selection. These interactions define a form of
epistasis at the gene (rather than nucleotide) level, with the
phenotypic effect of a given gene amplification being dependent on coamplification of functionally related genes.
Epistatic Adaptation Drives Polyclonal Fitness Gain In Vitro. We
next used an EE approach to directly assess the link between
PNAS j 3 of 8
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Fig. 3. Genetic and transcriptomic analyses of the NIMA-like kinase null mutant. (A) Growth analysis. WT and heterozygous NIMA+/ mutants generated
by CRISPR/Cas9 gene editing (Left; see SI Appendix, Fig. S7 D and E for gene editing strategy and PCR validation of the mutant). Transgenic NIMA+/ parasites transfected with empty vector (NIMA+//m) or vector encoding for the NIMA-like kinase gene (NIMA+//+) (Right). The doubling time of parasites in
logarithmic culture phase is shown. (B) Heatmap of the scaled normalized RNAseq counts of the genes differentially expressed in the P20 clones 1 and
8 (WT) with respect to the spontaneous NIMA null mutant (spo-KO) clones 3, 6, 4, 7, 9, and 10. A log2 fold change > 0.5 with adjusted P value < 0.01 was
considered signiﬁcant. Darker levels of blue reﬂect higher expression levels as indicated by the legend. (C) Double-ratio scatter plot. The plot represents
the ratio of the mean DNA (x axis) and RNA (y axis) sequencing read counts between the clones that lost the NIMA kinase gene (CL3-4-6-7-9-10) and the
NIMA kinase WT clones (CL1 and CL8). Each dot represents an individual gene. The marginal distributions for DNA and RNA ratio values are displayed
along the x and y axes. The color indicates the statistical signiﬁcance level of the genes’ double-ratio scores (i.e., RNA ratio divided by DNA ratio) as indicated in the legend. The NIMA-like kinase homolog Ld1S_360735800 is labeled in red. The vertical and horizontal dotted lines indicate DNA and RNA
ratio values of 1, while the diagonal dashed line speciﬁes the bisector. The blue line represents a linear regression model built on the DNA and RNA ratio
values and measuring a Pearson correlation value of 0.65. (D) Functional enrichment analysis of the biological process Gene Ontology terms for all genes
in C showing a statistically signiﬁcant double-ratio score (Dataset S18). The node color mapping is ranging from yellow to dark orange to represent
increasing signiﬁcance levels, or lower adjusted P values. White nodes are not signiﬁcant. 1: organic substance metabolic process, 2: nitrogen compound
metabolic process, 3: cellular metabolic process, 4: organic cyclic compound metabolic process, 5: primary metabolic process, 6: cellular nitrogen compound metabolic process, 7: heterocycle metabolic process, 8: cellular aromatic compound metabolic process, 9: macromolecule metabolic process, 10:
nucleobase-containing compound metabolic process, 11: nucleic acid metabolic process.

epistatic interactions and fitness gain in hamster-derived L.
donovani parasites during adaptation to in vitro culture (11) (SI
Appendix, Fig. S6A; EE1). Following normalization for karyotypic variations (SI Appendix, Fig. S6B and Dataset S11),
changes in read depth were monitored between passages 2 (P2,
2 wk in culture) and 135 (P135, 36 wk in culture), corresponding to ∼20 and 3,800 generations. Our analysis revealed coamplification of coding and nc genes and gene clusters that are
functionally linked to fitness gain in culture (i.e., accelerated
cell proliferation), including genes encoding for ribosomal
RNAs (rRNAs), tRNAs, small nuclear (snRNAs), small nucleolar RNA (snoRNA), spliced leader RNAs (SLRNAs), and
ribosomal proteins (RPs; Fig. 2A, SI Appendix, Fig. S6C, and
Datasets S12–S14). Epistatic adaptation to culture thus affects
pathways linked to translation in both the LDBPK (Fig. 1) and
Ld1S isolates, with amplification observed for homologous
4 of 8 j PNAS
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genes encoding for various tRNAs, ribosomal RNAs (5SMS,
5.8S, 18S, 28S), or 60S acidic RPs (Dataset S10). Indeed, translation efficiency is one of the major rate-limiting steps for proliferation (18), with enhanced protein synthesis fulfilling the
increased need for various molecular machines (DNA and
RNA polymerases, ribosomes) in biosynthetically highly active,
fast-growing cells. This functional link between a given fitness
phenotype and its underlying epistatic network opens unexplored venues for the discovery of Leishmania pathways that
govern adaptation to a given environment.
