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ARTICLE INFO ABSTRACT

Mutation and recombination drive the evolution of most pathogens by generating the genetic variants upon
which selection operates. Those variants can, for example, confer resistance to host immune systems and drug
therapies or lead to epidemic outbreaks. Given their importance, diverse evolutionary studies have investigated
the abundance and consequences of mutation and recombination in pathogen populations. However, some
controversies persist regarding the contribution of each evolutionary force to the development of particular
phenotypic observations (e.g., drug resistance). In this study, we revise the importance of mutation and re-
combination in the evolution of pathogens at both intra-host and inter-host levels. We also describe state-of-the-
art analytical methodologies to detect and quantify these two evolutionary forces, including biases that are often
ignored in evolutionary studies. Finally, we present some of our former studies involving pathogenic taxa where
mutation and recombination played crucial roles in the recovery of pathogenic fitness, the generation of in-
terspecific genetic diversity, or the design of centralized vaccines. This review also illustrates several common
controversies and pitfalls in the analysis and in the evaluation and interpretation of mutation and recombination
outcomes.
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1. Introduction coding sequence will result in a frameshift such that downstream co-

dons, including stop codons, will be translated from a different reading

Mutation and recombination play a central role in the evolution of
all organisms, but particularly in those that reproduce asexually.
Mutation can be defined as the permanent alteration of the structure of
a gene caused by the alteration of their single base units (DNA or RNA
nucleotides), or the deletion, insertion, or rearrangement of larger
sections of genes or chromosomes. Point mutations include the re-
placement of one nucleotide by another one (single nucleotide poly-
morphism, SNP) or the insertion or deletion of a single nucleotide.
Single nucleotide mutation in a protein-coding gene may produce either
a synonymous (silent) codon mutation, and thus no change in the en-
coded amino acid, or a nonsynonymous codon mutation, resulting in an
amino acid change that may have an impact on the function of the
encoded protein. A single nucleotide insertion or deletion in a protein-

frame, leading to significant alteration of the encoded protein. Point
mutations in non-protein-coding genes can also have functional con-
sequences, particularly if they affect a regulatory element. Likewise,
synonymous substitutions in protein-coding genes have functional
consequences if they encode a low-frequency codon/anticodon pair
(Sauna and Kimchi-Sarfaty, 2011; Telwatte et al., 2015). Although
mutations that cause changes in protein sequences are usually harmful
to organisms, on occasion, the effect may be positive in a given en-
vironment. If the latter, mutation may enable the mutant organism to
withstand particular environmental stresses better than wild-type or-
ganisms, or reproduce more quickly. Mutation is the ultimate source of
all genetic variation upon which other evolutionary forces such as re-
combination (rearrangement of genetic material), gene flow
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(migration), natural selection (differential survival and reproduction of
individuals) and genetic drift (random changes in the frequency of a
genetic variant in a population) can then operate. Mutations result
mainly from errors during replication, which then may undergo repair
or not if molecular mechanisms to check genome accuracy are lacking
(e.g., single stranded RNA viruses like HIV). Consequently, mutation
rates can vary several orders of magnitude across microbes. On average,
bacteria show a mutation rate of 10~ '° substitutions per base pair re-
plicated, although some pathogenic organisms (hypermutators) can
exhibit mutation frequencies up to 1000-fold greater than normal
(Bridges, 2001). Double-stranded DNA (dsDNA) viruses, however, show
mutation rates of 10~ 8 to 10~ © substitutions per nucleotide per cell
infection (s/n/c), while RNA viruses show rates of up to 107° to
10~ “*s/n/c (Pérez-Losada et al., 2015; Sanjuan et al., 2010).

“Sex” (e.g., via transduction, transformation, or conjugation in
bacteria) and recombination generate or reshuffle existing variation
generated via mutation. Recombination occurs when at least two gen-
omes exchange genetic segments. Different types of recombination are
recognized based on the structure of the crossover site (Austermann-
Busch and Becher, 2012; Didelot and Maiden, 2010; Hanage et al.,
2006; Scheel et al., 2013). Homologous recombination occurs in the
same site in both parental strands, while non-homologous or illegiti-
mate recombination (Hanage et al., 2006; Lai, 1992; Vos and Didelot,
2009) occurs at different sites of the genetic fragments involved, fre-
quently originating aberrant (abnormal) structures (Galli and Bukh,
2014). A particular type of recombination (also known as shuffling or
reassortment) occurs in some viruses with segmented genomes (e.g.,
influenza), which can interchange complete genome segments giving
rise to new segment combinations. Recombination is a widespread
phenomenon in microorganisms, particularly in viruses (Pérez-Losada
et al.,, 2015). Indeed non-recombinant microorganisms are rare
(Achtman, 2008), and recombination can also vary greatly between
species (Didelot and Maiden, 2010; Pérez-Losada et al., 2015; Pérez-
Losada et al., 2006; Vos and Didelot, 2009).

There is a potential interplay between mutation and recombination.
Mutations provide a first source of diversity by altering specific posi-
tions and recombination shuffles those mutations by exchanging ge-
netic fragments to further increase genetic variability. Recombination
requires mutations to increase diversity but, if mutations are present, a
single recombination event can provide a genetic variant that would
require many mutation events to be obtained without recombination.
Mutation and recombination mechanisms can thus be combined to
impact microbial evolution and dynamics in different ways. They have
been, for example, associated with the expansion of microbial host
ranges, appearance of new species, alteration of transmission vector
specificities, increase in virulence and pathogenesis, emergence of
disease outbreaks, modification of tissue tropisms, vaccine escape,
evasion of host immunity, and evolution of drug resistance (Chopra
et al.,, 2003; Martin et al., 2011; Simon-Loriere and Holmes, 2011;
Woodford and Ellington, 2007). Recombination can also prevent the
progressive accumulation of harmful mutations in microbial genomes
(i.e., preventing mutational meltdown and increasing fitness), and can
also facilitate access to evolutionary innovations that would otherwise
be inaccessible by mutation alone. Mutation and recombination pro-
cesses also impact the structure of microbial populations. In a popula-
tion in which recombination replacements are absent, diversification is
slower, as it depends entirely on the accumulation of point mutations
(Bachtrog and Charlesworth, 2002; Betancourt et al., 2009;
Charlesworth et al., 2009); moreover, those populations tend to show
high levels of linkage disequilibrium (the non-random association be-
tween alleles at different loci in a population) and are highly structured,
comprising multiple independently evolving lineages. As the contribu-
tion of recombination to evolutionary change at neutral loci increases,
distinct lineages become increasingly transient. At high ratios of re-
combination to mutation (e.g., in many RNA virus, Simon-Loriere and
Holmes, 2011), independent microbial species isolates that are
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indistinguishable genotypically (i.e., descended from the same recent
ancestor) cannot emerge because their genomes evolve too rapidly,
hence producing a cluster of increasingly diverse genotypes (Feil et al.,
1999; Pérez-Losada et al., 2006; Spratt et al., 2001). An interesting
example of interplay between mutation and recombination is presented
in Section 5.1.

