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Abstract

Reference genome sequences are the key to the discovery of genes and gene
families that determine traits of interest. Recent progress in sequencing tech-
nologies has enabled a rapid increase in genome sequencing of tree species,
allowing the dissection of complex characters of economic importance, such
as fruit and wood quality and resistance to biotic and abiotic stresses. Al-
though the number of reference genome sequences for trees lags behind
those for other plant species, it is not too early to gain insight into the
unique features that distinguish trees from nontree plants. Our review of
the published data suggests that, although many gene families are conserved
among herbaceous and tree species, some gene families, such as those in-
volved in resistance to biotic and abiotic stresses and in the synthesis and
transport of sugars, are often expanded in tree genomes. As the genomes of
more tree species are sequenced, comparative genomics will further eluci-
date the complexity of tree genomes and how this relates to traits unique to
trees.
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Eudicots (true
dicots):

a monophyletic clade
that includes most of
the dicot flowering
plants; also called
tricolpates
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INTRODUCTION

The fundamental importance and applied value of a reference genome sequence for any organism
are widely recognized. In plants, the first reference genome sequence was obtained for the model
plant Arabidopsis thaliana (5). The first tree genome to be sequenced, and just the third plant
genome, was that of black cottonwood (Populus trichocarpa Torr. & Gray), which was published in
2006 (108); in the decade since then, another 40 tree genomes have been sequenced and published
(Table 1). Several recent reviews have included genome sequencing of tree species as well as
broader developments in tree genomics (17, 28, 87, 94).

The purpose of this review is to chronicle the history of reference genome sequencing in tree
species by first reviewing the species sequenced and the technologies applied, and then focusing
on three specific areas of plant biology where new knowledge has been gained that might not
otherwise have been obtained from the reference sequences of nontree genomes. The three areas
we discuss are (#) the noncoding and repetitive DNA content of tree versus nontree species,
which might account for the large sizes of some tree genomes and the distinct characteristics of
long-lived, perennial organisms; () genes, gene families, and expression patterns that underlie the
perennial growth habit and biotic and abiotic adaptations to the environment; and (¢) genes, gene
families, and expression patterns that underlie edible fruit development and quality.

We have chosen to use a very broad definition of tree that includes perennial plants with
an elongated stem as well as all seed plants (eudicots, monocots, and gymnosperms). We also
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Next-generation
sequencing:

modern sequencing
technologies based on
short-read massively
parallel sequencing
(such as Illumina/
Solexa and Roche 454)
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include one woody vine species, grapevine (Vitis vinifera L.), which has several biological and
agronomical features in common with regular fruit tree crops. Key areas of plant biology that
can yield new insights into plant biological processes and traits include the perennial growth
habit, woody stems, and long generation times. Furthermore, because initial reference genome
sequencing efforts have focused on species of interest to humans, the sequencing of tree genomes
contributes to our knowledge of wood formation (forest trees), edible fruits (horticultural trees),
or medicinal and industrial properties (oil and rubber trees).

Tree Genomes Sequenced and Published to Date

As of October 2016, 41 tree reference genome sequences have been completed and published,
comprising 35 species, 27 genera, and 20 families (Table 1). The phylogenetic distribution of
these species reveals that most are eudicots (almost all rosids); only four are monocots and four
are gymnosperms (Figure 1). This difference is undoubtedly due to the importance of tree fruits
and seed oils from the eudicot group. The other profound difference between angiosperms and
gymnosperms is the size of their genomes (Table 1). Angiosperm genomes that have been se-
quenced generally range in size from 0.5 to 1.0 Gb, whereas the gymnosperm (conifer) genomes
are ~20 Gb or larger; until recently, high costs and technical limitations prohibited the sequenc-
ing of the latter. Even though only 35 of the few tens of thousands of known tree species have a
reference genome sequence, the taxonomic representation is now broad enough that we can begin
to understand what makes a tree a tree by comparing tree and nontree genomes.

Chronology and Sequencing and Assembly Strategies

The chronological order in which tree genomes have been sequenced follows a pattern of genome
size, availability of funding, and importance to humans. The black cottonwood genome, the first
tree genome to be sequenced (108), is relatively small (485 Mb), and although Populus is a globally
valuable genus, it is much less important economically than conifers and Eucalyptus. Nevertheless,
the US Department of Energy identified it as a potentially important lignocellulose energy species
and provided funding through the Joint Genome Institute. The project was carried out with whole-
genome sequencing of bacterial artificial chromosomes using Sanger technology and may have
cost on the order of US$10 million. For the time, the resulting assembly and annotated genome
were of very high quality. Interestingly, however, only two other Salicaceae genome sequences
have been completed and published in the decade since then: those of the purple willow (Salix
suchowensis) (26) and desert poplar (Populus euphratica) (74).

The next woody plant (although not a tree) to be sequenced was grapevine (V. vinifera); two
different genome sequences were completed in 2007, both primarily using Sanger technology
(56, 110). Following shortly thereafter, and also sequenced using Sanger technology, was the
papaya (Carica papaya 1L.) genome (79). The apple (Malus x domestica Borkh.) genome sequence
was completed in 2010 using mostly Sanger and some Roche 454 sequencing (109). Likewise,
two Eucalyptus genomes were sequenced in this period using a combination of Sanger and next-
generation sequencing: those of the red river gum (Eucalyptus camaldulensis) (49) and the flooded
gum (Eucalyptus grandis) (81). The last genome to be sequenced using entirely Sanger technology
was that of peach [Prunus persica (L.) Batsch], which was begun before 2010 and finally published
in 2013 (111).