Unexpectedly, we discovered that gene depletion—as well as
gene amplification—is also a major driver for environmental
adaptation and fitness gain. We identified a genomic deletion
of 11 kb containing a single gene encoding for a NIMA-related
kinase gene (Ld1S_360735700), which is gradually selected in
the adapting promastigote population from a preexisting
Bussotti et al.
Genome instability drives epistatic adaptation in the human pathogen Leishmania
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Fig. 4. snoRNA genes are ampliﬁed in long-term adapted parasites and promote rRNA modiﬁcation. (A) Ternary plot showing for each gene the relative abundance in culture passage P2, P125, and P135. The axes report the fraction of the normalized gene coverage in each sample, with each given point adding up to
100. Dots with color ranging from pink to black indicate signiﬁcant gene CNVs (P value < 0.001). (B) Recovery of the full snoRNA gene cluster during culture adaptation. The panel illustrates a genome browser representation of the sequencing depth measured in the samples at the indicated passage. Gene annotations and
the predicted repetitive elements are indicated. (C) Line plot showing the normalized sequencing coverage (y axis) over the snoRNA cluster region on chromosome
33 (x axis) for the original amastigote sample used to derive the P2 strain (AMA, green) and three independent amastigote isolates (AMAH154, red; AMA07142,
yellow; AMA1992, blue) obtained from different hamster infections. (D) Hyper-pseudouridylated (Ψ) sites are present in the PTC functional domain of the ribosome. The relative change in Ψ levels was measured using Ψ-seq and is presented in Dataset S21. Representative line graph of the fold change in pseudouridylation
levels (Ψ-fc, log2) along the rRNA nucleotides (x axis) is presented for P2 (green line) and P135 (blue line) for the PTC domain in LSU-b rRNA. The positions where
the Ψ level is increased in four replicates are indicated in red. (E) The location of Ψ sites in the rRNA is depicted on the L. donovani Ld1S secondary structure, which
is identical to Leishmania major and similar to T. brucei (25, 49). Hypermodiﬁed sites are highlighted in boxes. The snoRNA guiding on each Ψ is indicated. The
color code for each Ψ site is indicative of the organism where it was already reported. (F) Hypermethylated (Nm) sites are located around the functional domains
of the ribosome. The complete stoichiometry of each Nm site was measured by RiboMeth-seq in P2 and P135 L. donovani strains as presented in Dataset S20. The
hypermodiﬁed Nm sites are highlighted in green, and their identity is indicated on the three-dimensional structure of the L. donovani large subunit ribosome
based on the previously deposited cryo-EM coordinates [Protein Data Bank (50) accession 6AZ3] (26). (G) Model of Leishmania polyclonal adaptation. 1) Leishmania
intrinsic genome instability generates constant genetic variability. 2) Epistatic interactions between gene CNVs and compensatory responses at the level of RNA stability and translation efﬁciency eliminate toxic gene dosage effects and harness genome instability. 3) This mechanism generates phenotypic robustness while at
the same time maintaining genetic variability, thus allowing for polyclonal adaptation. 4) The genetic mosaic structure allows for distinct adaptive trajectories (T)
inside and in-between adapting populations, a process that conserves genetic heterogeneity and thus evolvability of the population despite constant selection.