Describing and understanding the population structure and di-
versity of microbial pathogens is of paramount importance if we aim to
monitor and control drug resistance, bioterrorism, vaccination pro-
grams and emerging infectious diseases (Castro-Nallar et al., 2015; Feil
and Enright, 2004; Pérez-Losada et al., 2017; Pérez-Losada et al., 2006;
Pérez-Losada et al., 2013; Pérez-Losada et al., 2007b). Developing
models that accurately describe pathogen evolution and the relative
contributions of the evolutionary processes that generate this variation,
chiefly point mutation and recombination, is inherently challenging
because of the complexity of pathogens' life cycles and the difficulty in
characterizing the (dynamic) fitness landscapes driving pathogen evo-
lution (Feil et al., 2000; Feil and Spratt, 2001; Gog et al., 2015; Lloyd-
Smith et al., 2015; Metcalf et al., 2015; Spratt et al., 2001).

Given these concerns, in this review we first assess, in a non-ex-
haustive fashion, the role of mutation and recombination at two dif-
ferent scales, intra-host and inter-host evolutionary dynamics (Sections
2 and 3). Several bioinformatic approaches have been developed to
infer mutation and recombination occurrence in microbial genomes;
some of those methodologies already take advantage of the genomic
data generated using high-throughput sequencing. Here we will de-
scribe state-of-the-art analytical tools to detect and estimate mutation
and recombination, including biases that are frequently ignored in
evolutionary studies (Section 4). Finally, in Section 5, we discuss the
role that mutation and recombination play in two well-known patho-
gens, HIV and HBYV, in relation to the recovery of pathogenic fitness, the
generation of interspecific genetic diversity and, the design of cen-
tralized vaccines. Here we present an introductory review and for fur-
ther details about particular topics, we refer the reader to the specific
literature cited in each section.

2. Intra-host evolutionary dynamics driven by mutation and
recombination

Genetic variants resulting from the action of mutation and re-
combination can allow immune escape and therapy resistance. For in-
stance, the rate of nonsynonymous substitutions was correlated with
the rate of escape from neutralizing antibodies (Frost et al., 2001). This
means that intra-host pathogen populations evolve differentially ac-
cording to their ability to survive in environments with hard-living
conditions imposed by natural selection, the immune system of the host
and, if present, anti-pathogenic therapies. As a consequence, typical
intra-host phylogenies are ladder-like, describing sequential replace-
ment of pathogenic variants over time where only a few lineages coexist
at any time-point but there is a rapid emergence of lineages though time
(e.g., Bush et al., 1999; Lemey et al., 2006). In addition, sometimes the
fate of intra-host pathogen populations can also be influenced by their
effective population sizes (and their dynamics) and the generation time,
especially in evolutionary scenarios driven by genetic drift (Frost et al.,
2000; Lemey et al., 2006; Salemi, 2013; Shriner et al., 2004b).

The substitution rate in intra-host pathogen populations was shown
to be heterogeneous over time, fitting with a relaxed molecular clock
(Lemey et al., 2006), and can be explained by recurrent host-pathogen
evolutionary arms races (Bliven and Maurelli, 2016; Didelot et al.,
2016). This is a controversial scenario where during some periods of
time molecular adaptation allows the pathogen to evolve rapidly by
fixing a high proportion of mutations (Ghalambor et al., 2015;
Maisnier-Patin and Andersson, 2004) and thus presenting many sub-
stitutions. However, during other periods, selection may force fixation
of only a small proportion of mutations (many mutations are deleter-
ious and thus removed from the population (Edwards et al., 2006))
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leading to a few substitutions. This could explain why some studies
found inverse relationships between observed mutation rate and disease
progression (e.g., Delwart et al., 1997; Williamson et al., 2005) while
others found the opposite (e.g., Lemey et al., 2007; Markham et al.,
1998; McNearney et al., 1992). In addition, anti-pathogenic therapies
can influence the observed rate of evolution since pathogens in patients
treated with therapeutic drugs usually present more substitutions to
develop resistance than those present in populations of untreated pa-
tients (e.g., Arenas, 2015a; Wu et al., 2003).

The importance of selection in intra-host pathogen populations has
been frequently demonstrated with the estimation of the nonsynon-
ymous/synonymous substitution rate ratio (dN/dS) (Markham et al.,
1998) - the reader is referred to Section 4 for details about this esti-
mation. This parameter can be used to investigate molecular adaptation
not only for entire protein coding genes but also for site-specific posi-
tions, allowing the identification of primary and associated compen-
satory mutations (e.g., Arenas, 2015a; Nielsen and Yang, 1998;
Yamaguchi and Gojobori, 1997). Note that a primary mutation is pri-
marily responsible for a fundamental adaptation (i.e., maintenance of a
protein function despite the drug), while compensatory mutations can
yield small independent adaptive benefits of their own or adaptive
benefits that offset fitness costs associated with primary mutations
without compromising resistance (i.e., stabilization of a protein that
suffered a primary mutation).

In addition to immune system responses, therapies can generate
fitness losses in pathogen populations (Foll et al., 2014; Menendez-Arias
et al., 2003) that favor the fixation of favorable (resistant) pathogenic
variants (Poon et al., 2007a; Poon et al., 2007b). Drug resistance mu-
tations constitute a beneficial escape mechanism to the inhibition of the
protein function (i.e., altering the functional region of proteins to re-
duce the stability of the complex protein-drug) but also present fitness
costs (i.e., generation of less stable proteins that may require additional
mutations to maintain protein stability and function) (Melnyk et al.,
2015). Next, these selective pressures can be observed by an excess of
nonsynonymous substitutions (Arenas, 2015a; Pan et al., 2007; Poon
et al., 2007b), which usually appear at specific sites related to mole-
cular adaptation to the environment, and ultimately may describe
complex mutational interaction networks (John et al., 2005; Poon et al.,
2007b).

