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Domestication involves changes in various traits of the phenotype in response to human
selection. Diversification may accompany or follow domestication, and results in variants
within the crop adapted to different uses by humans or different agronomic conditions.
Similar domestication and diversification traits may be shared by closely related species
(parallel evolution) or by distantly related species (convergent evolution). Many of these
traits are produced by complex genetic networks or long biosynthetic pathways that
are extensively conserved even in distantly related species. Similar phenotypic changes
in different species may be controlled by homologous genes (parallel evolution at the
genetic level) or non-homologous genes (convergent evolution at the genetic level).
[t has been suggested that parallel evolution may be more frequent among closely
related species, or among diversification rather than domestication traits, or among traits
produced by simple metabolic pathways. Crops domesticated in the Americas span a
spectrum of genetic relatedness, have been domesticated for diverse purposes, and
have responded to human selection by changes in many different traits, so provide
examples of both parallel and convergent evolution at various levels. However, despite the
current explosion in relevant information, data are still insufficient to provide quantitative
or conclusive assessments of the relative roles of these two processes in domestication
and diversification

Keywords: domestication, diversification, parallel evolution, convergent evolution, American crops

INTRODUCTION

Domestication has been defined in various ways (e.g., Harris, 1989; Harlan, 1992; Clement, 1999;
Benz, 2006; Fuller et al., 2010; Abbo et al., 2014; Larson et al., 2014), depending in part on the
perspectives of the definer. However, there is a general consensus that domestication occurs in
response to selection, predominantly human but also natural. This response involves increase
in frequency, often to fixation, of certain traits adaptive to human needs or to the environment
created by human activities. These traits constitute the so-called domestication syndrome. They
may include increased size (particularly of the harvested organ), loss of dispersal mechanisms,
change in plant habit (such as reduction in branching) and, in domesticates from regions with
seasonal climates, loss of seed dormancy. Qualitative traits distinguishing domesticates from their
wild progenitors are frequently controlled by one or a few genes, most of which have so far proved
to be regulatory genes, mainly encoding transcription factors (Doebley et al., 2006; Sang, 2009;
Martinez-Ainsworth and Tenaillon, 2016). Quantitative traits are usually controlled polygenically,
by quantitative trait loci (QTL), but one or a few of these often have disproportionately large effects,
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thereby enabling rapid response to selection (Poncet et al., 2004).
Genes governing traits of the domestication syndrome have been
called domestication genes.

Crop evolution does not cease with domestication, but
continues by improvement and diversification. Improvement
has progressed by increasingly efficient methods of human-
mediated selection, and by gene transfer and gene modification.
Improvement often targets the same traits as those involved
in domestication. Recurrent cycles of improvement may thus
result in favourable alleles accumulating at large-effect QTL that
influence the target trait (Poncet et al., 2004). This provides
one explanation for apparently contradictory reports that, in a
given crop, most domestication traits are under simple genetic
control, yet many genes have been affected by domestication
and subsequent improvement. An alternative, or additional,
explanation is that the “top down” approaches that are often used
to identify candidate domestication genes may favour detection
of major genes and QTL with large effects (Morrell et al., 2012;
Olsen and Wendel, 2013).

Diversification involves development of variants within a
crop that are adapted to different uses by humans, or to
different agricultural environments. Distinguishing between
domestication and diversification is not always easy (Meyer
and Purugganan, 2013) and again may depend on definition.
Furthermore, the same trait may be part of the domestication
syndrome in one crop, but associated with diversification in
another. In Capsicum, loss of dispersal results from loss of an
abscission zone at the base of the fruit and is a feature of most
domesticated chile peppers. Most domesticated tomatoes still
have an abscission zone in the fruit stalk, but breeders have
recently selected for its loss in tomato cultivars that are harvested
mechanically for canning (Mao et al., 2000). Loss of ability to
disperse fruits is usually considered part of the domestication
syndrome in chile pepper, but is a diversification trait in tomato.

The terms “parallel evolution” and “convergent evolution” are
not always used consistently, so may be sources of confusion.
They were originally employed for phenotypic characters, but
their application has now been extended to the genes controlling
these characters and to the nucleotide sequences of these genes.
The meanings of parallel and convergent evolution at these
different levels, as used in this review, are summarised in
Table 1. In the original usage (e.g., Davis and Heywood, 1963),
parallel evolution is considered to be independent development
of similar phenotypic traits in taxa with a relatively recent
common ancestry, while convergent evolution is development of
similar traits in distinct phylogenetic lineages, i.e., in taxa that
are not closely related. In this paper, genera in the same family
are considered to be closely related, whereas genera in different
families are considered to be distantly related. Traits associated
with both domestication and diversification may be shared by
distantly as well as closely related species, hence may have arisen
by convergent or by parallel evolution.

At the level of the gene, parallel evolution may be viewed
as production of similar phenotypes by orthologous genes, i.e.,
homologous genes that have diverged from a common ancestor,
while convergent evolution occurs when similar phenotypes are
produced by genes that are not homologous. At the level of

TABLE 1 | Definitions of parallel and convergent evolution at different evolutionary

levels.

Evolutionary
level

Parallel evolution

Convergent evolution

Phenotype

Gene

Nucleotide
sequence

Similar phenotypes occur in
closely related taxa

Similar phenotypes are
produced by orthologous
genes (homologues that
have diverged from a
common ancestral gene)
Similar phenotypes are
produced by identical
changes in the same gene

Similar phenotypes occur in
distantly related taxa

Similar phenotypes are
produced by different,
non-homologous, genes

Similar phenotypes are
produced by different
changes in the same gene

nucleotide sequences, parallel evolution is the occurrence, in
different populations, of genotypes with identical changes in
DNA sequence in a given gene. This seems to be rare. Different
changes in DNA sequences affecting the same gene are more
frequent and may produce similar phenotypes. This represents
convergence at the level of DNA sequence but parallelism at the
level of the gene.

The question of whether, or to what extent, parallel evolution
has occurred during domestication and diversification has been
much discussed. Glémin and Bataillon (2009) and Martinez-
Ainsworth and Tenaillon (2016) concluded that there is little
evidence for parallelism at the genetic level and that similar
traits of the domestication syndrome in different species are
usually controlled by loci that are not homologous. On the
other hand, Sang (2009) argued that, since most domestication
genes appear to be regulatory genes affecting more than one
trait (pleiotropy), the same genes would probably be targeted
repeatedly during domestication, because selection would favour
consistently those genes for which negative pleiotropic effects are
minimal. Poncet et al. (2004) considered that orthologous loci
are more likely to be involved when domesticates belong to the
same family, while Lenser and Theiflen (2013) suggested that
traits resulting from alterations in simple metabolic pathways,
such as those involved in pigment synthesis, are more likely to be
controlled by orthologous genes than complex traits such as seed
dormancy. Gross and Olsen (2010) argued that diversification
traits are controlled by orthologous genes more often than are
domestication traits. Finally, Gaut (2015) concluded that the
question of the extent of parallel evolution during domestication
of different crops remains open.

The study of domestication and diversification, together with
the respective roles of parallel vs. convergent evolution, is
relevant to further improvement of existing crops, to possible
development of new crops, and to understanding origins
and spread of crops in prehistory. When different pathways
to increased yield, involving different genes (convergent
genetic evolution), have been utilised in related crops, or in
independently domesticated lineages within the same crop,
plant breeders may be able to combine in one genotype alleles
associated with increased yield in different lineages, thereby

Frontiers in Ecology and Evolution | www.frontiersin.org

May 2018 | Volume 6 | Article 56


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Pickersgill

Parallelism and Convergence in Crops

enabling yield to reach a new plateau. Food production may
also be increased by extending agriculture into environments
currently considered marginal because of low temperatures,
drought or salinity. Cultivated species adapted to such marginal
conditions are often undomesticated, hence unsuited to modern
mechanised agriculture. It may be possible to identify in the
genome of such species homologues of genes known to govern
traits of the domestication syndrome in their domesticated
relatives, and then to edit these genes to produce a new
domesticate by parallel genetic evolution. Finally, techniques
for recovering ancient DNA from archaeological specimens are
steadily improving, together with the ability to amplify and
sequence particular genes in these DNA fragments. This is
opening the possibility of being able to study the order in which
traits of the domestication syndrome became established in a
given crop and hence how human selection was exercised in early
stages of domestication of that crop.