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mutant that was detected in splenic amastigotes (Fig. 2B and
Fig. S7 A and B). Clonal analysis of the P20 population
revealed the presence of the spontaneous knockout (spo-KO)
in six out of eight individual clones (Fig. 2C). The only partial
penetration of spo-KO cells after several months in culture
indicates that the fitness gain provided by the absence of the
NIMA kinase may be very small, a fact we confirmed by
establishing growth curves for wild-type (WT) clone CL1 and
spo-KO clone CL6, which was indeed unable to identify a
statistically significant difference in proliferation (SI Appendix,
Fig. S7C). The different spo-KO clones were clearly not the
descendants of a single founder cell but were of independent,
polyclonal origin as judged by their distinct gene CNV profiles
(Fig. 2C and Dataset S15), and their polyphyletic clustering
based on SNVs compared to WT clones (Fig. 2D and Dataset
S16). This evolutionary convergence strongly supports natural
selection of the deletion during culture adaptation and suggests
a potential role of the deleted NIMA kinase in growth restriction, which we further assessed by gene editing.
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Toxic Gene Dosage Effects Are Compensated at Posttranscriptional
Levels. Unlike the spo-KO clones, CRISPR/Cas9-generated,

NIMA knockout mutants (cri-KO) (SI Appendix, Fig. S7 C and
D) were not viable, while heterozygous mutants showed a
strong growth defect, which was partially rescued by episomal
overexpression of the NIMA kinase gene (Fig. 3A). This paradoxical result suggests that spo-KO cells must have evolved
mechanisms that can compensate for the loss of this essential
gene. Read depth analyses of the spo-KO and WT clones ruled
out genetic compensation (Dataset S15). In contrast, RNA
sequencing (RNAseq) analysis showed highly reproducible,
compensatory transcript profiles in the six independent spo-KO
clones (Fig. 3B and Dataset S17). Our analysis revealed
reduced stability in spo-KO clones of 23 transcripts implicated
in flagellar biogenesis (SI Appendix, Fig. S8), which correlated
with reduced flagellar activity (Videos S1 and S2). Loss of
motility may represent a fitness tradeoff, providing energy
required for accelerated in vitro growth. Likewise, the spontaneous loss of the NIMA-like kinase gene may be the result of
an evolutionary process that selects against motility, given the
implication of the NIMA-related kinase Cnk2p in regulating
flagellar length in the protist Chlamydomonas (19) and the
localization of the Trypanosoma brucei NIMA-related kinase
TbNRKC to the flagellum basal body (20). However, selection
for the spontaneous NIMA deletion mutant was not observed
in three independent evolutionary experiments conducted with
different amastigote isolates (SI Appendix, Fig. S6A; EE1-3, SI
Appendix, Fig. S9A), suggesting that compensation for the
essential NIMA functions may be complex and thus rather a
rare event.
On the other hand, we identified 350 transcripts with
increased abundance (Dataset S17, second sheet), which either
result from increased gene dosage or mRNA posttranscriptional stabilization. Direct comparison of DNA and RNA read
depth variations allowed us to distinguish between these two
possibilities and identified a set of transcripts whose expression
changes between WT and spo-KO did not correlate with gene
dosage. In absence of transcriptional regulation in Leishmania
(6), the abundance of these transcripts is likely regulated by differential RNA turnover. Increased abundance was observed in
spo-KO clones for the mRNA of another NIMA-related kinase
(Ld1S_360735800) encoded adjacent to the deleted region, suggesting a direct, posttranscriptional compensation of kinase
functions (Fig. 3C and Dataset S18). Likewise, we observed
increased stability for functionally related small ncRNAs,
including 43 snoRNAs, several rRNAs, and tRNAs but also
various metabolic enzymes (e.g., calpain-like cysteine peptidases, a glycosomal phosphoenolpyruvate carboxykinase or a
6 of 8 j PNAS
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histone methylation protein DOT1) (Fig. 3D and Dataset S18),
suggesting ribosomal biogenesis, translational regulation, and
various metabolic processes as yet additional levels of nongenomic adaptation. Together, our data identify gene deletion
and compensatory, posttranscriptional responses as drivers of
Leishmania fitness gain.