Recombination has been described as a relevant evolutionary force
to increase genetic diversity in intra-host pathogen populations (Pérez-
Losada et al., 2015; Poon et al., 2007b). As indicated above, it shuffles
existing mutations to generate new variants that can then be better or
worse adapted to the environment. The specific influence of re-
combination on the generation of drug resistance variants is still con-
troversial. One can expect that recombination is important to generate
drug resistance, as suggested by a computer simulation study (Carvajal-
Rodriguez et al., 2007) and also by some other studies that found re-
sistance in pathogenic variants derived from recombination events
(Althaus and Bonhoeffer, 2005; Shi et al., 2010). However, other au-
thors suggested that although recombination generates a wide diversity
of variants, only a minority of recombination events are relevant for the
evolution of the pathogen population (Archer et al., 2008). Indeed,
some studies showed that recombination slows down the generation of
resistance strains during therapy (Bretscher et al., 2004), which can be
explained by the genetic barrier caused by recombination, where most
of recombinant variants present low fitness and reduce the overall fit-
ness of the population during treatment. However, if a recombinant
variant is favored, its resistance mutations may be fixed in the viral
population (Fraser, 2005) leading to an increase of observed non-
synonymous substitutions and speeding up adaptation (Fisher-Muller
effect) (Kim and Orr, 2005). In conclusion, the role of recombination on
the generation of drug resistance is not straightforward because other
aspects such as the capacity to generate high fitness variants against a
particular drug (fitness landscape) through the exchange of genetic
material are crucial (Shi et al., 2010).
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Recombination is also common in nonhuman pathogens (Croll et al.,
2015; Le Gall-Recule et al., 2013; Yan et al., 2008). An interesting ex-
ample is the recombination between an American bat virus and a car-
nivore virus (Ding et al., 2017). This recombination allowed the bat
virus to acquire a protein domain (head of the G-protein ectodomain) of
the carnivore virus that is involved in the response to changes in pH,
trimerization of G proteins and cell-to-cell transmission during the in-
fection. That event improved the adaptability of the virus to carnivores,
leading to important epidemics in striped skunk (Ding et al., 2017).

3. Inter-host evolutionary dynamics driven by mutation and
recombination

While similar evolutionary patterns may arise from intra- and inter-
host observations, specific evolutionary dynamics rely on ecological
and intrinsic biological properties of microorganisms, which to some
extent determine their evolutionary trajectories (Castro-Nallar et al.,
2012a; Rambaut et al., 2008). For instance, HIV-1 and HBV intra-host
evolutionary dynamics are characterized by ladder-like phylogenies
(previous section) that greatly resemble inter-host phylogenies of other
pathogens such as Influenza A (Rambaut et al., 2008). In this regard,
the study of inter-host evolutionary dynamics provides insights into
epidemiological/ecological processes from local to global scales (Faria
et al., 2017; Grubaugh et al., 2017). Phylodynamics is particularly
applicable to microorganisms that exhibit high de novo evolutionary
change among time-stamped sequences, i.e., Measurably Evolving Po-
pulations (Drummond et al., 2003). Usually this type of data includes a
handful of genes in fast-evolving RNA viruses or genome-wide SNPs in
bacterial species (Biek et al., 2015).

HIV-1 is probably one of the most heavily studied pathogens at the
inter-host level, thus we have some knowledge about the relative con-
tributions of mutation and recombination to the associated pandemic
processes. However, in the mid-1990s recombination in HIV-1 was re-
garded as rare to non-existent due to the belief that multiple infections
within the same individual, which were deemed unlikely, were needed
for the emergence of recombinant virions. Recombination in retro-
viruses was experimentally demonstrated as early as 1991 in feline and
murine species (Golovkina et al., 1994; Temin, 1991; Tumas et al.,
1993). The first evidence of HIV recombination came from phylogenetic
analysis (Diaz et al., 1995; Robertson et al., 1995). Nowadays, re-
combination in HIV is considered pervasive (Shriner et al., 2004a).
Epidemiologically-relevant recombinant forms have been readily
identified in areas of historically high HIV genetic diversity such as Sub-
Saharan Africa, where Circulating Recombinant Forms (CRFs) have
been shown to be stable over time (Lihana et al., 2012). In addition,
stable CRFs have also been reported, and seem to persist and co-exist
alongside other HIV lineages. For instance, researchers have reported in
Angola rare HIV-1 subtypes and CRFs from archival 1993 samples that
suggest early extensive diversity possibly due to migration from other
recognized centers of HIV diversity such as the Democratic Republic of
Congo and the Republic of Congo (Bartolo et al., 2016). Similarly,
complex CRF forms (CRF_cpx) that result from the recombination of
more than two subtypes, have been identified primarily in Africa,
Greece, Cyprus, and Cuba. Recently, researchers traced the time-scale
and spread of several CRFs_cpx and found that they have been circu-
lating since the 1950s and, in the case of CRF11_cpx, migrated from
Cameroon to other African countries (Delatorre and Bello, 2016). These
results suggest that the contribution of mutation and recombination has
been important since the beginning of the epidemic (in contrast to the
first thoughts in the mid-1990s) and that these evolutionary forces
provide a great diversity of subtypes and CRFs that persist over time.

Mutation and recombination have shaped the inter-host evolu-
tionary history of HIV in a way that is consistent with a selectively
neutral process, where several lineages persist over time. This suggests
that HIV inter-host evolution is rather governed by demographic pro-
cesses instead of by natural selection (Lemey et al., 2006). The
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immediate consequence of these evolutionary processes has been the
worldwide emergence of viral subtypes and CRFs (Castro-Nallar et al.,
2012b), whose contribution to the development of a yet elusive pro-
tective vaccine cannot be ignored (Barouch et al., 2015; Barouch et al.,
2013).

High recombination and substitution rates in HIV have also helped
to determine its global origin, time of emergence and local epidemic
patterns, both through phylogenetic and distance network approaches
(Gao et al., 1999; Wertheim et al., 2014; Worobey et al., 2016). While
the date of emergence of HIV gets pushed back as more archival se-
quences are sequenced, the current estimated time for the most recent
common ancestor is 1920 (95% CI 1909-1930), a date that matches
colonial ruling in West Africa, the sexual revolution and changes in
health care practices (Ash, 2014; Faria et al., 2014). Thus, in retro-
viruses such as HIV, mutation and recombination underpin viral global
distribution and pathogenesis, as well as facilitate characterization of
infections in space and time.