The principal regions of crop domestication in the Americas
are shown in Table 2, together with the probable regions of
domestication of those species mentioned in this text. There
are examples of independent domestications of the same
species in two continents (e.g., common bean); independent
domestications of different species in the same genus for the same
purpose (e.g., the New World cottons Gossypium hirsutum and
Gossypium barbadense); independent domestications of species
in different genera of the same family for the same purpose
(e.g., tomato, chile pepper and Physalis spp., all members of the
Solanaceae domesticated for their fleshy fruits); and independent
domestications of species in different families for the same
purpose (e.g., maize in the Poaceae and Amaranthus spp. in
the Amaranthaceae, domesticated for their starchy seeds). These
crops thus provide an opportunity to evaluate the roles of parallel
vs. convergent evolution in domestication and diversification of
closely vs. distantly related species.

PARALLEL VS. CONVERGENT EVOLUTION
IN TRAITS OF THE DOMESTICATION
SYNDROME

Increased size, reduction in natural dispersal mechanisms, loss
of dormancy and reduced branching have all been investigated
genetically in sufficient detail to be discussed here. Loss of toxic
or bitter compounds, considered as part of the domestication
syndrome by Abbo et al. (2014), will be treated later, as a
diversification trait, since many New World crops are still
polymorphic for presence or absence of such compounds.

Increased Size

Increased size results from presence of more cells in a given organ
and/or from larger cells. Number of cells in an organ depends on
number of cells in the primordium that gave rise to that organ
and/or the amount of cell division in the organ after initiation.

Increased Number of Cells in the Primordium
The genetic control of events in the shoot meristem is
complex and not yet fully understood (Somssich et al., 2016).

Basically, control of cell proliferation vs. differentiation depends
on interactions between WUSCHEL (WUS), a gene that
encodes a transcription factor promoting cell proliferation, and
CLAVATA3 (CLV3), a gene that encodes a product promoting
cell differentiation. The CLV3-WUS signalling pathway is in
turn regulated by many receptor-like kinases and receptor-like
proteins. Somssich et al. (2016) suggested that increased size in
various crops is likely to result from changes in genes involved
in the CLV3-WUS pathway, since this seems to be significantly
conserved between species, but as yet there are very few crops
in which candidate genes that affect size have been associated
with this pathway. One of these crops is tomato (Solanum
lycopersicum), in which an orthologue of WUS (SIWUS) is a
candidate gene for LOCULE NUMBER (van der Knaap et al.,
2014), a gene that increases the size of the fruit by increasing the
number of locules. In Capsicum, selection under domestication
has similarly resulted in larger fruits with more locules. Barchi
etal. (2009) found a QTL for locule number in Capsicum annuum
that they thought might be orthologous to SIWUS, but it has
yet to be shown that the gene underlying this QTL functions
in the CLV3-WUS pathway, or that orthologous QTL are
responsible for parallel evolution of multilocular fruit in different
domesticated species of Capsicum. Although the widespread and
conserved nature of the CLV3-WUS pathway and associated loci
seems to offer opportunities for parallel genetic evolution in crops
that have undergone parallel selection for increased size, there is
so far little evidence of this.

Increased Cell Division in the Organ Under Selection
Another QTL that influences fruit size in tomato is FW2.2. This
encodes a transcription factor that controls the number of cells
in the fruit by acting as a negative regulator of cell division
(Cong et al,, 2002; Tanksley, 2004). FW2.2 is a member of a
family of genes known as CELL NUMBER REGULATOR (CNR)
genes (van der Knaap et al., 2014), an ancient gene family that
occurs also in animals and fungi, but appears to have expanded
and radiated more in plants. In maize, the closest orthologue to
FW2.2 is ZmCNRI. It seems to act in the same way as FW2.2, in
that down-regulation increases organ size, while over-expression
reduces size, through changes in cell number, not cell size (Guo
et al., 2010). However, ZmCNRI is not a major domestication
gene in maize, whereas human selection for fw2.2 was considered
by Blanca et al. (2015) to have been important in the origin of
semi-domesticated cherry tomato from wild currant tomato. In
avocado, a CNR gene homologous to FW2.2 affects fruit size
through similar negative regulation of cell division (Dahan et al,,
2010). Thus, convergent changes in fruit size in such distantly
related plants as avocado, tomato and maize seem to result from
parallel changes involving CNR genes.

However, apparently parallel evolution of similar phenotypes
may not extend to structural details, even for genera in the same
family. In the Solanaceae, human selection has produced large
fruits in both tomato and Capsicum. In C. annuum, at least seven
QTL affecting fruit weight are orthologues of corresponding
loci in tomato, but their relative contributions differ in the two
genera. In tomato, the QTL with greatest effect on fruit size is
FW2.2, but its orthologue in Capsicum has only a minor effect
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TABLE 2 | Principal regions of crop domestication in the Americas, with probable regions of domestication of those species mentioned in the text.

Type of crop

Region of domestication

Eastern North America Mesoamerica

Andean region Amazonia

Carbohydrate staple Maize (Zea mays)

Grain amaranth (Amaranthus
hypochondriacus, A. cruentus)
Huauhzontli (Chenopodium

berlandieri)

Legumes
Lima bean (R lunatus)

Vegetables Squash (Cucurbita pepo

ssp. texana) C. argyrosperma)

Common bean (Phaseolus vulgaris),

Squash (Cucurbita pepo ssp. pepo,

Potato (Solanum tuberosum)
Grain amaranth (Amaranthus
caudatus)

Quinoa (Chenopodium quinoa)

Manioc (Manihot esculenta)

Common bean (Phaseolus vulgaris),
Lima bean (P, lunatus)

Tarwi (Lupinus mutabilis)

Peanut (Arachis hypogaea)

Squash (Cucurbita maxima)

Tomato (Solanum lycopersicum)
Mexican green tomato (Physalis

philadelphica)

Fruit Avocado (Persea americana)

Fibres
Other Sunflower (Helianthus

annuus)

Cotton (Gossypium hirsutum)
Chile pepper (Capsicum annuum)

Cotton (Gossypium barbadense)
Chile pepper (Capsicum baccatum) Chile pepper (Capsicum

chinense, C. frutescens)

(Paran and van der Knaap, 2007). This may be because FW2.2
acts principally on cell division in the placenta and central axis
of the fruit, which together make up most of the flesh in large-
fruited tomatoes, whereas in the hollow fruit of Capsicum, there
is relatively much less placental tissue, so increased size results
mainly from increased cell division in the fruit wall (van der
Knaap et al., 2014; Wang et al., 2015).

In large-fruited tomatoes, the number of cells in the fruit
wall has likewise increased, and is affected by another major
QTL, FW3.2. The candidate gene for FW3.2 is an orthologue of
KLUH in Arabidopsis, so was designated SIKLUH (Chakrabarti
et al., 2013; van der Knaap et al,, 2014). A putative orthologue
in C. annuum (CaKLUH) is also associated with large fruit
(Chakrabarti et al., 2013; Wang et al., 2015). Parallel evolution
of large fruits in tomato and chile pepper thus involves both
similarities and differences at the levels of fruit structure and its
genetic control.

Increased Cell Expansion

An initial phase of cell division in a developing organ is usually
followed by a phase of cell expansion. In the Mexican green
tomato (Physalis philadelphica), Wang et al. (2014) identified a
locus that they named PHYSALIS ORGAN SIZE 1 (POS1). Over-
expression of this locus resulted in larger organs, including fruits,
whereas virus-induced silencing reduced sizes of these organs.
Cell numbers were the same in large or small organs, so changes
in POSI affected cell expansion rather than cell number. Large
fruits of domesticated P. philadelphica are therefore phenotypic
parallels of large fruits of tomato, but the parallel does not extend
to the genetic level.