The transition from Sanger sequencing to next-generation sequencing started to take hold
in about 2010, accelerating progress in tree genome sequencing. Nearly all tree genomes se-
quenced since 2010 were done by whole-genome sequencing using one or more next-generation-
sequencing platforms (Table 1). However, the quality of the published genome assemblies varied

Neale et al.
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—I: Rutaceae
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Eudicots ———— Malus X domestica
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Pyrus x bretschneideri

Vitis vinifera Vitaceae Vitales
— _|: Olea europaea Oleaceae Lamiales
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Actinidia chinensis Actinidiaceae Ericales
— Musa acuminata L.
Angiosperms Musaceae Zingiberales
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Phoenix dactylifera
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plants Elaeis guineensis
Amborella trichopoda Amborellaceae Amborellales
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Gymnosperms g Pinaceae Coniferales

_E Pinus taeda

Pinus lambertiana

Lycophytes
Selaginella moellendorffii
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Figure 1

Phylogenetic tree of the 35 tree species with a published reference genome sequence, along with 1 additional angiosperm (Amzborella
trichopoda) and 2 nonseed plants as basal species (Selaginella moellendor{fii and Physcomitrella patens). The overall topology is based on the
Angiosperm Phylogeny Group (APG) IV classification system (4) and the green plants cladogram from the Tree of Life Web Project (78).
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Scaffold N50:

the scaffold size above

which 50% of the total
length of the sequence
assembly can be found

Synteny: conservation
of genomic regions
within two sets of
chromosomes

Whole-genome
duplication (WGD):
an event in which the
entire genome of an
organism is copied one
or more times;
sometimes called
polyploidization
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significantly (Table 1). The scaffold N50 sizes, which are indicative of the fragmented level of
the genome, could vary by orders of magnitude, although a rough average for 2010-2016 would
be a scaffold N50 of ~400 kb. During this time, many genome sequences of fruit trees were
completed [banana (Musa acuminata and Musa balbisiana), cacao (Theobroma cacao), clementine
mandarin (Cizrus clementina), coftee (Coffea canephora), kiwifruit (Actinidia chinensis), olive (Olea eu-
ropaea), pear (Pyrus x bretschneideri and Pyrus communis), sweet orange (Citrus sinensis), and Persian
walnut (Fuglans regia)] as well as the sequences of a few angiosperm forest trees [dwarf birch
(Betula nana) and pedunculate oak (Quercus robur)], industrial-product trees [Barbados nut
(Fatropha curcas), African oil palm (Elaeis guineensis), and rubber (Hevea brasiliensis)], and medicinal
trees [agarwood (Aquilaria agallocha), jujube (Ziziphus jujuba Mill.), and neem (Azadirachta indica)).

The other major advance in tree genome sequencing that occurred with the transition to the
next-generation-sequencing era was the sequencing of the very large genomes of a few conifer
species (Table 1). Norway spruce (Picea abies L.) (85), white spruce [Picea glanca (Moench) Voss]
(13), and loblolly pine (Pinus taeda L.) (84) were the first conifer genomes and the first gymnosperm
genomes to be sequenced. The sequencing and assembly approaches differed among these projects,
leading to large differences in the quality of the assemblies. One approach that was used for both the
Norway spruce and loblolly pine projects was to prepare short-insert whole-genome-sequencing
libraries from a single-haploid (17) seed megagametophyte from the target tree. This avoided
assembly challenges associated with the high heterozygosity of diploid tissues from trees.

As is the case with all types of organisms, tree reference genome sequencing and population-
level resequencing are now proceeding rapidly. In this review, we have included only the 41
reference genomes that have been published, but an equal number, if not many more, either have
been completed but are not yet published or are in progress. It is likely an underestimate to say
that hundreds of tree genomes will be sequenced before the year 2020.

NONCODING DNA CONTENT AND GENOME SIZE VARIATION IN
TREES AND THE EVOLUTIONARY MECHANISMS RESPONSIBLE
FOR THESE DIFFERENCES

The variation and evolution of genome size in land plants are dynamic, with both increases and
decreases (103), and in trees are just beginning to be understood (22, 70, 83). A great deal of synteny
and collinearity has been found between tree genomes, even across different genera (43, 54, 89,
121). Comparisons of genomes and proteomes from sister species, such as willow and poplar or
pear and apple, have confirmed their high collinearity (18, 26, 119). The tree genome blooming
period (2010-2016) provided new tools that can be exploited to further understand the variation in
genome size, the proportions of protein-coding sequences and highly repetitive noncoding DNA,
and the relationship between these two. Two types of events, whole-genome duplication (WGD,
also called polyploidization) and transposable element amplification, have been associated with
rapid growth of genome size (also called genome obesity) in herbaceous angiosperms (11, 67).
Many studies of insertions and deletions that affect genome size have used well-characterized and
relatively small genomes of nontree plants, such as Arabidopsis (10, 31). However, similar studies
in trees species are scarce, and the mechanisms controlling genome expansion or shrinkage in tree
species in general, and in gymnosperms in particular, are not completely understood (68, 80).

Genome Size Variation

Both the smallest and the largest plant genomes ever found belong to herbaceous species (Gen-
lisea margaretae and Paris japonica, respectively); these species have almost a 2,400-fold difference

Neale et al.
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Prunus mume
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Prunus persica
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Citrus clementina
Fragaria vesca
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Genomic components of sequenced tree genomes. (#) Genome size and number of protein-coding genes in angiosperms and
gymnosperms. The genomes of sequenced angiosperms are always smaller than those of gymnosperms, and genome size variation
appears to be independent of the number of protein-coding genes. (b) Percentage of transposable elements in 30 of the 35 species with a
published reference genome sequence, broken down into class I elements (retrotransposons, which transpose via an RNA intermediate)
and class II elements (transposons, which move by a cut-and-paste mechanism). An increasing proportion of transposable elements is
thought to be one of the main causes of positive unidirectional genome size variation in plants. Species listed twice (Phoenix dactylifera
and Vitis vinifera) have two published genome sequences with differing proportions. The genomes of three nontree species (Zea mays,
Oryza sativa, and Fragaria vesca, shown in blue) have been included for comparison.

in genome size (9, 90). The genome size variation in tree species is smaller, and among those
with a published reference genome sequence (Table 1), the largest genome [belonging to sugar
pine (Pinus lambertiana), 31 Gb] is only ~117 times the size of the smallest [belonging to peach
(P. persica), 265 Mb]. Moreover, the genomes of sequenced angiosperm trees are always smaller
than those of gymnosperms (Figure 2).