Reassortment is a unique type of recombination that occurs in
viruses whose genome is segmented. The genome of viral pathogens
such as Influenza A is segmented into eight molecules, each one coding
for a major protein. In those cases, the independent shuffling of seg-
ments during co-infection is thought to lessen the frequency of re-
combination because the genome is not constrained by intramolecular
covalent bonds. Within the cell, genetic segments that possess the same
packaging signal can generate hybrid viral particles. Consequently, the
genetic effects of reassortment are like those of recombination, i.e.,
purging deleterious haplotypes from a population and increasing po-
pulation-level genetic diversity for those recombinant forms that ex-
hibit increased fitness (for a review on reassortment in segmented RNA
viruses the reader is referred to McDonald et al., 2016), see also the
reviews (Bernstein et al., 1985; Felsenstein, 1974). However, whether
reassortment is a by-product or a driver of evolution is still con-
troversial since fast-evolving viruses do not rely upon reassortment to
overcome selective pressures (Ojosnegros et al., 2011). Potential ad-
vantages of segmented genomes might be related to better control of
gene expression and/or increased coding-potential of the genome
(genome economy), or even increased stability of viral particles
(Ojosnegros et al., 2011). One key difference between recombination
and reassortment is that the former can occur anywhere on the genome
and thus can produce chimeric genes, while reassortment is restricted to
the swapping of complete segments with functional genes. Re-
combination is not readily detected in segmented negative sense RNA
viruses and has been rarely reported in the literature (Boni et al., 2012;
Boni et al., 2008). In principle, this observation would suggest that
reassortment can complement the selective advantage of recombina-
tion. However, it is unclear whether these processes are directly favored
by natural selection or reflect viral life histories (Simon-Loriere and
Holmes, 2011). Nevertheless, there is evidence of non-homologous re-
combination in non-human segmented RNA viruses, e.g., the fish pa-
thogen Infectious Salmon Anemia Virus (ISAV; Orthomyxoviridae)
(Castro-Nallar et al., 2011; Devold et al., 2006; Kibenge et al., 2009). In
ISAV, non-homologous recombination can provide new protease clea-
vage sites that might be involved in increasing virulence, which has
been observed in more than one outbreak (Godoy et al., 2014).

In the case of Influenza viruses, reassortment contributes to hosts
jumps and drug resistance, and is a primary force behind the emergence
of seasonal Influenza outbreaks (Vijaykrishna et al., 2015). The dif-
ferent combinations of segments (antigenic shift) and novel point mu-
tations (antigenic drift) are primarily responsible for the low effec-
tiveness of the annual flu vaccine, which can range from 13 to 53%
depending on age group (Flannery et al., 2017). High substitution rates
have also helped to reveal global phylogeographic patterns in Influenza
A H3N2 (seasonal strain), which shows high interconnectedness in Asia,
while in the Western Hemisphere, the USA appears as a major hub for
global migration (Bedford et al., 2010). This analysis and others have
led to the development of models of global epidemiology for Influenza
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A viruses, where genomic evolution is characterized by frequent re-
assortment and selective sweeps (Rambaut et al., 2008). This model is
congruent with observations relating high Influenza diversity among
wild aquatic birds (their natural reservoir) that migrate from the tropics
to temperate regions of the planet (Vijaykrishna et al., 2015). The
factors that dictate the observed patterns remain poorly understood,
however, simulation studies have weighed the relative contribution of
seasonality, local basic reproductive number, and population size.
These studies suggest that local basic reproductive number strongly
affects antigenic evolution and, in turn, is related to the probability of a
strain spreading and fixing globally (Wen et al., 2016). Through the
phylogeographic analysis of different strains and types of Influenza, we
have discovered that global circulation patterns are not universal but
highly dependent on strain type. For example, A/H3N2 strains do not
persist between epidemics, while A/HIN1 and B strains persist over
several seasons and exhibit complex global dynamics (Bedford et al.,
2015).

High substitution and recombination rates are not unique to viruses.
At genome-wide scales, bacterial pathogens can also accumulate var-
iation over their larger genomes at time-scales that allow for the in-
ference of epidemiological/ecological processes, i.e., Measurably
Evolving Pathogens (Biek et al., 2015). Substitution rates in bacteria
can vary widely from ~10° to ~10° nucleotide substitutions per site
per year, as exemplified by Neisseria gonorrhea and Mycobacterium tu-
berculosis, respectively (Comas et al., 2013; Pérez-Losada et al., 2007a).
As in viruses, bacterial mutation rates vary across the genome by up to
an order of magnitude and are skewed towards certain types of mis-
incorporations, which generate hot and cold spots (Jee et al., 2016).
When systematically studied, substitution rates in bacteria were found
to be temporally structured, varying negatively with time scales. Over
short-time scales, one would expect rates to be higher due to the pre-
sence of deleterious mutations yet to be purged from the population and
vice versa (Duchene et al., 2016).

Researchers have taken advantage of the amount of variation in
bacteria to uncover phylogeographic patterns related to global migra-
tion and origins, epidemics, and clinical and public health aspects of
outbreaks (Hasan et al., 2012; Holt et al., 2012; Njamkepo et al., 2016;
Rohde et al., 2011). Likewise, recombination in bacteria can be asso-
ciated with the acquisition of novel traits, e.g., antibiotic resistance (see
previous section). As with nucleotide substitutions, recombination has
been detected in genes with cell surface/membrane functions causing
virulence (e.g., Escherichia coli). Conversely, “cold regions” tend to be
associated with housekeeping functions, e.g., ribosomal proteins
(Yahara et al., 2016). Homologous recombination has been associated
with the spread of mutations that confer antibiotic resistance; for ex-
ample the spread of 23S alleles among species of Streptococcus (Billal
et al.,, 2011) and of penicillin-binding protein (pbp) genes in Neisseria
gonorrhea (Unemo et al., 2012). Notably in bacteria, mobile genetic
elements like transposons and integrons can capture and spread anti-
biotic resistance genes across species boundaries. Integrons possess a
site-specific homologous recombination system; they have been linked
to clinical E. coli strains as well as industrial contamination (Vinue
et al.,, 2011; Wright et al., 2008) and are currently proposed as a po-
tential marker for anthropogenic contamination (Gillings et al., 2015).

4. Models, methods and computational frameworks for estimating
mutation and recombination

Several statistical approaches have been considered for the esti-
mation of mutation and recombination, although currently, the most
commonly applied are the maximum likelihood (ML) and Bayesian
approaches. In this section, we revise models, methods and frameworks
to analyze mutation and recombination and also acknowledge im-
portant biases that should be considered when carrying out such ana-
lyses.

Concerning mutation, although some programs (e.g., BEAST
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Table 1

Infection, Genetics and Evolution 63 (2018) 295-306

Evolutionary methods and frameworks commonly used to estimate substitution rates. The table describes some key capabilities for each program: approach used to perform the
estimation (ML and ABC refers to maximum-likelihood and approximate Bayesian computation, respectively), type of input genetic data, estimation assuming a substitution model (+ I
and + G refers to proportion of invariable sites and heterogeneous substitution along the sequence according to a gamma distribution, respectively), operating systems and references.