A more dramatic example of increased cell expansion
resulting from human selection during domestication involves
lint hairs of cotton. These are single-celled structures borne
on the seed coat and provide the commercial fibre. In both

of the species domesticated in the Americas, G. hirsutum and
G. barbadense, human selection has produced lint hairs that are
much longer than those of wild cotton, because they start to
elongate earlier, elongate faster and continue elongating for a
longer period. Furthermore, formation of secondary cell walls
is delayed. Many genes are involved in these differences, but
genes governing two sets of processes have been studied in detail.
The extended period of cell elongation and delayed formation of
secondary cell walls correlates with production of enzymes that
break down reactive oxygen species such as hydrogen peroxide.
In G. hirsutum, this is achieved by up-regulation of genes
encoding catalase, glutathione S-transferase and thioredoxin,
while in G. barbadense, genes encoding several peroxidases are
up-regulated (Chaudhary et al., 2009). Rapid elongation of lint
hairs is attributed to the action of profilins. Five members of the
gene family encoding profilins are expressed in lint hairs and all
five are up-regulated in both G. hirsutum and G. barbadense
(Bao et al., 2011). In the case of the profilins, human selection
thus appears to have resulted in parallel genetic as well as
phenotypic changes in two independently domesticated, but
related, species, whereas in the control of antioxidant activity,
independent selection of different sets of genes with similar
effects has produced similar phenotypes by convergent genetic
routes (Olsen and Wendel, 2013).

Reduction of Dispersal

In crops domesticated for their fruit or seed, or propagated by
seed, human selection has frequently resulted in either reduced
efficiency or total loss of mechanisms for dispersal. For single-
seeded fruits, or multi-seeded fruits that are eaten by animals,
this often involves loss of the abscission zone that enables fruit
to be removed from the parent plant. For multi-seeded fruits
that are not eaten, fruits must open at maturity to release their
seeds. This often involves differential lignification of cell layers
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in the fruit wall so that, as the fruit dries, these layers shrink
to different degrees, setting up tensions that are released as the
fruit opens along predetermined lines of dehiscence. In peanut,
and also in potato, where underground organs are harvested,
the structures by which the harvested organs are attached to the
parent plant have become shorter, so that harvesting is easier
but dispersal occurs over a shorter distance. Parallel reductions
in efficiency of dispersal may therefore be achieved by different
morphological means, with corresponding differences in genetic
control.

To date, genetic control of mechanisms of dispersal has been
investigated in detail in a few model species only. Recent reviews
(Estornell et al., 2013; Dong and Wang, 2015) have indicated that
regions of dehiscence and their associated abscission zones are
controlled by regulatory networks involving many transcription
factors. Additional networks involve interactions with plant
hormones, for example ethylene up-regulates certain genes
encoding enzymes involved in breaking down cell walls. Change
in any of the genes involved in any of these networks may lead
to loss of dispersal. What appear to be similar phenotypes may
therefore be produced by changes in quite different genes or sets
of genes.

In Phaseolus, five species were domesticated independently,
while two of these, common bean (Phaseolus vulgaris) and
Lima bean (P. lunatus), were both domesticated at least twice,
in Mesoamerica and in the Andean region. Indehiscent pods
were selected by humans during each domestication event. In
P. vulgaris, a recessive allele of a major gene, stringless (st),
causes loss of fibres in the sutures of the pods (Koinange et al.,
1996). This results in loss of dispersal, and also in the “stringless”
phenotype, favoured in types such as snap beans, in which
immature pods are eaten. Additionally St, or a gene tightly linked
to St, controls lignification of inner layers of the pod wall, which
affects ability of the pods to open explosively. Although St has
been mapped, the nature and function of the underlying gene(s)
are not yet known. Until a candidate gene is securely identified,
it is not possible to determine whether phenotypic parallels in
evolution of indehiscent pods in different domesticated species
of Phaseolus, and/or in independently domesticated lineages
within P. vulgaris and P. lunatus, are paralleled at the genetic or
nucleotide levels.

Five different species of Capsicum have been domesticated in
different parts of the Americas. Most domesticated peppers in all
five species have lost the abscission zone at the base of the fruit
that enables the fruit to be removed easily from the parent plant
by animal dispersers. Loss of this abscission zone is controlled by
a recessive allele, designated s, of a single major gene S, though
other QTL must also be involved because the force required to
detach the fruit varies. Candidate gene(s) underlying this locus
have not been securely identified, though Rao and Paran (2003)
suggested that, in C. annuum and C. frutescens, a gene that
encodes a polygalacturonase is probably implicated, because this
gene maps to the same chromosomal region as S and is active
specifically in the fruit. There are no data on whether the same
gene is involved in the other domesticated species of Capsicum,
hence whether parallel evolution of reduced efficiency of fruit
dispersal is caused by parallel evolution at the genetic level.

In tomato, an abscission zone develops in the fruit stalk of
wild and most domesticated tomatoes. A mutation of a gene
designated JOINTLESS suppresses development of this abscission
zone (Mao et al., 2000). JOINTLESS encodes a transcription
factor that interacts with transcription factors encoded by two
other genes. All three transcription factors seem to regulate the
same set of target genes (Estornell et al., 2013; Dong and Wang,
2015). Within the Solanaceae, there has thus been a parallel loss of
abscission zones, and hence reduction of fruit dispersal, in most
domesticated chile peppers and some domesticated tomatoes, but
the sites of loss, the genes involved, and the mechanisms of gene
action appear different in the two genera.

Loss of Seed Dormancy

For annual crops grown on a field scale, it is desirable that
seeds germinate rapidly and evenly. This helps to suppress
competing weeds and produces stands of plants of similar age
that will mature at about the same time, so may be harvested
in a single operation. Many domesticated crops have therefore
lost much of the seed dormancy characteristic of their wild
progenitors. However, some degree of dormancy needs to be
retained to prevent seeds from germinating before the crop
is harvested. Dormancy is therefore a quantitative character
(Baskin and Baskin, 2004; Graeber et al., 2012). Dormancy varies
over time, with environmental conditions, within species, and
even within individuals (Smykal et al., 2014). It is controlled
by nuclear genes, but there may also be maternal effects and
epistatic interactions (Baskin and Baskin, 2004). Determining
how dormancy is controlled genetically in any given species is
therefore challenging.

There are two principal types of seed dormancy among
crop species (Baskin and Baskin, 2004). Physical dormancy,
known also as hard-seededness, results from impermeability
of the seed coat or fruit wall, due to an unbroken cuticle
and one or more layers of palisade cells with lignified walls.
This impermeability hampers the uptake of water necessary for
germination and also, in crops such as grain legumes, the water
required if seeds are to become soft when cooked. Physiological
dormancy is more widespread than physical dormancy. It may
be associated with the seed coat, where compounds such as
tannins or pigments may inhibit germination (Smykal et al,
2014). However, physiological dormancy is more often associated
with the seed contents (endosperm and/or embryo). Some species
combine both physical and physiological dormancy; for example,
sunflower has physiological dormancy, but the fruit wall also
provides a physical barrier to germination (Weiss et al., 2013).

Amongst crops domesticated in the Americas, wild species
of both Phaseolus and cotton have hard seeds. QTL affecting
dormancy have been mapped in common bean (Koinange et al.,
1996), but the underlying candidate genes and their mechanisms
of action have not been identified. Even less is known about
the genetics of hard-seededness in cotton. In sunflower, with
its combination of physical and physiological dormancy, Weiss
et al. (2013) found that the micropylar end of the two valves
of the fruit wall opened earlier in domesticated than in wild
sunflowers, facilitating earlier entry of air and water, hence faster
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germination. However, it is not known what promotes loosening
of cells in this region of the fruit wall.