Another important observation is that genome size variation seems to be independent of gene
content (protein-coding genes) and organism complexity (86), and the predicted gene numbers in
sequenced trees confirm this hypothesis. Although 50,172 genes were initially found in P. raeda,
only 9,024 were identified in an improved and less fragmented version of the genome sequence
(84). On average, approximately 33,000 genes (not counting partial genes) have been annotated
in tree genomes. Palazzo & Gregory (86) also emphasized that even two closely related species
with similar biological characteristics and the same ploidy level can have significant differences
in genome size, as is clearly the case for P. taeda and P. lambertiana. Furthermore, variation in
genome size and variation in chromosome number are not correlated in flowering plants in general,
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as underlined by Soltis et al. (103), and this is observed in angiosperm trees in particular as well
(Table 1). We expect the same trend in gymnosperms, and indeed, there appears to be no such
correlation in sequenced diploid species, all of which have 2z = 24 chromosomes but different
genome sizes (104).

One hypothesis that can partially explain genome size variation in trees is the presence of long
introns. In pines, the maximum intron length observed was 891,919 base pairs for P. taeda (84) and
578,081 base pairs for P. lambertiana (104). In P. taeda, 6,267 (4.4%) of the introns were longer
than 20 kb, which exceeds the intron lengths described in other tree species. As discussed by
Nystedt et al. (85), these large introns could possibly have resulted from the insertion of multiple
repetitive elements in these species.

Whole-Genome Duplication

WGD is a major evolutionary force in woody angiosperm genomes, as observed in black cot-
tonwood, apple, banana, kiwifruit, and pear, all of which contain traces of at least two WGD
events (25, 53, 108, 109, 119). By contrast, WGDs are rare in gymnosperm trees (28, 83), with
the remarkable exception of the hexaploid coast redwood (Sequoia sempervirens) (99). However, a
new study based on phylogenomic analyses of transcriptomes from 24 gymnosperms and 3 out-
groups suggested that three ancient WGDs occurred during the evolution of gymnosperms (70),
in contrast to the conclusions regarding the Norway spruce genome (85). Future versions of pub-
lished genomes with improved contiguity will enable further analyses of polyploidy and genome
evolution for these large genomes.

The complete genome sequences of angiosperm trees have provided information on poly-
ploidy and genome evolution. The now widely accepted hypothesis of a hexaploidization of
all eudicots (called the v event) was first suggested by Jaillon et al. (56) when sequencing the
V. vinifera genome, which has a chromosomal state that is highly similar to that of the paleo-
hexaploid progenitor (with seven proto-chromosomes), and was later confirmed in apple (109),
cacao (6), sweet orange (120), peach (111), mulberry (Morus notabilis) (47), and coffee (30). In ad-
dition, the genome of kiwifruit (4. chinensis) shows traces of two recent WGD events, referred to
as Ad-oc and Ad-B, which occurred ~26.7 and 72.9-101.4 Mya, respectively, after the divergence
from tomato (Solanum lycopersicum) and potato (Solanum tuberosum L.). In the Populus lineage, the
desert poplar (P. euphratica) and black cottonwood (P. trichocarpa) genomes shared at least two
WGDs and exhibit extensive collinearity, with a divergence time of approximately 14 Mya (74).
The rubber tree (H. brasiliensis) genome showed signs of the eurosid triplication (the y event)
and of a recent WGD that occurred ~15.3 Mya, before the burst of Heves long-terminal-repeat
insertion (105). Regarding monocots, the banana genome sequence helped to uncover the evo-
lutionary history of the Musa lineage, which underwent three rounds of WGD followed by gene
loss. These three WGDs are not shared by the Poales lineage, which went through an independent
WGD event (25). Two genera of the Rosaceae tribe Pyreae, Malus and Pyrus, underwent a more
recent WGD (30-45 Mya) followed by a speciation event (109, 119). An interesting case is that
of mulberry, for which an extremely wide range of chromosome numbers across the genus Morus
has been reported (14-308 chromosomes). These diverse levels of polyploidization might have
enabled its rapid adaptation to different environments (47).

Noncoding DNA Content

The accumulation of transposable elements is thought to be one of the main causes of a posi-
tive unidirectional genome size variation in plants (12, 35). Nystedt et al. (85) proposed a model
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in conifers in which these trees might have less transposable element removal than other or-
ganisms, which would then contribute to their large genome sizes. The published reference
genome sequences, for example, suggest that the 10-Gb difference in the sizes of the sugar
pine and loblolly pine genomes can indeed be explained by transposable elements, which ac-
count for ~25 Gb (79% of the genome, 67% being long-terminal-repeat retrotransposons) in
sugar pine and ~16 Gb (74% of the genome) in loblolly pine. By contrast, the sequenced an-
giosperm trees exhibit nonlinear variation of the repetitive elements with respect to genome size,
which highlights the well-documented idea that alternative mechanisms, in particular WGDs
(12), can affect genome size variation in this group. Retrotransposon content varies across the
35 sequenced tree species (Figure 2) but is always higher than the DNA transposon content.
Ty3/Gypsy and Ty1/Copia long terminal repeats are the most abundant transposable elements
in these genomes; however, no specific trend is evident in the content of these elements across
tree genomes. Future improvements of the fragmented tree genome sequences will help clarify
this complex landscape of noncoding DNA elements and their impact on the genome evolution of
trees.

Identification of Novel Classes of Noncoding RNAs

The characterization of noncoding RNAs, such as small RNAs and long noncoding RNAs, has
shed new light on the regulation of gene expression in trees. Small RNAs are associated with
epigenetic processes and control of repetitive element proliferation (76) and can be classified as
small interfering RNAs, microRNAs, and Piwi-associated RNAs (16). Long noncoding RINAs
participate in various cellular processes, including mRNA splicing and ribosome biogenesis (96).
The characterization of microRNAs in the grapevine genome suggested that this species has a
complex RNA processing machinery, with four Dicer-like (DCL) proteins and nine Argonaute
genes identified (110). In addition, 56 RNA-dependent DNA polymerase genes were potentially
targeted by two microRNA gene families, miR396 and miR846—an unprecedented observa-
tion for a plant species. In cacao (7. cacao), most of the 91 predicted microRNAs putatively
target mRNAs that encode transcription factors, which suggests a role as major regulators of
gene expression (6). Sequencing of the banana species M. balbisiana seemed to indicate that 18
predicted novel microRNA families are B genome-specific in function and have evolved after
the divergence from M. acuminata ~4.6 Mya (27). P. trichocarpa underwent a 1.9x expansion
in microRINA genes in comparison with Arabidopsis, primarily in the miR169 and miR159/319
families (108). In P. euphratica, the novel microRNAs (119) were extensively up- or downreg-
ulated in response to salt stress (74). In mulberry, the predicted microRNA genes were asso-
ciated with plant-herbivore interactions (with the silkworm, Bombyx mori) at a molecular level
47).