Program Approach Type of data Substitution model Operating systems References
BEAST Bayesian DNA K2P, HKY85, GTR, JC, TN93, F81, +1 +G Linux, Mac, Windows (Bouckaert et al., 2014)
Coding DNA GY%4, +1 +G
Amino acid Blosum62, CPREV, Dayhoff, JTT, MTREV, WAG, +1 + G
OmegaMap Bayesian Coding DNA NY98 Linux, Mac, Windows (Wilson and McVean, 2006)
Lamarc Bayesian, ML DNA JC, K2P, F84, GTR, + G Linux, Mac, Windows (Kuhner, 2006)
MEGA ML DNA JC, K2P, F81, HKY85, TN93, T3P GTR, +I1 +G Linux, Mac, Windows (Kumar et al., 2016)
mlRho ML DNA® - Linux (Haubold et al., 2010)
CodABC ABC Coding DNA GY%4 +1 +G Linux (Arenas et al., 2015)

@ Multiple contigs derived from a multiple alignment of DNA sequences (assembled reads).

(Bouckaert et al., 2014)) implement the estimation of the mutation rate
per generation per site (1), most computer programs estimate mutation
rates at the population level as © = 2nNuL, where n =1 or 2 for
haploid or diploid populations, respectively, N is the effective popula-
tion size and L is the sequence length. Thus, the estimation of © may not
be straightforward due to its dependence on N (population size fluc-
tuations could bias the estimation). Several computer programs exist to
perform this estimation from genetic data; Table 1 shows a list of these
programs and their capabilities. The choice of the appropriate software
usually depends on the genetic marker under analysis, previous
knowledge of the parameter (i.e., prior distributions in Bayesian and
approximate Bayesian computation approaches) and computational
time (Bayesian computation generally requires longer times of ana-
lysis).

The ratio of nonsynonymous to synonymous substitutions (dN/dS or
®) can provide an interesting measure of selection in protein-coding
data. The estimation of this parameter, at both global (entire sequence)
and local (codon specific) levels, has been implemented in a variety of
evolutionary frameworks based on different statistical approaches
(Table 2). Current frameworks are adapting traditional approaches to
estimate dN/dS from allelic mixtures (i.e., derived from next-generation
sequencing (NGS)) (e.g., Gonzales et al., 2002) and to remove biases
that other evolutionary processes may induce (i.e., recombination)
(e.g., Arenas et al., 2015). Concerning the latter, the estimation of dN/

Table 2

dS can be biased towards the generation of false positively selected sites
(PSS) if recombination is ignored (Anisimova et al., 2003; Arenas and
Posada, 2010a, 2014), which is relevant since many pathogens show
high levels of recombination. This bias is caused by the different evo-
lutionary histories that recombination fragments may present (Schierup
and Hein, 2000), depicting an ancestral recombination graph (Arenas,
2013; Griffiths and Marjoram, 1997) that must be considered for pos-
terior analyses (Arenas and Posada, 2010c; Mallo et al., 2016). Under
recombination, one can either estimate dN/dS for each particular re-
combinant fragment (in this case note that sequence fragments involved
in recombination events must be previously identified) (e.g., Pérez-
Losada et al., 2011; Pérez-Losada et al., 2009) (Fig. 1), or use a method
that co-estimates recombination and dN/dS (see Table 2).

Current analytical tools to analyze recombination can detect (re-
combination tests), map (position of recombination breakpoints) and
quantify (recombination rate) this evolutionary force. Several frame-
works have been developed to analyze recombination; a comprehensive
list is kindly provided by David Robertson's lab http://bioinf.man.ac.
uk/robertson/recombination/programs.shtml. In Table 3 we describe
the capabilities of the most commonly used frameworks to estimate
recombination rates and breakpoints.

A variety of tests exist to detect the presence/absence of re-
combination (Posada, 2002; Wiuf et al., 2001), which generally are
more accurate with high genetic diversity (Posada, 2002). Importantly,

Evolutionary methods and frameworks commonly used to estimate molecular adaptation through the nonsynonymous/synonymous substitution rate ratio. The table describes some key
capabilities for each program: approach used to perform the estimation (ML and ABC refers to maximum-likelihood and approximate Bayesian computation, respectively), codon
substitution model in terms of exchangeability matrix (+ I and + G refers to proportion of invariable sites and heterogeneous substitution along the sequence according to a gamma
distribution, respectively) and variation of dN/dS along sequences, consideration of recombination rate in the estimation of dN/dS, operating systems and references.

Program Approach Codon substitution model Consideration of Operating References
recombination systems
Exchangeability matrix Heterogeneous dN/
ds
OmegaMap Bayesian NY98 Yes® Yes Linux, Mac, (Wilson and McVean, 2006)
Windows
Hyphy/Datamonkey ML GY9%4, MG9%4, +1 +G Yes No” Linux, Mac, (Kosakovsky Pond and Frost,
online, Windows  2005; Kosakovsky Pond et al.,
2005)
PAML ML GY94, NG86, LPB93, Yes No Linux, Mac, (Xu and Yang, 2013; Yang,
LWL85, YNOO, + G Windows 2007)
KaKs_Calculator ML, Approximate NG, LWL, LPB, YN, + G Yes© No Linux, Windows (Wang et al., 2010)
methods (counting rule)
CodABC ABC GY%4, +1 +G No Yes Linux (Arenas et al., 2015)
SNAP Approximate (counting NG86 No No Linux, online (Korber, 2000; Nei and
rule) Gojobori, 1986)
START Approximate (counting NG86 No No Linux, Mac, (Jolley et al., 2001)
rule) Windows
Syn-SCAN Approximate (counting ~ NG86 accounting for No No Linux, Windows (Gonzales et al., 2002)
rule) ambiguous nucleotides

@ The program estimates dN/dS for each user-specified partition.

> Recombination can be considered if the user provides a tree for each recombinant fragment into the input file (nexus MSA).