Abscisic acid (ABA) appears to be significant in inducing and
maintaining physiological dormancy, while gibberellic acid (GA)
releases dormancy and promotes germination (Finch-Savage
and Leubner-Metzger, 2006; Nonogaki, 2014). The balance
between ABA and GA is therefore important in control of
physiological dormancy, while tissues surrounding the embryo
frequently appear to play a pivotal role (Graeber et al., 2012).
Mechanisms of physiological dormancy have been extensively
investigated in Arabidopsis, where numerous QTL are involved,
including DELAY OF GERMINATION 1 (DOGI). DOGI is
highly conserved, with homologues in both dicotyledons and
monocotyledons, and is required, together with ABA, to
induce physiological dormancy (Nonogaki, 2014; Née et al,
2017). Regulation of transcription of DOGI is complex and is
influenced by environmental factors. The light-activated form
of the photoreceptor phytochrome B, produced by the gene
PHYRB, represses transcription of both DOGI and two further
genes that, like DOGI, encode transcriptional regulators (Jiang
et al, 2016). The means by which DOGI1 acts are not clearly
established.

Finch-Savage and Leubner-Metzger (2006) suggested that
some at least of the mechanisms involved in control of seed
dormancy and germination are widespread and have been
conserved during evolution. However, it has not yet been shown
that QTL involved in maintenance or loss of dormancy in
Arabidopsis have orthologues with similar functions in any of
the crop species domesticated in the Americas. The closest
approach is the work of Mandel et al. (2014). They searched the
literature for genes known to affect domestication-related traits,
including germination, then identified homologues of these genes
in sunflower, sequenced these from panels of wild, primitive
cultivated, and improved sunflowers, and looked for evidence
of past selection as shown by reduced nucleotide diversity.
They found that one gene that encodes a protein that represses
germination in Arabidopsis had apparently been selected during
improvement of sunflower. PHYB had also been targeted during
sunflower improvement, though this might relate to effects of
phytochrome on adaptation to different daylengths, rather than
its effects on seed dormancy.

In various plant families, ABA inhibits weakening of the
endosperm around the embryo (Graeber et al., 2012). In several
members of the Solanaceae, endosperm weakening, facilitating
germination, may relate to inhibition by ABA of certain enzymes
that degrade callose associated with plasmodesmata and thus
break adhesion between adjacent cells in the endosperm (Finch-
Savage and Leubner-Metzger, 2006).

It is not possible to reach any conclusion about the
respective roles of parallel vs. convergent evolution in genetic
control of physiological dormancy until candidate genes
underlying QTL affecting this trait are clearly identified, together
with their modes of action. Given the complex control of
physiological dormancy, mutations in many different genes could
produce apparently similar phenotypes in which dormancy has
been lost.

Reduced Branching

In species with terminal inflorescences, domestication has often
resulted in reduced branching, so that plant resources are
channelled into fewer but larger inflorescences, often with larger
fruits and seeds. Domesticated maize has fewer basal branches
than its closest wild relative, and also has fewer ear-bearing
lateral branches on the main stem. In sunflower, modern cultivars
have an unbranched stem with a single massive head, unlike the
numerous smaller heads, each terminating a lateral branch, of
wild sunflowers. In Chenopodium, reduced lateral branching and
a much larger terminal inflorescence developed independently
in the Andean domesticate quinoa (Chenopodium quinoa)
and the Mesoamerican domesticate huauhzontli (Chenopodium
berlandieri).

Lateral branches result from outgrowth of buds in axils
of leaves on the main stem. This depends on various
factors, including genotype, hormonal signals, nutrients, and
environmental variables, particularly light. Actions of, and
interactions between, these variables are complex (Rameau
et al, 2015). Auxin appears to have a key role, with other
plant hormones acting both downstream and upstream of
auxin. Strigolactones suppress outgrowth of axillary buds, while
cytokinins promote this. In Arabidopsis, a protein that interacts
with a strigolactone receptor is encoded by MORE AXILLARY
GROWTH 2 (MAX2) (Rameau et al., 2015). The recessive mutant
max2 has a bushy phenotype. In tomato, a recessive mutant of
LATERAL SUPPRESSOR (LS) does not form side shoots, and
shoot apices have greatly increased levels of auxin and gibberellin,
but decreased levels of cytokinin (Schumacher et al., 1999). A
key step in cytokinin biosynthesis is controlled by isopentenyl
transferase enzymes, encoded by IPT genes. Transcript levels of
IPT genes are in turn modified by auxin levels. Mechanisms by
which genetic control of branching is achieved are not yet fully
understood, but disruptions at different stages or in different
pathways seem likely to produce the same phenotype of reduced
branching by different genetic means.

Mandel et al. (2014) identified homologues in sunflower of
genes known to affect branching in other species, then looked for
evidence of selection acting on these genes during domestication
or improvement of sunflower. The homologue of LS showed
evidence of selection during domestication, while the homologue
of MAX2 was subjected to selection during improvement, and
selection at an unknown stage of either domestication or
improvement affected IPT5, hence levels of cytokinin. Mandel
et al. (2014) have therefore shown that genes affecting auxins,
gibberellins, cytokinins, and strigolactones may all be involved
in genetic control of branching in sunflower.

In maize, reduced branching seems to involve changes in
a pathway that may be unique to maize. The principal gene
involved is TEOSINTE BRANCHED 1 (TB1), while a second gene,
GRASSY TILLERS 1 (GT1) apparently acts in the same pathway,
but downstream of TBI (Whipple et al, 2011). Both genes
encode transcription factors. In rice (Oryza sativa), pea (Pisum
sativum) and Arabidopsis, TBI is a key target of strigolactone
signalling, but in maize, both TBI and GT1 appear to be no longer
regulated by strigolactone signalling, suggesting that, even within
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the cereals, selection under domestication for reduced branching
may have been achieved by different routes (Guan et al., 2012).

The limited evidence so far available therefore suggests that
parallel evolution of phenotypes with reduced branching in
different crops results from convergent evolution at the genetic
level.

PARALLEL VS. CONVERGENT EVOLUTION
IN DIVERSIFICATION

Diversification in response to human selection affects many
different features. These depend on the crop concerned, but
include plant habit, colour and/or shape of the harvested organ,
flavour and/or palatability, cooking properties, and adaptation to
different day-lengths.

Plant Habit

In pumpkins and squashes (Cucurbita spp.), and also in common
bean, there are differences in habit within the crop. In Cucurbita,
some landraces and cultivars have a trailing vine-like habit,
like their wild relatives. This is advantageous in subsistence
agriculture, when pumpkins and squashes are often interplanted
among maize and beans. Their viny habit then provides complete
ground cover, suppressing weeds and minimising soil erosion.
Bush types have semi-erect stems with short internodes, can be
planted more closely, and are favoured when immature fruits
are harvested frequently in order to maintain production. Bush
types occur in some cultivars of Cucurbita maxima and in
both domesticated subspecies of Cucurbita pepo. Deficiencies in
gibberellin synthesis or signalling have been associated with bush
phenotypes (Zhang et al., 2015). The bush habit is dominant
in the early stages of growth but incompletely dominant later
(Denna and Munger, 1963). Zhang et al. (2015) identified three
QTL associated with bush habit in C. maxima and suggested that
a candidate gene for the QTL with greatest effect is an orthologue
of a gene in Arabidopsis that encodes gibberellin 20-oxidase,
which catalyses the final stages in gibberellin biosynthesis. A large
deletion and two single nucleotide polymorphisms (SNPs) in
the promoter region of the bush allele in C. maxima apparently
reduce its expression. Zhang et al. (2015) suggested that other
genes encoding gibberellin 20-oxidases might become active later
in development, partially compensating for the defective gene.
It has still to be conclusively demonstrated that the same gene
controls bush habit in C. maxima and in the two subspecies
of C. pepo, and that the candidate gene in all three cases
encodes gibberellin 20-oxidase. It has also yet to be determined
whether identical changes in nucleotide sequence independently
inactivate this gene.