In gymnosperms, 13,031 spruce-specific intergenic long noncoding RNAs were annotated in
the P. abies genome. These loci contain fewer exons, are shorter, and have a more tissue-specific
expression than protein-coding loci (85). Moreover, two classes of small RNAs, the 24-nucleotide
(nt) short RNAs (which are rarely expressed in conifer genomes) and the 21-nt short RNAs,
were also identified. The 24-nt short RNAs, which are highly specific to reproductive tissues,
are involved in silencing transposable elements through the establishment of DNA methylation;
the 21-nt short RNAs are associated with genes, repeats, and promoters or untranslated regions.
Recent work in P. lambertiana has confirmed the existence of a 24-nt DCL3 pathway in conifers,
albeit with distinct spatial and/or temporal characteristics (40). Conifer genome sequences have
enabled an unprecedented survey of the noncoding RNA landscape in gymnosperms that will shed
light on the mechanisms for controlling tree genome obesity.

www.annualreviews.org o Tree Genome Sequencing

Long-terminal-
repeat
retrotransposons:
retrotransposons that
are similar in structure
and life cycle to
retroviruses and are
abundant elements in
eukaryotic genomes

Retrotransposons:
DNA sequences that
transpose via an RNA
intermediate
(replicative
mechanism); they fall
into two main groups
depending on whether
long terminal repeats
flank the retroelement
main body

Transposons: DNA
sequences that move
from one genomic
location to another by
a cut-and-paste
mechanism; DNA
transposons consist of
a transposase gene
flanked by two
terminal inverted
repeats

467



468

GENES, GENE FAMILIES, AND EXPRESSION PATTERNS THAT
UNDERLIE THE PERENNIAL HABIT AND ADAPTATION
TO THE ENVIRONMENT IN TREES

The Perennial Habit: Genes Associated with the Floral Transition,
Bud Dormancy, and Woody Growth

Trees differ from herbaceous annuals in many ways. Most trees display a perennial growth behavior
characterized by a multiple-year delay in flowering and, in temperate or boreal regions, an annual
cycling between growth and dormancy; annual plants by contrast, grow, reproduce, and senesce
within a single growing season. As asked by Groover (44): What genes make a tree a tree, as
opposed to an annual plant? The availability of the P. trichocarpa genome (108) opened a window
to address the tree-specific questions and expanded our understanding of the genetic mechanisms
of plant adaptation to environmental change.

In plants, annualism and perennialism are two major reproductive strategies. Flowering time is
a key factor in a plant’s ability to adapt to the environment and optimize yield. Although extensive
studies have revealed the molecular basis of the floral transition in the annual plant Arabidopsis,
the genetic mechanisms that control these phases in trees were unknown until recently. Given the
extended delay in flowering in trees, we may expect the function of the flowering-time genes to
differ between annual plants and trees.

Interestingly, using the information contained in the P. trichocarpa genome, Bohlenius et al.
(14) and Hsu et al. (52) examined the specific genes that regulate the juvenile-to-adult phase tran-
sition and floral transition and showed that the CONSTANS/FLOWERING LOCUS T (CO/FT)
regulatory module that controls flowering time in annual plants also controls flowering in peren-
nial aspen trees (Populus spp.), implying that the function of these flowering-time genes could be
conserved between annual plants and trees. But unexpectedly, the authors also showed that the
CO/FT module also controls short-day-induced growth cessation and bud set in the fall. In a sub-
sequent study, Hsu et al. (51) further revealed that the F77 and F72 genes, which resulted from a
whole-genome salicoid duplication event (108), coordinate the repeated cycles of vegetative and
reproductive growth in woody perennial poplar. FT1 determines reproductive onset in response
to winter temperatures, and F72 promotes vegetative growth and inhibition of bud set in response
to warm temperatures and long days in the growing season.

Given that annuals generally have a perennial ancestor (36), an important question is to what
extent the functions of the flowering-time genes are conserved between trees in different sys-
tematic groups, particularly in gymnosperms, which first appeared 300 Mya. The extant gym-
nosperms include four lineages—conifers, cycads, Ginkgo, and gnetophytes—and all species are
perennial. The FT gene encodes a small protein of approximately 175 amino acids that belongs to
the phosphatidylethanolamine-binding protein (PEBP) family. Phylogenetic analysis divided the
PEBP gene family into three subfamilies: FT, TERMINAL FLOWER 1 (TFLI), and MOTHER
OF FT AND TFLI1 (MFT) (19, 48). Studies have suggested that I'T exists only in angiosperms and
that gymnosperms lack it, instead containing only a group of F7/TFLI1-like genes (45, 58, 62).

Gymnosperms and angiosperms are the two major groups of seed plants. They differ in many
ways, particularly in their reproductive developmentand the strategies of adaptation and evolution.
Because of their earlier appearance, gymnosperms play a key role in understanding the origin of
angiosperms and unraveling the basis of some important evolutionary innovations in seed plants.
Therefore, investigations of gymnosperm genomes can provide new insights into the functional
evolution of flowering-time genes and reproductive evolution of seed plants.
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The recently decoded gymnosperm genomes provide a powerful platform to study these genes.
In Norway spruce (P. abies), six FT/TFLI1-like genes (PaF'TL1-PaFTL6) were found, four of which
were newly identified (85). Taking advantage of all conifer genome sequences, Liu et al. (72) first
confirmed that even gymnosperms have orthologous F'7-like genes. The two previously described
Norway spruce FT/TFLI genes, PaFTLI and PaFTL2, are real FT homologs, whereas the four
newly identified genes in the Norway spruce genome are 7FLI-like genes. The authors also found
more FT-like and TFLI-like genes in P. taeda and P. lambertiana genomes that resulted from an
additional gene duplication in pines: These two pines each have 3 FT-like genes and have 11 and
6 TFLI-like genes, respectively. In Norway spruce and Scots pine (Pinus sylvestris L.), FTL2 plays
a crucial role in bud set and growth cessation (7, 45, 57, 58). The tight relationship between the
conifer FTL2 gene and growth rhythm was further confirmed by expression studies of the Armand
pine (Pinus armandii) FTL2 gene (72). Another interesting finding in the study by Liu et al. (72)
is that FTL2 also has a potential role in maintaining female cone development in the pine family.
By contrast, the Ginkgo biloba FTLI gene is suspected to be involved in bud dormancy (72).