The nc RNome as a Driver of Leishmania Fitness Gain. The selective
stabilization of snoRNAs during early culture adaptation
(P2-P20) suggests these ncRNAs as key drivers in Leishmania
fitness gain. We confirmed this possibility in long-term adapted
parasites that were continuously cultured for ∼3,800 generations (P135). Read depth analysis of P2, its derived P135 population, and an independent population evolved until P125 (SI
Appendix, Fig. S6A; EE4) revealed selective amplification of
snoRNAs, as judged by the shift observed in the shown ternary
plot (Fig. 4A, SI Appendix, Fig. S9B, and Dataset S19). Surprisingly, rather than amplification of individual snoRNA genes,
increased read depth was caused by the recovery of a single
locus on chromosome 33 containing a cluster of 15 snoRNA
genes in the P135 population, which was depleted in the original amastigote population (Fig. 4B). The restoration of this
locus between P20 and P135 is further proof that snoRNAs are
under positive selection during culture adaptation. Rather than
intrachromosomal expansion of gene copies, the recovery of
this locus is more likely due to the selection of a small subpopulation that may preexist in the original amastigote isolate and
penetrate the culture between P20 and P135, similar to what
we observed for the NIMA kinase spo-KO. This scenario is
indeed supported by analyzing CNVs in the snoRNA cluster
across independent amastigotes isolates, which revealed significant differences in snoRNA gene copy number, as indicated by
the observed variations in read depth (Fig. 4C and SI Appendix,
Fig. S10). Thus, while short-term adaptation in Leishmania is
governed by control of RNA stability, long-term adaptation
occurs through more cost-efficient gene dosage regulation.
Increased snoRNA abundance likely satisfies a quantitative
need for ribosomal biogenesis in our fast-growing cultures but
could also affect the nature and quality of ribosomes (21, 22).
In the following, we assessed the possibility of such fitnessadapted ribosomes in Leishmania, especially since snoRNA
genes guiding 20 -O-methylation (Nm) and pseudouridine (Ψ)
modifications were extensively amplified. Amplification of
snoRNAs should lead to increased modifications on sites that
are accessible for modification. The mapping of Nm via
RiboMeth-seq (23) revealed an increased level of modification
for 18 sites by at least twofold (Dataset S20), while the mapping
of pseudouridylation by Ψ-seq (24, 25) showed increase for 5 Ψ
sites during adaptation from P2 to P135 (Fig. 4D and Dataset
S21). Interestingly, mapping these sites on the resolved
cryogenic electron microscopy (cryo-EM) structure of the L.
donovani large ribosomal subunit (26) reveals their localization
around the peptidyl-transferase center (PTC) and mRNA
entrance tunnel, whereas the hyper-modified Ψ sites are located
in the PTC itself (Fig. 4 E and F and SI Appendix, Fig. S11).
Together, our data infer a complex model of Leishmania fitness
gain where epistatic interactions between gene amplifications
and compensatory responses at posttranscriptional levels harness Leishmania genome instability for polyclonal adaptation
(see model Fig. 4G and details in the legend).

Discussion
A common strategy in microbial evolutionary adaptation is
known as “bet-hedging,” where the fitness of a population in
changing environments is increased by stochastic fluctuations in
gene expression that are regulated at epigenetic levels (27–31).
The protozoan pathogen Leishmania largely lacks transcriptional
Bussotti et al.
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environment, much like it was observed in cancer cells or during
differentiation of stem cells (38, 39).
Our findings have important clinical implications for Leishmania infection. Leishmania adapts to various environmental
cues, notably the presence of antileishmanial drugs. In contrast
to high frequency amplifications observed during experimental
drug treatment in culture (40–42), treatment failure and drug
resistance observed during natural infection may evolve
through multilocus epistatic interactions such as those
described here, which can balance the fitness tradeoff between
drug resistance and infectivity (43). Therefore, our data define
biological networks, rather than individual genes, as biomarkers
with potential diagnostic or prognostic value. Conceivably, the
epistatic mechanisms we uncover in Leishmania can be of
broader relevance to other human pathologies caused by fastevolving eukaryotic cells exploiting genome instability for polyclonal adaptation, such as cancer cells. While single nucleotide,
epistatic interactions are recognized as important drivers of
tumor development (44, 45), the role of epistatic interactions
between structural mutations and between the genome and
transcriptome in drug-resistant cancer cells remains to be elucidated (46).