The bush habit has also become established in some landraces
and cultivars of common bean, but here the terminal meristem
switches to a reproductive state relatively early in development,
so that growth of the main stem is determinate, whereas in
bush types of Cucurbita, the main stem remains indeterminate.
Bush beans can be grown without support, unlike wild and
many domesticated beans, which are climbers. Bush beans flower
earlier than climbing beans, so are better adapted to cooler

climates. In most bush beans, habit is controlled by a single
gene, fin (Koinange et al., 1996). The candidate gene underlying
fin is an orthologue of TERMINAL FLOWER 1 (TFLI) in
Arabidopsis, and is designated PyTFLIy (Repinski et al., 2012).
Common bean was domesticated independently in Mesoamerica
and the Andean region and bush types occur in both regions.
Kwak et al. (2012) identified eight mutations in the nucleotide
sequence of PvTFL1y that were expected to change function of
the gene. Different mutations tend to be restricted to one or
other region: deletion of the entire PvTFLIy sequence is confined
to Andean bush beans, while a large retrotransposon-mediated
insertion is likewise virtually restricted to Andean bush beans.
A phylogenetic tree of nucleotide sequences from PvTFLIy had
two major branches, corresponding to Mesoamerican vs. Andean
accessions. This suggested to Kwak et al. (2012) that the bush
habit was selected independently in each region.

The bush habit in common bean is therefore an example
of parallel evolution at phenotypic and genetic levels, but
independent mutations at the nucleotide level, hence multiple
origins of the same trait. Convergent phenotypic similarities
in bush habit in Phaseolus and Cucurbita are superficial only;
morphology and genetic control are fundamentally different.

Flavour, Palatability, and Cooking Qualities
Meyer et al. (2012) found that, in domesticated species in general,
the most common changes associated with human selection
involve flavour, toxicity, or colour. Loss of bitterness often results
in loss of toxicity as well as increased palatability. Abbo et al.
(2014) considered that, in those crops in which bitterness has
been lost, this is a crucial element of the domestication syndrome.
Several crops in the Americas were domesticated from wild
progenitors containing toxic or unpalatable compounds, but
human selection has not eliminated these compounds entirely.
Instead, elaborate methods of processing have been devised.
Bitter potatoes, adapted to cold temperatures and high altitudes
in the Andes, contain glycoalkaloids in amounts that may be
toxic to humans (Johns and Galindo Alonso, 1990). Harvested
tubers are repeatedly frozen and thawed, trampled or leached
to express the bitter juice, and finally dried. Tubers of sweet
landraces of manioc (Manihot esculenta) contain relatively little
toxic cyanogenic glycoside, mainly in the outer layers, so the
tubers can be cooked and eaten safely after peeling. Bitter tubers,
containing more glycoside, distributed throughout the tubers,
must be shredded, squeezed, and the pulp heated to drive off
any remaining hydrogen cyanide. In both potato and manioc,
variation in content of bitter compounds is associated with
diversification, rather than domestication.

Many different compounds confer bitterness or unpalatability:
cyanogenic glycosides in Lima bean as well as manioc; toxic
alkaloids in seeds of tarwi (Lupinus mutabilis); steroidal
glycoalkaloids in potato; saponins in grains of quinoa (C. quinoa);
cucurbitacins in species of Cucurbitaceae. These different
compounds are synthesised by different pathways, so their loss or
reduction in different domesticates involves changes in different
genes. However, in independently domesticated species of the
same genus, containing similar unpalatable compounds, human
selection for parallel changes in palatability might lead to parallel
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decreases in these compounds, controlled by parallel genetic
changes.

In Cucurbita, cucurbitacins have been lost independently from
fruits of all five domesticated species. In C. pepo and C. maxima,
a single gene controls the difference between bitter and non-
bitter fruits. Bitterness is dominant, but it is not clear whether
the same gene is involved in both species (Paris and Brown,
2005). In C. argyrosperma, non-bitterness is due to recessive
alleles at two independent loci, both different from the locus
responsible for non-bitterness in C. pepo (Borchers and Taylor,
1988). Presumably the three loci govern different steps in the
biosynthesis of cucurbitacins, though the precise biochemical
functions of the loci have still to be determined. Parallel evolution
of non-bitter fruits in different species of Cucurbita thus does not
necessarily involve parallel evolution at the genetic level.

During diversification in chile peppers (Capsicum spp.),
people have selected for different levels of pungency. In three
independently domesticated species, C. annuum, C. frutescens,
and Capsicum chinense, the same gene, Punl, controls presence
vs. absence of pungency. Independent mutations in each species
have resulted in loss of function of this gene. In non-pungent
C. annuum, the promoter and most of the first exon have
been deleted; in non-pungent C. frutescens, part of the second
exon has been deleted, causing a frameshift mutation and loss
of transcription; while in non-pungent C. chinense, a different
small deletion has again caused a frameshift mutation, affecting
transcription (Stellari et al., 2010). In these three closely-related
species, parallel evolution of non-pungent fruits results from
parallel changes in the same gene, but the parallels do not extend
to the level of DNA sequences.

In cereals and pseudocereals, starch is the principal reserve
stored in the seeds. Starch consists of a mixture of amylopectin
and amylose. Starch that lacks amylose is glutinous. In various
unrelated species, absence of amylose is associated with mutation
in the same gene, waxy. This encodes an enzyme involved in
starch synthesis. In grain amaranths, landraces with waxy starch
occur in all three domesticated species, but result from different
mutations: a SNP in exon 6 in Amaranthus hypochondriacus, a
SNP in exon 10 in A. cruentus, and a single nucleotide insertion
in exon 8 in Amaranthus caudatus. All three mutations produce
a premature stop codon, hence no active enzyme (Park et al,
2010). Waxy starch also occurs in maize. This mutation has
not been favoured in Mexico, where maize originated (Whitt
et al., 2002), but in China human selection has produced many
waxy landraces (Fan et al., 2008). Sequencing studies have shown
that these are due to at least two independent mutations, both
deletions but affecting different exons. Both differ from the
three mutations reported for Amaranthus. Waxy starch therefore
represents an example of convergent evolution in dicotyledons
and monocotyledons, involving parallel changes in the same
gene, though the parallels do not extend to the nucleotide level.

In sweet corn, mutants of the gene sugary 1 (sul) accumulate
sucrose rather than starch in the grain. All sweet corns from the
United States carry the same amino acid substitution at the same
conserved position in the encoded enzyme, presumably making
it unable to convert sucrose to starch. This change is not found
in sweet corn from Mexico, which carries instead an insertion

of a transposable element that disrupts translation of sul (Whitt
etal.,, 2002). There have therefore been at least two parallel origins
of the sweet corn phenotype controlled by sul, but again these
parallels do not extend to the level of DNA sequences.

Colour and Shape of the Harvested Organ
Charles Darwin (1868) observed that variation in cultivated
plants is greatest in that part of the plant used by man. The most
striking variations are in colour and shape. Some may have been
selected simply for aesthetic reasons, but different colours and
shapes may also act as visible markers for invisible differences
in flavour or cooking properties (Boster, 1985). For example, the
Aztecs used chile peppers of different colours to flavour different
dishes: yellow chile with white fish and also with axolotl, red chile
with greyish-brown fish, green chile with frogs (Coe, 1994).

The principal classes of plant pigments are anthocyanins and
carotenoids. Biosynthetic pathways for both have been worked
out and are common to species in many different families.
This affords opportunities for both parallel and convergent
evolution. In tomato, the characteristic red fruit colour is due
to the carotenoid lycopene. Tomatoes with yellow fruit are
homozygous for mutations in the gene PHYTOENE SYNTHASE
1 (PSY1). This encodes an enzyme that catalyses formation of
the first carotenoid in the pathway to lycopene. Two different
psyl mutants are known in tomato. One involves insertion of a
transposable element, the other involves a short deletion (Jiang
et al,, 2012). Both result in loss of function of the enzyme, hence
absence of red pigment. Parallel yellow phenotypes in different
cultivars of tomato therefore result from parallel changes in the
same gene, but changes that must have occurred independently.
By contrast, red chile pepper fruits owe their colour to two
pigments, capsanthin and capsorubin, produced later in the
carotenoid pathway than lycopene. Yellow fruit in Capsicum
results from mutation in the gene CAPSANTHIN-CAPSORUBIN
SYNTHASE (CCS), which encodes the enzyme catalysing the
final step in synthesis of these pigments (Lefebvre et al., 1998;
Popovsky and Paran, 2000). Parallel evolution of yellow fruit
in tomato and Capsicum therefore results from mutations in
different genes.