Woody growth is another feature of trees. Comparative analysis of the P. trichocarpa and
Arabidopsis genomes showed that the genes responsible for cambium function and woody growth
are not unique to woody plants; they are also expressed in the regulation of the shoot apical
meristem in Arabidopsis (108). Papaya is a perennial that accumulates lignin in the cell wall at an
intermediate level between Arabidopsis and poplar; the papaya genome (79) therefore provides a
stepping-stone between woody and herbaceous plants. Genomic analysis has consistently shown
that papaya has intermediate numbers of lignin synthetic genes (32)—fewer than poplar (39) but
more than Arabidopsis (20). It has also revealed that, despite a closer evolutionary relationship to
Arabidopsis, papaya shares with poplar an increased number of genes associated with cell expansion
and lignin biosynthesis, possibly because of its larger plant size and the convergent evolution of the
tree-like habit (79). A comparison of Heves and Populus genomes revealed a noticeable difference
in the numbers of caffeic acid O-methyltransferase (COMT) and cinnamyl alcohol dehydrogenase
(CAD) proteins (10 COMTs and 5 CADs in Hevea, compared with 41 COMT's and 24 CADs in
Populus) (97), which was suspected to be associated with the hardness of poplar wood compared
with rubber wood. However, the semiwoody herb papaya has a large number of CADs (20) and
only a single COMT (79). These differences imply that there is still much to learn about the
genetic basis of what makes a tree a tree. As the amount of genomic data increases, comparative
genomic analysis employing broad taxon sampling will be necessary to understand the details of
some specific functional genes.

Adaptation to the Environment: Abiotic Stress

The ability of trees to respond to environmental signals by synchronizing growth and development
with seasonal changes determines their distribution, potential for adaptation, and productivity (33).
Current and predicted environmental changes have raised concerns about how tree species and
populations will adapt to new environmental conditions, including prolonged droughts, increased
salinization of soil and water, and cold temperature episodes (46, 88). Reference tree genome
sequences have opened a window to understand the genomic architecture of adaptation to the
environment and the complex biological processes that underlie responses to biotic and abiotic
stress (Figure 3). Whole-genome scans in Populus spp. and comparative genomics studies in Picea
spp. have shown that genes under diversifying selection often show overrepresentation of genes
underlying responses to biotic and abiotic stress (29, 34, 37, 50). Similarly, recent expansions
and subsequent subfunctionalization of gene families involved in biotic and abiotic stress [e.g.,
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Figure 3

Simplified model of abiotic stress responses and signaling pathways leading to stress responses.
Abbreviations: ABA, abscisic acid; ABF, ABRE-binding factor; ABRE, ABA-responsive element; AREB,
ABRE-binding protein; CAM, calmodulin; CBF, CRT-binding factor; CCAL, circadian clock-associated 1;
COR, cold responsive; CRT, C-repeat; DRE, dehydration-responsive element; DREB, DRE-binding
protein; ICE1, inducer of CBF expression 1; LEA, late embryogenesis abundant; MYB, plant homolog of
vertebrate MYB oncogene; MYBRS, MYB-recognition site; MYC, plant homolog of vertebrate MYC
oncogene; MYCRS, MYC-recognition site; ROS, reactive oxygen species; SnRK, sucrose nonfermenting
I1-related kinase. Figure modified from Reference 33.

pathogenesis-related 1 (PR1), leucine-rich repeats (LRRs), and abscisic acid/water deficit stress
(ABA/WDS)] may have contributed to the adaptive radiation in Eucalyptus (60).

The sequencing of P. trichocarpa and, more recently, of P. euphratica (74, 108) has led to a
growing understanding of Populus responses to drought stress, especially differential expression
analyses using RNA sequencing or microarrays (24, 101, 106, 107, 124, 125). In drought-stressed
P. trichocarpa, photosynthetic rates and water transportation were significantly reduced and ac-
companied by a repressed expression of a large number of genes involved in photosynthesis and
cell development, leading to a strong reduction of tree growth (106). This response is distinctly
different from that of its drought-adapted congener P. euphratica, which can maintain normal
growth in dry and saline soils (107).

P. euphratica, a desert species, has gone through expansion of gene families associated with
salt stress in comparison with its mesophytic congener P. trichocarpa. Several expanded gene
families—including the Myb, ethylene-responsive element binding factor (ERF), basic leucine zipper
(bZIP), and WRKY families—are involved in the transcription control of drought- and salt-stress
responses. In addition, differentially expressed genes showing evidence of diversifying selection
and recent gene family expansions are significantly enriched in functional categories related to
salt stress, such as ion transport, ATPase activity, and oxidoreductase activity (74). Increased
salt tolerance in P. euphratica may have developed through gene duplication and/or upregulation
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of multiple genes involved in ion transport and homeostasis [e.g., high-affinity K™ transporter 1
(HKTTI), NhaD-type Na*/H* antiporter (PeNbhaD1), K* uptake transporter (KUP3), and Na*/Ca**
exchanger-like protein (NCL)]. Similarly to P. eupbratica, the jujube (Z. jujuba) medicinal tree is well
adapted to drought and salinity in the arid regions of Asia. High levels of gene expression at all
stages of fruit development have been found in species-specific genes involved in osmotic stress
(71). The C-repeat-binding factor (CBF) and dehydration-responsive element-binding protein 2
(DREB2) transcription factors (discussed more below) and the ABA/WDS protein were found to
be important players in adaptation to heat and drought in the flooded gum (E. grandis) (15, 60).