¢ The program can estimate variable dN/dS through a sliding window.
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MULTIPLE SEQUENCE ALIGNMENT

(1) Detection of recombination
breakpoints
RDP, Hyphy (GARD)

RECOMBINATION BREAKPOINTS
PARTITION ALIGNMENTS
(2) Selection of a substitution model

for cach partition
jModelTest, Hyphy, MEGA

==

I SUBSTITUTION MODEL FOR EACH PARTITION |

(3) Phylogenetic tree inference
for each partition
PhyML, RAxML, MrBayes

I PHYLOGENETIC TREE FOR EACH PARTITION

(4B) Reconstruction of the
ancestral sequences of cach partition
Hyphy, PhyloBayes

(4A) dN/dS estimation
for each partition
Hyphy, PAML

MOLECULAR ADAPTATION
OF EACH PARTITION

ANCESTRAL SEQUENCES
OF EACH PARTITION

Fig. 1. Pipeline for estimating molecular adaptation and ancestral sequences accounting
for recombination. (1) Recombination breakpoints can be estimated from a multiple se-
quence alignment (MSA), which can then be split into a set of smaller MSAs (partitions)
according to the breakpoints. Note that the number of MSAs is equal to the number of
breakpoints plus one. In the illustrative example (on the right), a single breakpoint is
depicted, leading to two partitions. (2) A substitution model of molecular evolution (Q)
can be identified for each partition. (3) A phylogenetic tree for each partition can be
inferred according to the corresponding substitution model. (4A) Molecular adaptation
(dN/dS) can be estimated for each partition. (4B) Ancestral sequences for each partition
can be inferred. For nodes that are common in both partitions (i.e., the root node), the
ancestral sequences of each partition can be concatenated to obtain the entire ancestral
sequence (further details in Arenas and Posada, 2010c).

rate variation among sites, which is frequent in many pathogens
(Worobey, 2001), can bias the detection of recombination by gen-
erating false positives (Posada, 2002; Worobey, 2001), although some
methods account for this effect (Husmeier and Wright, 2001). Tests
based on homoplasy performs better under low levels of genetic

Table 3
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diversity (Bruen et al., 2006), whereas other methods such as chi-
square tests perform better when genetic diversity is high (Smith,
1992). Altogether, the use of several recombination tests is re-
commended to achieve a well-supported identification (Posada, 2002).

Recombination is usually not homogeneous along sequences (e.g.,
Archer et al., 2008) and thus breakpoint identification can be useful for
a variety of purposes such as the characterization of recombination
forms (e.g., Archer et al.,, 2008; Minin et al., 2007), investigating
adaptive recombination (e.g., Arenas et al., 2016; Monjane et al., 2011)
and molecular mechanisms of recombination (Pérez-Losada et al.,
2015), and to properly carry out other evolutionary analyses such as the
estimation of dN/dS or ancestral sequences (Arenas and Posada, 2010a,
2010b, 2010c; Pérez-Losada et al., 2011; Pérez-Losada et al., 2009)
(Fig. 1). Despite the large number of programs available to detect re-
combination breakpoints, some of them (e.g., RDP (Martin et al., 2010))
are well-established mainly due to the implementation of a graphical
user interface (GUI). Other programs were designed to analyze large
datasets in short computing times by implementing algorithms that run
in parallel on a multiprocessor system (e.g., the GARD method
(Kosakovsky Pond et al., 2006) implemented in the Hyphy package
(Kosakovsky Pond et al., 2005)).

Few programs exist that can estimate the recombination rate per
generation per site (), instead most programs estimate the population
recombination rate p = 2nNrL. The accurate estimation of p may also
not be straightforward due to its dependence on N. Several computer
programs implementing different strategies have been developed to
estimate recombination rates (Table 3). We highlight the widely used
packages LDHat (McVean et al., 2004), Lamarc (Kuhner, 2006), RDP
(Martin et al., 2015) and OmegaMap (Wilson and McVean, 2006). LDHat
is one of the most relevant tools for estimating recombination rates and
is based on the implementation of the coalescent composite likelihood
method of Hudson (Hudson, 2001) into a Bayesian approach. Lamarc
implements both ML and Bayesian approaches and, in addition to the
recombination rate, it can estimate other population genetics para-
meters such as population growth and migration rates. From our ex-
perience, convergence between independent runs can be difficult to

Evolutionary methods and frameworks commonly used to estimate recombination rate and recombination breakpoints. The table describes some key capabilities for each program:
approach used to perform the estimation (ML and ABC refers to maximum-likelihood and approximate Bayesian computation, respectively), type of input genetic data, estimation of
homogeneous recombination rate (recombination rate is assumed constant along the sequence) and heterogeneous recombination rate (recombination rate can vary along the sequence),

detection of recombination breakpoints, operating systems and references.

Program Approach Type of Recombination rate Recombination Operating systems References

data breakpoints

Homogeneous Heterogeneous

RDP Bayesian DNA Yes Yes Yes Windows (Martin et al., 2015)
LDhat Bayesian DNA, SNP  Yes Yes No Linux (McVean et al., 2004)
OmegaMap Bayesian Coding Yes Yes® No Linux, Mac, (Wilson and McVean, 2006)

DNA Windows
LDhelmet Bayesian DNA, SNP  Yes Yes No Linux (Chan et al., 2012)
DualBrothers Bayesian DNA No No Yes Linux (Minin et al., 2005)
PhyML_Multi Bayesizmb DNA No No Yes Linux, Mac (Boussau et al., 2009)
jpHMM Bayesian” DNA® No No Yes Linux, online (Schultz et al., 2009)
Lamarc Bayesian, ML DNA Yes No No Linux (Kuhner, 2006)
mlRho ML DNA‘ Yes No No Linux (Haubold et al., 2010)
Hyphy/Datamonkey ML DNA No No Yes Linux, Mac, (Kosakovsky Pond and Frost, 2005;

(GARD) online, Windows Kosakovsky Pond et al., 2005;
Kosakovsky Pond et al., 2006)
FastEPRR Machine DNA Yes Yes® No Linux, Windows (Gao et al., 2016)
Learning
Recco Cost DNA No No Yes Linux, Mac, (Maydt and Lengauer, 2006)
optimization Windows

CodABC ABC Coding Yes No No Linux (Arenas et al., 2015)

DNA

@ The program estimates a recombination rate for each user-specified partition.
> Hidden Markov Model (HMM).
¢ Can only be applied to HBV and HIV-1 data.

4 Multiple contigs derived from a multiple alignment of DNA sequences (assembled reads).

¢ Estimation of recombination rate in user-specified windows.
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reach in LDHat and Lamarc, especially for large datasets. The package
RDP implements an adapted version of the Bayesian approach of LDhat
into a user-friendly GUIL From our experience, RDP is robust in reaching
convergence under the settings specified by default. The program
OmegaMap estimates recombination rate, as well as dN/dS and O, in
user-specified blocks (partitions) with a Bayesian approach based on
the product of approximating conditionals (PAC) likelihood (Li and
Stephens, 2003). Interestingly, approximate Bayesian computation
(ABC) (Beaumont et al., 2002) has been presented as an alternative
approach to provide more accurate estimations of the recombination
rate (and other evolutionary parameters such as dN/dS and ©) (Lopes
et al., 2014; Wilson et al., 2009). The advantage of ABC is the co-esti-
mation of different evolutionary parameters, thus accounting for the
effects of every parameter on the others (Lopes et al., 2014). By con-
trast, this approach requires extensive and realistic computer simula-
tions, which may lead to long computer times. The program CodABC
(Arenas et al., 2015) implements this ABC approach and can be con-
veniently run in parallel on a multiprocessor machine.