Within Capsicum, at least four independent mutations in CCS
are known to produce yellow fruit. In C. annuum, a deletion at
the 5’ end of the gene occurs in yellow bell pepper (Lefebvre
et al., 1998; Popovsky and Paran, 2000), while a Chinese pungent
yellow pepper carries a SNP that produces a premature stop
codon (Li et al., 2013). Both changes result in a non-functional
enzyme. In C. chinense, one mutation to yellow involves a small
deletion that produces a frameshift, hence premature termination
of translation, while a second involves a SNP that produces a
premature stop codon (Ha et al., 2007), but the SNP in C. chinense
is in a different position from that reported by Li et al. (2013) in
C. annuum. As in tomato, different changes in the same gene have
resulted in repeated parallel evolution of yellow fruit.

PSY1 affects fruit colour in Capsicum as well as in tomato,
but psyl mutants in Capsicum have orange fruits containing
reduced amounts of red pigments, rather than yellow fruits with
no red pigment. The psyl mutation in Capsicum is thought
to affect a splice site, resulting in premature termination of
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translation and hence a truncated enzyme. Kim et al. (2010)
suggested that the truncated enzyme is unable to anchor properly
to the chromoplast membrane, hence has less access to its
substrate, but is nevertheless able to produce reduced quantities
of red pigments. Orange fruits, visually indistinguishable from
those resulting from the psyl mutation, may also result when
red pigments are totally absent, so that colour is provided by
carotenoids produced earlier in the carotenoid pathway. In an
orange-fruited cultivar of this type, absence of red pigments
is caused by deletion of a single nucleotide in the coding
sequence of CCS, producing a premature stop codon (Guzman
et al., 2010). The two visually indistinguishable classes of orange
fruits represent parallel evolution of the same phenotype, but
convergent evolution at the genetic level.

In tomatoes grown for canning, elongated fruits are preferred
to round. Fruit shape is influenced by the genes fs8.1, SUN, and
OVATE (Tanksley, 2004). A candidate gene for fs8.1 is SISUN22,
one of 34 members of the tomato SUN family (Huang et al,
2013). The original sun mutation was caused by a transposon-
mediated duplication of a segment of chromosome 10, carrying
another member of the SUN family, which was then inserted into
chromosome 7 (Xiao et al., 2008). In its original location, this
SUN locus is expressed only at a very low level, but in its new
location, under control of a different promoter, it is expressed
at a much higher level (van der Knaap et al, 2014). A QTL
on chromosome 10, previously known to affect fruit shape, may
correspond to the SUN locus that was duplicated and transposed.
This QTL of tomato is orthologous with fs10.1, associated with
round vs. elongate fruits in C. annuum (Ben Chaim et al., 2001),
and maps to the same region of the Solanaceae genome as the
potato gene Ro, a major QTL affecting tuber shape (van Eck
et al., 1994; Borovsky and Paran, 2011). Orthologous QTL may
therefore control parallel variations in shape in organs as different
as tubers and fruits.

OVATE in tomato is a member of a family of genes called
OVATE FAMILY PROTEINS (OFPs). These are widespread in the
plant kingdom and act as novel plant growth regulators (Wang
etal., 2016). The only mutation to ovate known in tomato results
from a SNP that produces a premature stop codon, hence loss of
function of the gene product (Tsaballa et al., 2011). In C. annuum,
a mutant of the presumed orthologue, CaOvate, does not contain
a premature stop codon. Instead, changed expression seems to be
responsible for changed fruit shape. In round fruits, CaOvate is
expressed most strongly after anthesis, whereas in elongate fruits,
it is expressed most strongly before anthesis (Tsaballa et al., 2011).

Much remains to be learned about control of fruit shape in
tomato and Capsicum, but evidently there are instances where
phenotypic parallels in shape are controlled by parallel changes in
orthologous genes, and these parallels may even extend to control
of tuber shape in potato.

Adaptation to Long Days

Most crops that originated in the Americas were domesticated
in the tropics, many from wild progenitors that require days
shorter than a certain critical length to induce flowering. As these
crops spread to temperate latitudes, they had to adapt to growing
seasons of increasingly longer days. This adaptation usually

involved loss of sensitivity to daylength. Closer adaptation to
specific environments, in which length of growing season is
influenced by factors such as drought or cold, was achieved
by selection for earlier or later flowering under any given
photoperiod.

Control of time to flowering is complex. More than 90
relevant genes have been identified in Arabidopsis and their
homologues in crop species are being isolated and studied.
Gibberellin, vernalisation and autonomous pathways act and
interact, together with, most importantly, the photoperiodic
pathway. Basic features of the photoperiodic pathway appear
to be conserved across a wide range of species, though there
are differences in detail (Andrés and Coupland, 2012; Bliimel
et al.,, 2015). The names used here for genes and gene products
are those employed in Arabidopsis thaliana, a model species
for these investigations. The flower-inducing signal (FT), also
known as florigen, is encoded by the gene FLOWERING LOCUS
T (FT), which is activated by the transcription factor CO,
produced by the gene CONSTANS. Transcription of CO is
repressed by certain factors that are degraded by a light-
induced interaction between the product of the gene GIGANTEA
(GI) and an enzyme produced by a further gene. Light and
dark affect the stability of CO after translation. Interactions
with light are mediated by the photoreceptor phytochrome B,
encoded by PHYTOCHROME B (PHYB). FT and CO are both
expressed in leaves. FT then moves through the phloem to
the shoot apical meristem, where it combines with FD, the
protein product of FLOWERING LOCUS D. The FT-FD complex
activates SUPPRESSION OF OVEREXPRESSION OF CONSTANS
1 (SOC1), which encodes a transcription factor that activates a
series of other transcription factors. These in turn activate floral
identity genes that irreversibly convert a vegetative to a floral
meristem.

Given the complexity of this pathway, it is not surprising that
photoperiodic sensitivity has been lost through different genetic
changes in different crops. In Sea Island cotton (G. barbadense),
a major locus, Gb-Ppdl, is associated with the day-neutral
phenotype. The underlying gene has not yet been identified,
despite examination of 110 possible candidates (Zhu and
Kuraparthy, 2014). In contrast, in upland cotton (G. hirsutum),
many genes appear to be involved, including three members of
the CONSTANS-LIKE (COL) gene family, all three of which have
apparently undergone selection during domestication. Both G.
hirsutum and G. barbadense are AADD allotetraploids. Song
et al. (2017) observed that the COL2 locus in the A subgenome
is hypermethylated, hence repressed, in both species, but in
photoperiodically insensitive accessions of both species, the D
subgenome homoeologue of COL2 is less methylated, hence more
strongly expressed. As Song et al. (2017) noted, there are also
other QTL associated with loss of sensitivity to photoperiod in
cotton. Nevertheless, the data do suggest that change in a CO-like
gene, or in its regulation, is one cause of adaptation to long-day
growing seasons, possibly in both species of cotton.

Sunflower (Helianthus annuus) is unusual in that genotypes
adapted to short or long days, as well as genotypes insensitive
to photoperiod, all occur among wild populations and among
domesticated accessions of this single species (Blackman, 2013).
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In wild sunflowers, insensitivity to photoperiod and adaptation to
long days are restricted to different parts of their extensive range,
outside the region in which sunflower was probably domesticated
(Blackman, 2013). Duplication of the original FT locus has
produced four paralogues, HaFT1 to HaFT4, which seem to have
diverged in function (Blackman, 2013). HaFT1 is expressed in the
shoot apex and is a candidate gene for a major QTL that affects
time to flowering. HaFT2 and HaFT4 seem to encode the florigen.
They are expressed in leaves under inductive photoperiods, like
FT genes in other species. In one wild population and one
cultivar, which have independently developed insensitivity to
photoperiod, HaFT4 is expressed under both long- and short-
days. Blackman (2013) considered that changes in either the
promoter of HaFT4 or in other genes that regulate HaFT4
are probably involved in both cases, but could not determine
whether the same changes are implicated in both. In contrast,
adaptation to long days apparently evolved by different means
in wild and domesticated sunflowers. Long days are usually
non-inductive, but in one long-day cultivar, both HaFT2 and
HaFT4 are expressed in long days, indicating that there has
been some change in the regulation of these genes. However,
in a long-day wild sunflower, neither HaFT2 nor HaFT4 is
expressed, though expression of the homologue of SOCI has
changed (Blackman, 2013). Loss of sensitivity to photoperiod
in wild and domesticated sunflowers may therefore represent
parallel evolution at the genetic as well as phenotypic level, but
parallel evolution of phenotypes adapted to long days in wild and
domesticated sunflowers represents convergent evolution at the
genetic level.