Cold stress and cold hardiness have been extensively studied in tree species. In fruit trees, the
motivation was to understand the effects of frost episodes and cold storage of fruits for export (33);
in forest trees, the motivation was to predict the performance of genotypes in breeding programs
and to understand the ecology and physiology of cold-stress responses. The primary regulators of
cold responses, and the best-characterized such regulators in model plants, are CBF and DREB1
(46). These transcription factors and their regulators, such as inducer of CBF expression 1 (ICE1),
play a key role in initiating cold acclimation and inducing the expression of a large number of genes
involved in cold responses, such as cold responsive (COR) and late embryogenesis abundant (LEA) genes.
Recent studies of CBF/DREB have shown a different and more complex regulation and impact
on abiotic-stress resistance in trees than in herbaceous plants (117). An increased number of CBF-
binding sites in dormancy-associated MADS box (DAM) transcription factors may explain the early
dormancy release and early spring flowering of the cold-tolerant mei tree (Prumnus mume) (126).

While performing genome-wide analysis and expression profiling of the DREB transcription
factor family in apple (M. x domestica), Zhao et al. (127) found that DREB-encoding genes are
upregulated under various abiotic-stress treatments, suggesting that they play an important role
in stress adaptation in Malus. More recently, a genome-wide study of the APETALA 2 (AP2)/ERF
transcription factor family suggested a dramatic recent expansion of the CBF/DREBI1 subfamily
in E. grandis, which has the largest number of CBF/DREBI1 genes ever reported for a dicot plant
(15). Interestingly, the 17 CBF genes found in E. grandis showed differential expression in different
tissues and under different applied stresses, suggesting that they have complementary rather than
redundant functions. The large number of CBF genes may be the key for the winter survival of
this tree, which originated in a tropical or subtropical climate and is now grown in more temperate
climates (15, 82). Similarly, overexpression of CBF1/DREBI in ecodormant buds of pedunculate
oak (Quercus robur) and sessile oak (Quercus petraea) increased the tolerance of meristematic cells
to cold temperatures (69). In addition to CBE/DREB, the WRKY and NAC transcription factors
also play important roles in the transcriptional regulation of early cold response in P. euphratica
(21). Dehydrins, a LEA subfamily, also play an important role in cold adaptation in tree species,
and some cold-inducible dehydrins seem to be regulated by CBF transcription factors in several
tree species, including Quercus spp. (46, 69).

Biotic Stress

In contrast to annual plants, woody perennials need to develop long-term defense strategies to
respond to biotic stress. Genes encoding nucleotide-binding site-leucine-rich repeat (NBS-LRR)
proteins make up one of the largest gene families in plants and the largest class of disease resis-
tance genes. Two main NBS-LRR classes may be present in plants depending on whether they
have a coiled-coil motif [CC-NBS-LRR (CNL) class] or a Toll or interleukin-1 receptor domain
[TIR-NBS-LRR (TNL) class] at the N terminus (32). Reference tree genome sequences and sub-
sequent studies have revealed an extensive and considerably larger NBS-LRR gene family in tree
species (such as E. grandis, H. brasiliensis, M. x domestica, P. abies, P. taeda, P. trichocarpa, P. mume,
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P. persica, V. vinifera, and Z. jujuba) than in herbaceous plants (such as Arabidopsis and S. lycopersicunz)
(23,64, 71, 108, 109, 123, 126). Kiwifruit (4. chinensis), a tree with a small number of NBS-LRR
genes, and rice (Oryza sativa), an herbaceous monocot with a large number of non-TIR-NBS-LRR
genes, seem to be the exception to the pattern observed (53, 122). Tandem duplications have been
linked to recent expansions of the NBS-LRR family in species such as E. grandis, M. x domestica,
P. trichocarpa, P. x bretschneideri, and V. vinifera (23, 91, 119, 123). In E. grandis, the cluster or
supercluster arrangement of NBS-LRRs was correlated with differential expression responses to
the pathogens Chrysoporthe austroafricana and Leptocybe invasa, suggesting functional relevance for
the physical arrangement of the gene family (23).

Regions hosting resistance genes evolve rapidly, which could explain the unusually high nu-
cleotide diversity in a genome region with a high density of genes encoding NBS-LRR proteins
in P. persica (111). The CNL class is often more abundant than the TNL class in tree species;
however, a larger number of TNL-class genes have been observed in species such as E. grandis,
P. abies, and P. taeda, in a pattern similar to that of Arabidopsis (23, 84). It has been suggested,
however, that distinct TINLs have expanded in conifers and angiosperms (84). In addition, TNL-
class genes have been identified as strong candidates for the fusiform rust resistance gene Fr! in
P. taedn and the white pine blister rust resistance genes CrI and Cr2 in P. lambertiana and western
white pine (Pinus monticola) (84, 104).

GENES, GENE FAMILIES, AND EXPRESSION PATTERNS THAT
UNDERLIE FRUIT DEVELOPMENT AND FRUIT QUALITY

Angiosperm species produce a wide variety of fruits, which can be distinguished by their type
(whether they are dry or fleshy, and whether they are achenes, nuts, berries, pomes, or drupes) or
ripening physiology (climacteric or nonclimacteric), although these categories are not phylogenet-
ically constrained (100) (Figure 4). Fruit chemistry (the amount and composition of metabolites
that affect the flavor and nutritional content of fruits) is complex (63) and has been strongly
shaped by domestication; it is therefore difficult to find correlations with the subdivisions within
angiosperms clades. In particular, none of the fruit characteristics seem to be associated with tree
status.

Gene predictions and annotations of reference genomes, as well as their comparison with pre-
viously published genomes from different plants, have enabled the identification of gene families
that are expanded or specific for certain groups of species. Here, we report on the main gene
families related to fruit development and ripening, sugar metabolism, and flavor, as well as those
involved in the biosynthesis of specific components considered particularly healthy and beneficial
(such as vitamin C).

Fruit Development and Ripening

A review by Seymour et al. (100) described the complicated hormonal and genetic regulation
of fruit development and ripening, encompassing all of the main transcription factors associated
with these stages. The large family of MADS-box genes is present in all eukaryotic genomes
analyzed so far, but the largest numbers of these genes are present in angiosperm species, where
a considerable expansion occurred via gene duplications (1). Although the expansion of type II
MADS-box genes was attributed mainly to WGDs, type I genes seem to have expanded through
tandem duplications.