Some care must be taken when estimating recombination in se-
quences obtained via NGS. The assembly of reads or fragments may
generate artifacts leading to false recombination signatures (Prosperi
et al., 2011; Zanini et al., 2016). Under this scenario, some complex
methods have been proposed to estimate recombination in NGS data
through experimental (Beerenwinkel et al., 2012; Laureau et al., 2016)
and computational (Gao et al., 2016; Johnson and Slatkin, 2009;
Marttinen et al., 2012; Zhang, 2013) approaches.

5. Exemplar studies: mutation and recombination at play

This section describes some studies performed in our laboratories
that describe the roles of mutation and recombination in different areas
of pathogen evolution, including controversies related with the inter-
pretation of some results.

5.1. HIV-1 in vitro fitness recovery

Population dynamics and molecular mechanisms can affect viral
fitness and, consequently, viral evolution. Concerning the evolutionary
mechanisms at the molecular level, an effective mutational process is
clearly fundamental to increase fitness (e.g., Lorenzo-Redondo et al.,
2011; Poon et al., 2007b). However, the specific contribution of re-
combination to fitness is controversial. Although recombination can
generate better adapted variants, it could also break down existing good
ones (Hadany and Beker, 2003). Some studies showed that most re-
combinant forms present low fitness, especially when evolving under
strong selective pressures (Bretscher et al., 2004; Nijhuis et al., 1998).
By contrast, other studies indicated that recombination can increase
fitness through particular mutations and epistatic interactions
(Carobene et al., 2009; Moradigaravand et al., 2014). Next, the influ-
ence of recombination on viral fitness is probably affected by factors
such as the mutation-selection balance (equilibrium between deleter-
ious mutation and selection to remove deleterious variants) (Hadany
and Beker, 2003; Moradigaravand and Engelstadter, 2012). Therefore,
to investigate the specific impact of recombination on viral fitness, in
vitro studies can be useful since they avoid some of the in vivo pro-
cesses (i.e., compartmentalization, transmission between individuals or
antiviral therapies) that may confound the detection of recombination.

We have recently investigated the influence of mutation and re-
combination on HIV-1 in vitro fitness recovery (Arenas et al., 2016).
This study was based on plaque-to-plaque passages of several HIV-1
biological clones (Ebert, 1998) that generated drastic fitness losses
(Yuste et al., 1999), followed by a process of fitness recovery during a
total of 30 large population passages (Arenas et al., 2016). An ad-
vantage of working with in vitro populations is the possibility of
monitoring the evolutionary process. In that study we evaluated the
amount of observed mutation and recombination in the population
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each 10 population passages. We found an increase of non-synonymous
substitutions with the number of passages that correlated with a fitness
increase, suggesting that HIV-1 viruses evolved towards new and more
adapted molecular variants (Arenas et al., 2016).

Concerning recombination, its amount was also correlated with
fitness increase, although not for all the studied clones. Interestingly,
for many clones, recombination increased with each passage, while
fitness increased only in the consecutive passage. This finding may be
explained by two processes: (i) some mutations must be fixed after the
recombination event in order to optimize the new recombinant form
and thus increase fitness, and/or (ii) the new recombinant form needs to
reach a given frequency in the viral population to present a detectable
influence on fitness (Galli et al., 2010; Iglesias-Sanchez and Lopez-
Galindez, 2002). A few clones did not require recombination to increase
fitness, suggesting that the mutation process was sufficient and new
recombination forms could be deleterious and so, not observable
(Archer et al., 2008; Iglesias-Sanchez and Lopez-Galindez, 2002). Fi-
nally, one clone presented recombination but not a fitness increase,
which could be explained by the generation of neutral recombination
forms (Archer et al., 2008; Bretscher et al., 2004; Nijhuis et al., 1998).
Altogether, only those recombination events that generate advanta-
geous recombinant forms, which are usually a minority (see Archer
et al., 2008), can generate a fitness increase.

In conclusion, mutation and recombination seem to allow viral
populations to move on a complex fitness landscape (Lorenzo-Redondo
et al., 2014) where a recombination event might generate a “big jump”,
leading to a new form that could present a totally different fitness level,
and a mutation event might generate a “small jump”, leading to a new
form that could present a small fitness variation. Thus, the need for
recombination or mutation events to increase fitness can be related to
the shape of the fitness landscape of the studied viral population and
the position of the viral population in such a landscape. These land-
scapes suggest nonrandom evolutionary trajectories to recover fitness.

5.2. Genetic diversity in HBV populations from Argentina and Brazil

Hepatitis B virus (HBV) infection is a major public health problem
worldwide. An estimated 257 million people are chronically infected
with HBV, and > 800,000 people die every year due to complications
of hepatitis B, including cirrhosis and hepatocellular carcinoma (WHO,
2017). The HBV genome is a partially dsDNA molecule, ~3.2kb in
length, which has a highly compact coding structure with most genes
located in overlapping reading frames. Despite the severe constraints
imposed by this genomic organization, there is great diversity among
HBV isolates. Based on a sequence divergence of > 8% in the entire
genome, HBV is currently grouped into 10 genotypes (A-J) and a
growing number of subgenotypes spread worldwide (Tong and Revill,
2016). This large genetic variability results from accumulating muta-
tions due to an error-prone HBV reverse transcriptase. The estimated
nucleotide substitution rate ranges between 10~ * and 10~ ° substitu-
tions per site per year (Osiowy et al., 2006; Paraskevis et al., 2015;
Zhou and Holmes, 2007), which is higher than that observed in most
dsDNA viruses.