In common bean, two QTL are consistently implicated in
control of flowering time (Kornegay et al., 1993; Koinange et al.,
1996; Gu et al., 1998). Ppd has the larger effect and determines
sensitivity to photoperiod, while Hr determines degree of
response to photoperiod. Kornegay et al. (1993) considered that
insensitivity to long days involved the same two QTL in both
Andean and Mesoamerican common bean, although these were
independently domesticated, but Gu et al. (1998) found different
markers associated with earliness in Mesoamerican and Andean
beans. Bellucci et al. (2014) presented evidence that a DNA
sequence homologous to GI was selected during domestication
of Mesoamerican beans, but there is no other information on
candidate genes for QTL associated with photoperiodicity or time
to flowering in common bean, or their modes of action (Kwak
et al., 2008).

Tropical maize has retained the short-day adaptation of its
wild relative, teosinte, whereas temperate maize is insensitive
to day-length, so flowers sufficiently early in the long-day
growing seasons of temperate latitudes to mature its grain before
the short days and cold temperatures of autumn. Although a
large number of QTL affect flowering time in maize, relatively
few affect sensitivity to photoperiod. One of these few is
ZmCCT (Hung et al., 2012). This gene represses expression
of the probable orthologue of FT, ZCN8 (Lazakis et al., 2011;
Yang et al, 2013; Mascheretti et al., 2015). An insertion of
a transposable element in the upstream regulatory region of
ZmCCT suppresses transcription of ZmCCT under long days,
thereby up-regulating expression of ZCNS, resulting in earlier
flowering. The insertion is apparently absent in teosinte, but was

subjected to a strong selective sweep in photoperiod-insensitive
accessions of temperate maize. Yang et al. (2013) therefore
concluded that the insertion occurred after domestication and
was favoured by selection as maize spread into long-day growing
seasons of temperate latitudes. Lazakis et al. (2011) suggested that
in temperate maize, the photoperiodic pathway, in which ZCN8
is activated in short days, has been largely superseded by the
autonomous pathway, in which ZCN8 is activated by the protein
product of the gene indeterminate 1(id1). Although all higher
plants contain a large family of id1-related genes, there is no clear
orthologue of idI in dicotyledons.

Convergent evolution of photoperiod-insensitivity has
therefore been achieved by different means in different crops,
even though the pathways that regulate the transition to
flowering, particularly the CO-FT pathway, are extensively
conserved. CO-like genes have been major players in cotton, FT'
genes in sunflower, and suppression of ZmCCT, together with
probable increased importance of the autonomous pathway, in
maize.

Flowering is not the only process in plants that is controlled by
photoperiod. In both potato (Solanum tuberosum) and Jerusalem
artichoke (Helianthus tuberosus), tubers are formed in response
to short days, and orthologues of FT appear to be involved
(Navarro et al.,, 2011; Blackman, 2013). The process has been
most studied in potato, since its success in temperate latitudes
depends on ability to form tubers in long days. The orthologue
of FT in potato is StSP6A, while the othologue of CO is StCOLI
(Navarro et al., 2011; Gonzélez-Schain et al., 2012). The product
of StCOLI activates StSP5G and the StSP5G protein in turn
represses transcription of StSP6A. StCOLL1 is degraded in the
dark, so only a low level is present in short days. This releases
repression by StSP5G of StSP6A, so tubers are formed. StCOL1
is stabilised in the light and this is dependent on phytochrome B.
When PHYB is suppressed, tuber formation is no longer sensitive
to photoperiod (Abelenda et al., 2016). Adaptation to long days
has apparently evolved at least twice; once in Chile as potatoes
spread south from the Andean region, and again in Europe
after post-Conquest introduction of Andean short-day potatoes.
However, it has yet to be shown what genes are involved in loss of
sensitivity to daylength in each case, and whether the same genes
are involved in different photoperiod-insensitive potatoes.

DISCUSSION AND CONCLUSIONS

Parallel vs. convergent evolution are terms that were initially
used for discussion of phenotypic similarities between closely vs.
distantly related species. Their definition is subjective, in that it
does not specify how long ago lineages must have diverged to be
considered no longer closely related. For example, waxy starch
occurs in some dicotyledonous and some monocotyledonous
crops. Given that all flowering plants descend ultimately from a
common ancestor, this may be considered as either parallel or
convergent evolution, depending on whether dicotyledons and
monocotyledons are regarded as closely related, because they are
all flowering plants, or distantly related, because they belong to
lineages that diverged early in the evolution of flowering plants.
At the genetic level, parallel evolution implies that similar
phenotypes are controlled by the same (i.e., homologous) genes,
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whereas convergent evolution implies that similar phenotypes
are controlled by genes that are not homologous. This again
raises the problem of subjectivity, this time in the definition
of homology. Flowering plants have undergone many cycles
of gene duplication, so many genes now occur in multi-gene
families. If the original gene controlled multiple functions, these
may become partitioned among different members of the family.
Alternatively, or additionally, some family members may acquire
new functions and/or changes in expression. Different members
of the same gene family may then be favoured by selection during
domestication in different crops. All this leads to differences in
degrees of homology and blurs the distinction between parallel
vs. convergent evolution at the genetic level. An example occurs
among cereals (Meng et al., 2011). In rice, the gene Hd3a encodes
the florigen. In maize, 15 members of the ZCN family are
phylogenetically related to Hd3a. ZCN15 maps to the same region
of the genome as Hd3a, so in that respect is its closest homologue,
but ZCN15 is expressed in maize kernels, not leaves, and is not
involved in control of flowering. ZCN8 is expressed in leaves
and does encode a florigen, so is functionally homologous to
Hd3a although located elsewhere in the genome. The control of
flowering in rice and maize thus may, or may not, be considered
to involve parallels at the genetic level.

Many phenotypic traits listed as components of the
domestication and diversification syndromes are complex
characters. When these are broken down into their components,
some apparent parallels disappear. For example, increased
size of fruit is a frequent response to human selection in
species domesticated for their fruit. In tomato and Mexican
green tomato (P. philadelphica), development of large fruits in
domesticated accessions of both species initially seems to be an
example of parallel phenotypic evolution in species belonging
to the same family. But on closer examination, large fruits in
tomato are found to result from increased numbers of cells in
various parts of the fruit, together with more carpels in the fruit,
while in Mexican green tomato, large fruits are due primarily
to increased cell size (Wang et al., 2014). Carpel number, cell
size and cell number are controlled by different genes so, not
surprisingly, large fruits in tomato and Mexican green tomato
are controlled principally by non-homologous genes. Dissection
of this complex character, fruit size, into simpler components
thus shows that the phenotypic parallel is more limited than it
initially appeared.

In C. annuum, fruit size has likewise increased under human
selection. This increase is controlled by numerous QTL, many of
which are orthologous to those of tomato. This therefore seems
a good example of parallel evolution at levels of both phenotype
and gene. However, the QTL with greatest effect on fruit weight
in tomato, FW2.2, has a lesser effect in C. annuum, probably
because FW2.2 appears to act principally in the placenta and
central axis of the fruit, which make up much of the mass of
tomato fruits but disproportionately less of the hollow fruits
of Capsicum (van der Knaap et al.,, 2014). Large fruits of both
Capsicum and tomato have more cells in the fruit wall, but the
QTL primarily responsible has a smaller effect in tomato than
its orthologue does in C. annuum. The phenotypic and genetic
parallels between large fruits in tomato and C. annuum therefore

become less perfect when examined in detail. This suggests that
parallelism is a matter of degree, like relationship or homology.
Furthermore, in assessing possible cases of parallel evolution, it is
important to compare only the comparable.