In plants, MADS-box genes control all major aspects of floral and fruit development. Type II
MADS-box genes are well studied and are known to be involved mainly in floral organogenesis,
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Edible fruits from 19 tree species plus those from 3 herbaceous species for comparison. Species are divided
based on whether they are woody or herbaceous, monocots or dicots, and climacteric or nonclimacteric.
Only fruits from species with a published reference genome sequence are included. Chinese pear (and Asian
pears in general) can be climacteric or nonclimacteric depending on the variety. All images are from Pixabay
(http://pixabay.com) and are free of copyright under Creative Commons CCO Public Domain.
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regulation of flowering time, and fruit formation; type I MADS-box genes are not completely
understood, but the few that have been characterized have roles in gametophyte, embryo, and
seed development (41). The papaya genome has many fewer genes than other sequenced genomes
but has more type I MADS-box genes than Arabidopsis (which is also a member of the Brassicales)
(79). This was confirmed more recently by Gramzow & Theifien (42), who annotated MADS-box
genes in 17 plant genomes and discovered more than 2,000 such genes; they reported that the
papaya genome has 262 MADS-box genes, of which 229 are type I, the largest number among
all 17 studied species. The large difference between the numbers of type I and type II MADS-
box genes in this species is consistent with the absence of further WGDs after the y event in
this genome. However, papaya’s large overall number of MADS-box genes—even larger than the
number in tomato, which has 190—still requires an explanation. Among the 17 genomes analyzed
by Gramzow & Theiflen (42), the M. x domestica genome had the largest number of type II genes,
15 more than Arabidopsis (118). Velasco et al. (109) hypothesized that the expansion of MADS-
box genes in the M. x domestica genome may be related to the formation of the pome, which is a
peculiarity of the Pyreae tribe.

The MADS-RIPENING INHIBITOR (MADS-RIN) and colorless nonripening locus
containing a SQUAMOSA promoter binding protein (SBP)-like box (CNR-SBP) proteins have
central roles in the regulation of ripening in both climacteric and nonclimacteric fruits, as first
suggested by studies of tomato and strawberry (Fragaria vesca) (39, 112). This hypothesis was
confirmed by the sequencing of fruit tree species, which enabled, for example, the identification
of RIN-like genes controlling ripening in apple (55) and kiwifruit (77), the observation of
upregulated MADS-RIN in ripening oranges (120), and the discovery of expressed SBP-box
genes in grapevine fruit (114). The identification of genes related to ethylene signaling in
both climacteric and nonclimacteric fruits, such as those encoding AP2/ERF or ETHYLENE
RESPONSE ELEMENT BINDING PROTEIN (EREBP) in the banana species M. acuminata
(25) and grapevine (V. vinifera) (110) and ETHYLENE RECEPTOR (ETR) in sweet orange
(Citrus sinensis) (120) and grapevine (V. vinifera) (110), further supported the hypothesis of a
common ripening mechanism for all fleshy fruits (38, 39, 59).

The Metabolism of Sugars

The composition and content of sugars have an important influence on the quality of most fruits.
Annotation of the apple, banana, jujube, papaya, peach, pear, and date palm (Phoenix dactylifera)
genomes has shown that gene families related to the synthesis and transport of sugars are often
expanded in these species. For example, Ming et al. (79) observed that, although papaya has fewer
predicted genes than Arabidopsis, ithas more starch-associated genes, probably because of its greater
need for storage in leaves, stems, and developing fruit. RNA-sequencing analysis performed in
mature green banana fruits after treatment with ethylene showed that three starch synthase genes
were downregulated and one 3-amylase gene was upregulated (25). Interestingly, this analysis also
suggested that WGD may have caused subfunctionalization of two paralogous invertase genes,
with potentially important consequences for the balance among sucrose, glucose, and fructose
in ripened bananas. Dates have a high sugar content when ripened, and indeed, genes involved
in the carbohydrate metabolism are much more upregulated than most of the other molecular
events at the later stages of fruit development (3). Moreover, by examining the expression of
sugar metabolism genes at different stages of fruit development in P. dactylifera, Al-Mssallem et al.
(3) observed that enhanced accumulation of sugars in dates may result from a carbon fixation or
refixation reaction. Jujube is another fruit with an extremely high sugar content (25-30%, twice as
high as the content of most common fruits) (71). Compared with other sequenced species of the
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order Rosales, genes involved in the metabolism of starch, sucrose, galactose, fructose, mannose,
nucleotide sugar, and amino sugar are expanded in jujube. Moreover, most genes related to the
major facilitator superfamily sugar transporter are overexpressed at ripening.

A peculiarity of most Rosaceae species [all Dryadoideae and Spiraeoideae but not Rosoideae
(95)] is that photosynthetic carbohydrates are produced and translocated in the phloem mainly as
sorbitol, which also accumulates in the fruit (73). Indeed, compared with other plant genomes,
the genomes of apple, peach, and pear have considerably more copies of key genes related to
the sorbitol metabolism (109, 111, 119). Apple, for example, has 71 sorbitol metabolism genes,
whereas in other species (Arabidopsis, Brachypodium, cucumber, grapevine, maize, poplar, rice,
sorghum, and soybean) the number ranges between 9 and 43 (109).

Flavor: Key Features for Fruit Quality

Edible fruits are destined for the fresh market or transformed (for example, turning grapes into
wine), or their seeds can be used for the extraction of oils. Regardless of the final product, flavor—
which is determined by aroma, taste, texture, and color (61)—is always an important aspect of
fruit quality. Terpenoids are secondary metabolites responsible for the aroma of both wine and
cocoa, and their synthesis is driven by terpene synthases. A total of 89 functional genes coding
for terpene synthases and 27 pseudogenes were identified in the grapevine genome (56), and
57 and 9 (respectively) were identified in the cacao genome (6)—more than the 30-40 genes
found in Arabidopsis, rice, and poplar. In cacao, the terpene synthase families of linalool synthase
(a monoterpene) and cadinene synthase (a sesquiterpene) are particularly expanded, whereas in
grapevine, the monoterpene synthases are highly diversified (56, 110).

In pear, the metabolism of «-linolenic acid is likely to be important for the fruit’s aroma. The
key enzymes are lipoxygenase and alcohol dehydrogenase, whose encoding genes are expanded
in both pear and apple and are highly expressed during fruit development (119). Aroma in coffee
beans results mainly from linoleic acid, a different fatty acid, which also contributes to flavor
retention after roasting; the C. canephora genome contains six genes for the oleate desaturase fatty
acid desaturase 2 (FAD2) (compared with one gene in Arabidopsis), the enzyme responsible for the
synthesis of linoleic acid, which were probably generated by tandem duplications (30). Moreover,
in the C. canephora genome, genes coding for N-methyltransferases involved in the synthesis of
caffeine are expanded compared with the genomes of Arabidopsis, grapevine, and tomato, and they
might have also originated by tandem duplications independently of cacao and tea plant (Camzellia
sinensis), two of the few other plants capable of synthesizing caffeine (30).