In conclusion, our results propose a model of Leishmania
fitness gain (Fig. 4F), where polyclonal adaptation of mosaic
populations is driven by epistatic interactions that 1) buffer the
detrimental effects of genome instability, 2) coordinate expression of functionally related genes, and 3) generate beneficial
phenotypes for adaptation. This mechanism of fitness gain
avoids genetic death by maintaining heterogeneity in competing
parasite populations under environmental selection and may be
generally applicable to other eukaryotic systems that adapt
through genome instability.
Materials and Methods
The extended supporting materials and methods provide detailed information on the 1) L. donovani strains, culture conditions, and cell cloning, 2)
nucleic acid extraction and deep sequencing, 3) whole genome sequencing
data analysis, 4) reference genomes, 5) repeat analysis, 6) CNV association
analyses, 7) network analysis, 8) phyogenetic analysis, 9) RNAseq analysis, 10)
Gene Ontology term enrichment analysis, 11) PCR analyses, 12) null mutant
analysis, and 13) methylation (Nm) and pseudouridine (Ψ) rRNA modiﬁcation
analyses.
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regulation, raising the question of how these parasites generate
variability in transcript abundance and phenotype required for
adaptation (6, 7). Our data uncover an alternative mechanism of
bet-hedging that has evolved based on the unique biology of
Leishmania.
First, we provide evidence that Leishmania genome instability may be driven by 11 repetitive DNA elements associated
with genome-wide amplifications and deletions, both of which
are under positive and purifying selection. Leishmania thus
compensates for the absence of stochastic gene regulation by
the generation of stochastic gene CNVs, which can cause
dosage-dependent changes in transcript abundance (8–12).
Second, we reveal an important role for posttranscriptional
regulation in Leishmania fitness gain, which 1) compensates
for the deleterious deletion of a NIMA kinase by selectively stabilizing the transcripts of an orthologous kinase, 2)
allows for gene dosage-independent increase in the abundance
of ncRNAs (SLRNAs, snoRNAs) required for proliferation,
and 3) provides phenotypic robustness to genetically heterogenous populations as documented by the converging transcript
profiles of independent NIMA spo-KO mutants. This adaptation process guards against toxic gene dosage effects and simultaneously increases the phenotypic landscape available to
Leishmania for adaptation via gene deletions and compensatory
transcriptional responses. Significantly, the NIMA ortholog as
well as the SLRNA and snoRNA loci are amplified during
long-term culture (Fig. 4 A and B and SI Appendix, Figs. S6C
and S9B), revealing a two-step adaptation process reminiscent
to yeast (32), implicating first, a posttranscriptional mechanism
via transient changes in RNA stability followed by a second
genomic mechanism via selection for stable CNVs.
The dynamic changes in snoRNA stability and gene copy
number observed in our EE system identifies this class of
ncRNAs as an unexpected driver of Leishmania fitness gain.
snoRNAs guide rRNA modification and processing as well as
modification of snRNAs and additional ncRNAs (33, 34).
There is currently no information on the effect of individual
rRNA Ψ and Nm modifications on translation. It has been
shown that ribosomes with different RP composition are specifically affected in translation of only a subset of proteins (35).
Conceivably, changes in rRNA conformation and interaction
due to modification may have similar effects. Indeed, we
recently demonstrated that individual Ψ modifications affect
protein binding (33, 36) and similarly may impact RP binding,
generating specialized ribosomes with different translation
properties. In addition, Ψ modification also affects rRNA structure, which was shown to change translation efficiency and
fidelity (22, 37). Based on our results, it is interesting to speculate that differential snoRNA expression and subsequent differential rRNA modification generates fitness-adapted ribosomes
with unique translation properties. Such specialized ribosomes
may represent an additional layer of regulation capable of
counteracting toxic gene dosage effects, providing phenotypic robustness, and adapting the proteome profile to a given
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