Difficulties in defining parallel and convergent evolution
led Arendt and Reznick (2008) to conclude that applying
these terms at the level of molecular genetics leads only to
confusion. They advocated use of a single term, and suggested
“convergent evolution,” for evolution at both phenotypic and
genetic levels. However, this term carries the baggage of past
usage. I have therefore continued to distinguish parallel and
convergent evolution and have applied these terms at phenotypic,
genetic, and DNA sequence levels. This may sometimes seem
confusing, and may also seem to be governed by the principle
employed by Lewis Carroll's Humpty-Dumpty, who told Alice:
“When I use a word, it means exactly what I choose it to mean
- neither more nor less.” Nevertheless, clarity in definition and
consistency in use of existing terms seems preferable to coining
new, hence unfamiliar, ones.

No examples of parallel changes in DNA sequence existamong
the cases of parallel genetic evolution reviewed here. I know
of only one possible example among crops domesticated in the
Americas: occurrence, in semi-domesticated cherry tomato and
fully domesticated modern tomatoes, of bushy plants associated
with a recessive mutation in the SELF-PRUNING (SP) gene.
Pnueli et al. (1998) found that mutants in both types of tomato
carry the same amino acid substitution at the same position
in the encoded protein. They argued that the two identical
mutations arose independently. However, this example seems to
be the exception, not the rule. In most cases of parallel genetic
evolution, parallel phenotypes have been produced by different
(convergent) changes in DNA sequence of the same gene. These
changes usually result in loss of function of the gene or its
product, less often in changed expression of the gene.

When phenotypic and genetic levels are considered together,
any combination of parallel and convergent evolution may
occur, as Table3 shows. There are examples of parallel
phenotypes controlled by homologous (parallel) genes in
closely related species; convergent phenotypes controlled
by homologous genes in distantly related species; parallel
phenotypes controlled by non-homologous (convergent) genes
in closely related species; and convergent phenotypes controlled
by non-homologous genes in distantly related species. Moreover,
all these combinations are found in both domestication and
diversification traits.

Glémin and Bataillon (2009) and Martinez-Ainsworth and
Tenaillon (2016) considered that evolution of similar phenotypes
during domestication generally does not result from parallel
genetic changes. Some traits, particularly those that involve
complex developmental pathways and/or complex networks of
genes, do indeed seem to involve evolution of similar phenotypes
by different genetic routes. For example, in loss of sensitivity to
daylength, CO-like genes appear to be major players in cotton
(Song et al., 2017), whereas genes of the FT family appear more
important in sunflower (Blackman, 2013). On the other hand,
development of large fruit in two distantly related dicotyledons,
tomato and avocado, seems to involve genes of the CELL
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TABLE 3 | Examples of parallel and convergent evolution at levels of phenotype
and gene in some domestication and diversification traits.

(A) Domestication Traits

Phenotype

Parallel evolution

Convergent evolution

Parallel
evolution

Gene

Convergent
evolution

Increased fruit size:
SIWUS and SIKLUH in
tomato; possible WUS
orthologue and
CaKLUH in Capsicum
annuum

Loss of dispersal:

S in Capsicum annuum
and C. frutescens
Increased fibre
length:

profilin genes in
Gossypium hirsutum
and G. barbadense
Increased fruit size:
SIWUS, SIKLUH, fw2.2
etc. in tomato; POST in
Physalis philadelphica

Increased fruit size:
fw2.2 in tomato; ZmMCNR1
in maize; unnamed CNR
gene in avocado
Reduced branching:

Is in tomato; orthologue of
Is in sunflower

Increased fibre length:
different sets of genes
controlling duration of
elongation in Gossypium
hirsutum and G.
barbadense

Reduced branching:
tb1 in maize; orthologue
of /s in sunflower

Loss of dispersal:

S in Capsicum annuum;
St in common bean

(B) Diversification Traits

Phenotype

Parallel evolution

Convergent evolution

Parallel
evolution

Gene

Convergent
evolution

Determinate habit:
PvTFL1y in
Mesoamerican and
Andean common bean
Loss of pungency:
Punt in Capsicum
annuum, C. chinense
and C. frutescens
Glutinous starch:
Waxy in Amaranthus
hypochondriacus, A.
cruentus and A.
caudatus

Red — yellow fruit:
CCS in Capsicum
annuum and C.
chinense

Fruit shape:

ovate in tomato;
CaOvate in Capsicum
annuum

Non-bitter fruit:

one gene in Cucurbita
pepo; two genes in C.
argyrosperma, both
different from gene in
C. pepo

Red — yellow fruit:
PSY1 in tomato; CCS
in Capsicum annuum
Red — orange fruit:
PSY1 or CCSin
different cultivars of
Capsicum annuum

Glutinous starch:
Waxy in maize and grain
amaranths

Insensitivity to
photoperiod:

CO-like gene in cotton;
HaFT4 or its regulatory
gene(s) in sunflower;
ZmCCT in maize

NUMBER REGULATOR (CNR) family in both genera (Dahan
etal., 2010; van der Knaap et al., 2014).

Poncet et al. (2004) considered that parallel evolution at the
genetic level, involving orthologous loci, is more likely in crops
that belong to the same family. Some of the cases discussed
here support this view, but others do not. For example, in the
Solanaceae, several orthologous loci are implicated in evolution
of large fruit in tomato and C. annuum, but parallel evolution
of yellow fruit is controlled by different, non-orthologous, genes
in these two crops. Available data are as yet insufficient to assess
reliably the number of examples for or against the opinion of
Poncet et al. (2004).

Lenser and Theiflen (2013) suggested that traits resulting
from simple metabolic pathways, rather than from complex
developmental networks, are more likely to provide examples
of parallel genetic variation. Once more, examples can be cited
both for and against this view. Waxy starch results from a
change in a relatively simple biosynthetic pathway, controlled
by an orthologous gene in both grain amaranths and maize
(Whitt et al., 2002; Park et al., 2010). On the other hand, two
visually indistinguishable types of orange fruit in C. annuum
result from changes in different genes in the pathway of pigment
biosynthesis (Guzman et al., 2010; Kim et al., 2010). Again, there
are insufficient data to quantify relative frequencies of parallel vs.
convergent evolution in traits resulting from simple vs. complex
pathways.

Gross and Olsen (2010) argued that diversification traits are
more likely to provide examples of parallel genetic evolution
than domestication traits. This seemed plausible, because
diversification often involves changes in simpler characters than
domestication, but the data are again inconclusive and examples
cited above include some for and some against this proposition.

Technical advances, such as next-generation sequencing
and various methods for studying levels and locations of
gene expression, are producing an information explosion
regarding details of developmental processes and their control
in different plant species. Many traits of the domestication
syndrome, and some associated with diversification, are now
known to be controlled by complex networks of genes.
These networks, or portions of them, are often conserved to
considerable extents, though regulation of the genes involved
may vary. This widespread conservation suggests that similar
phenotypic changes, even in distantly related crop species,
could result from parallel genetic changes. On the other hand,
the complexity of the pathways suggests that disruption at
different points (convergent evolution) could produce parallel
phenotypes. Most current investigations aim to elucidate the
pathways and genes involved in these networks for a few
model species only. Less attention has so far been directed
toward establishing how, or at what points, these pathways
and networks have been changed or disrupted through natural
and/or human selection, and whether, or to what extent, these
pathways or networks differ in different species in the same
family.

This review is therefore both premature and, given the rate
at which new information is accumulating, likely to be out-of-
date before it is published. Nevertheless, it may serve to highlight
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the many gaps in the information available and the many
areas where additional data are needed. Both domestication and
diversification evidently involve both parallel and convergent
evolution, acting at any or all levels of phenotype, gene,
or nucleotide sequence, with relative frequencies still to be
determined. As Doebley and Stec (1991) concluded many years
ago, evolution seems essentially opportunistic, making use of
whatever variation is available.
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