Fruit texture contributes considerably to quality in pome fruits. A characteristic feature of pears
is the presence of stone or grit cells in the flesh, which is very rare in other fruits. The primary
component of stone cells is lignin, and in the Chinese pear (P. x bretschneideri) genome, Wu et al.
(119) observed expansion of gene families related to lignin synthesis. When analyzing the genome
of the European pear (P. communis), Chagné etal. (18) focused on the expression of expansin genes,
which are cell wall-related genes that influence fruit softening at ripening and may be linked to
the melting texture typical of European pears. Indeed, although genes from this family were not
expanded in European pear compared with crispier apples, their expression levels were higher.

Fruit Characteristics Associated with Beneficial Effects in the Human Diet

An important characteristic common to multiple fruits and vegetables is their high content of
ascorbic acid (vitamin C), which contributes to their high nutritional value. In kiwifruit (4. chinen-
sis), genes involved in the ascorbic acid biosynthesis and recycling pathway are expanded, which
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seems to have resulted from at least one of the two recent WGDs in the kiwifruit genome (53). The
same trend was observed in sweet orange (Citrus sinensis), in which many of the genes involved in
the four known biosynthesis branch pathways of ascorbic acid (and especially in the galacturonate
pathway) were upregulated specifically in the fruit (120). The sweet orange genome contains 18
paralogous genes coding for D-galacturonic acid reductase, more than are present in the genomes
of apple and grapevine (17 genes); strawberry (15 genes); papaya (13 genes); rice, maize, and cocoa
(12 genes); Arabidopsis (7 genes); Brachypodium (6 genes); and Chlamydomonas (no genes). Because
these 18 genes were present in two clusters, they probably originated from tandem duplication
(120).

Jujube fruit contains even more ascorbic acid than orange and kiwifruit. Analysis of expression
during fruit development showed that the more activated genes in jujube ascorbic acid biosyn-
thesis were specific to the L-galactose pathway (71). The gene coding for monodehydroascorbate
reductase (the key enzyme in the ascorbic acid recycling pathway) was also overexpressed and
significantly expanded compared with other Rosales genomes. Based on phylogenetic analysis of
jujube with six other Rosales species (F. vesca, M. x domestica, M. notabilis, P. mume, P. persica, and
P. x bretschneideri) and Citrus sinensis, Liu et al. (71) discovered five major monodehydroascorbate
reductase gene subfamilies, of which subfamily V is specific to jujube and subfamily IV is specific
to Rosaceae. All eight copies of monodehydroascorbate reductase genes of subfamily V are located
in two clusters on the jujube genome; therefore, they likely originated from tandem duplication.

Another compound that is presumably beneficial for human health because of its antioxidant ef-
fectis resveratrol, which is found in grape skin and consequently in wine. In the grapevine genome,
both Jaillon etal. (56) and Velasco et al. (110) observed an expansion of the gene family that codes
for stilbene synthases, the resveratrol precursors, although they reported different numbers of pre-
dicted genes. Cocoa is one of the richest sources of catechin and epicatechin, two flavonoids with
antioxidant activity, and the cacao genome has 18 genes coding for dihydroflavonol-4-reductase
(compared with 1 in Arabidopsis), an enzyme with a key role in the production of those components

©).

CONCLUSIONS

Access to the genomes of trees is key to the discovery of genes responsible for important agronomic
characters, such as fruit quality and biotic- and abiotic-stress resistance, and to the implementation
of marker-assisted breeding. As more species are sequenced, comparative analysis among the
different genomes will increase and will likely further elucidate the complex basis of traits of
interest. These studies will also likely enable the identification of genomic regions linked to the
tree-specific phenotypes summarized in this review, whose extended and complex genetic controls
are not completely understood.

In recent years, easier access to sequencing technologies and the publication of reference
genome sequences have accelerated the development of single-nucleotide-polymorphism arrays,
population genomics, and genome-wide association studies. These studies are shedding light on
the domestication process of commercially important crops. In fruit trees, the focus is on the
development of bigger and more flavored fruits, whereas in forest trees, the aim is to increase
the production of wood products and biofuels. As a consequence, genomic regions and candidate
genes associated with fruit development and quality, perennial traits, and responses to biotic and
abiotic stress have been identified. Continuous improvement of sequencing technologies will allow
the publication of higher-quality reference genome sequences, with the same trend that we have
observed in the last decade, facilitating analyses of repetitive portions of the genomes and the
causes and consequences of different genome sizes.
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SUMMARY POINTS

1. The advent of the next-generation-sequencing era has accelerated progress in the se-
quencing of tree genomes.

2. Both genome size and chromosome number are less variable in trees than they are in
herbaceous plants. Genome size is correlated neither with gene content nor with chro-
mosome number in tree species.

3. Whole-genome duplications have been common in angiosperm trees and herbaceous
plants but rare in gymnosperms.

4. Although trees differ from nontree plants in their major reproductive strategy, the func-
tion of flowering-time genes such as the CO/FT regulatory module seems to be conserved
between annual plants and trees.

5. Recent expansions and subsequent subfunctionalization of gene families involved in biotic
and abiotic stress may have contributed to adaptation to the environment in genera such
as Eucalyptus and Populus.

6. Genome-wide studies of the CBE/DREB cold-stress gene family have shown a different
and more complex regulation and impact on abiotic-stress resistance in some trees than
in herbaceous plants.

7. Reference tree genome sequences and subsequent studies have revealed that trees have
extensive NBS-LRR disease resistance gene families that are considerably larger than
those of herbaceous plants.

8. Gene families involved in the synthesis and transport of sugars are often expanded in
fruit trees, such as apple, banana, date, jujube, papaya, peach, and pear trees.

9. The jujube, kiwi, and orange fruits contain high levels of ascorbic acid (vitamin C) owing
to recent gene expansions in the ascorbic acid pathway.
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