In addition, recombination events between HBV variants over the
years played a major role in the emergence and establishment of the
currently classified HBV genotypes (Castelhano et al., 2017; Simmonds
and Midgley, 2005). Novel HBV hybrids generated by both inter- and
intra-genotype recombination have been increasingly documented
worldwide (e.g., Araujo, 2015; Bollyky et al., 1996; Morozov et al.,
2000; Simmonds and Midgley, 2005; Su et al., 2014). Moreover, some
recombinant strains have become dominant variants in certain geo-
graphic regions, demonstrating potential for spreading and developing
their own epidemiology. This is the case of subgenotype B2 (B/C re-
combinant), which became prevalent in mainland East Asia (Sugauchi
et al., 2002), and the C/D recombinant, which is the most common
circulating strain in Western China (Tibet) (Cui et al., 2002).
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In a previous review, our group performed a large-scale data re-
trieval and analysis on HBV complete intergenotypic genomes (Araujo,
2015). We identified 436 recombinants that included all but one (H)
HBV genotypes. Most recombinant forms (60%) were either B/C or A/D
hybrids. The other combinations were A/B/C, A/C, A/C/G, A/D, A/E,
A/G, B/C/U (U = unknown genotype), C/F, C/G, C/J, D/E, D/F and F/
G. In agreement with previous reports (Hino et al., 1991; Pineau et al.,
1998; Simmonds and Midgley, 2005), several regions with re-
combination hotspots (i.e., nt 1700-2000, and nt 2100-2300) were
identified and showed a statistically significant increase of re-
combination breakpoints in comparison with the rest of the genome.
Recombination events involving these genomic regions (pre-C/C and X
genes) can transfer several relevant mutations, such as those related to
viral replication, HBeAg expression, and hepatocarcinogenesis. Next,
the worldwide distribution of HBV inter-genotypes showed that their
circulation patterns are similar to those of their original genotypes. For
instance, recombinants of the globally spread genotypes A and D are
also found worldwide, whereas hybrids of other genotypes are re-
stricted to specific regions. Indeed, recombinant forms between geno-
type F and other HBV genotypes have been identified almost ex-
clusively in South American countries such as Argentina (D/F and F/G),
Brazil (F/G) and Bolivia (C/F) (Araujo, 2015). As an additional ex-
ample, in 2013, we provided the first full-length genomic sequences of
F/G hybrids (Araujo et al., 2013). HBV genomes were found in two HIV-
positive patients from Argentina and Brazil, both having high serum
HBV loads (> 10° copies/ml). Beside “pure” strains of genotypes F
(subgenotype F4) and G, several F/G recombinants comprising genomes
with totally different arrangements were characterized. This finding
indicates that different recombination events occurred in a single pa-
tient. It is noteworthy that a single recombination event can transfer
several mutations from one strain to another, thus generating hybrids
with an enhanced virulence. In that case, both recombinant and non-
recombinant genomes carried several clinically relevant mutations,
some of them previously associated with hepatocarcinogenesis (Araujo
et al., 2013). All this evidence indicates that recombination is crucial
for generating novel HBV inter-genotypes and viral forms with in-
creased virulence.

5.3. Centralized vaccines design

Among the large variety of strategies to design vaccines against
pathogens with high mutation and recombination rates, an interesting
strategy from the evolutionary perspective is based on the usage of
centralized genes to obtain centralized vaccines (Arenas and Posada,
2010b; Doria-Rose et al., 2005; McBurney and Ross, 2007). Centralized
genes maintain the immunogenic properties of the population while
minimizing the genetic distance to the descendant target strains (Gao
et al., 2003). The first step to design centralized vaccines consists in the
inference of centralized sequences such as: (i) the consensus sequence
(CON) (e.g., Ellenberger et al., 2002; Novitsky et al., 2002), based on
the abundance of states, (ii) the ancestral sequence (ANC) (e.g., Doria-
Rose et al., 2005; Kothe et al., 2006), the sequence of the most recent
common ancestor (MRCA) and, (iii) the center-of-tree sequence (COT)
(Rolland et al., 2007), the sequence of the point in the phylogeny with
the smallest evolutionary distance to each sample node. Centralized
vaccines have been mainly applied to HIV-1 populations and, un-
fortunately, have only produced partial T-cell responses (Frahm et al.,
2008). Several factors could potentially lead to the low protective ef-
ficacy of these vaccines, including: the large genetic diversity existing in
the population (Vidal et al., 2000), low sample size (i.e., under-
estimated population diversity), or analytical issues (inaccurate or lack
of estimation of recombination or substitution rates) in the computa-
tional inference of the centralized genes (Arenas and Posada, 2010b;
Ross et al., 2006). Concerning the latter, it has been demonstrated that
the best fitting substitution model of evolution must be considered for
probabilistic evolutionary analysis of genetic data (Posada and
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Crandall, 2001). Although model selection is traditionally considered,
recent progress in this field suggest that different genetic regions evolve
under different substitution models (Arbiza et al., 2011; Arenas,
2015b), leading to the need for frameworks modeling heterogeneous
substitution along the sequence (Lartillot and Philippe, 2004). The
consideration of more complex substitution models (i.e., non-reversible,
non-stationary or accounting for molecular constraints) (Arenas, 2015b;
Wilke, 2012) could also improve the inference of centralized genes
(Arenas and Posada, 2010b).

Recombination has been often ignored in the inference of cen-
tralized sequences, although both ANC and COT sequences are based on
phylogenetic tree inferences that can be biased if recombination is ig-
nored (Arenas and Posada, 2010c). Moreover, sequence errors derived
from ignoring recombination can affect the inference of epitopes and N-
glycosylation sites (Arenas and Posada, 2010c), which can be crucial for
the protein function. Future approaches to estimate centralized se-
quences need to take recombination into account when applying stan-
dard phylogenetic methodologies by splitting recombinant gene sec-
tions according to recombination breakpoints or by using network
approaches (Arenas and Posada, 2010c; Mallo et al., 2016).

6. Conclusions

Mutation and recombination are essential evolutionary processes
for most pathogens to adapt to rapidly changing environments such as
host-microbe immune interactions or drug therapies. At the population
level, these forces can also generate the genetic diversity needed to
cause, maintain, and expand epidemics. Consequently, epidemiological
studies of pathogens often include analysis of the magnitude and re-
levance of these evolutionary forces to characterize the past dynamics
of epidemics (i.e., microbial population growth or decline), transmis-
sion chains (e.g., chains of infection in forensic cases) (Budowle and
Williamson, 2011) or even to make predictions about the future of
pathogen populations (i.e., forecasting the future of genetic variants for
vaccine selection) (Luksza and Lassig, 2014). However, there are still
many studies ignoring fundamental methodological aspects of pathogen
evolution that can result in severe biases. First, the consideration of a
properly fit substitution model is well-established (Posada, 2003), al-
though most evolutionary studies still apply traditional substitution
models that can be far from the “real” substitution process (Arenas,
2015b; Wilke, 2012). Next, ignoring recombination in recombinant
pathogens can heavily bias phylogenetic and population parameter
inferences (Anisimova et al., 2003; Arenas and Posada, 2010a; Posada
and Crandall, 2002; Schierup and Hein, 2000). Detecting mutation and
recombination is relevant for investigating pathogen evolution, but also
their amount and type needs to be considered and accurately estimated
to avoid biases in evolutionary analyses. Finally, the specific roles of
mutation and recombination on certain phenomena, such as drug re-
sistance or fitness recovery, should be carefully interpreted because of
the compound effect of other population processes such as population
size fluctuations and selection.
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