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Secondary growth from vascular cambia results in radial, woody growth of stems.
The innovation of secondary vascular development during plant evolution allowed

the production of novel plant forms ranging from massive forest trees to flexible,

Key words: forest trees, genomics, Populus,
wood anatomy, wood formation.

woody lianas. We present examples of the extensive phylogenetic variation in sec-
ondary vascular growth and discuss current knowledge of genes that regulate the

development of vascular cambia and woody tissues. From these foundations, we
propose strategies for genomics-based research in the evolution of development,
which is a next logical step in the study of secondary growth.

l. Introduction

Secondary vascular growth provides a means of radially
thickening and strengthening plant axes initiated during
primary, or apical growth. Although secondary vascular
growth is often equated with the woody growth that distin-
guishes trees and shrubs from herbs, the process exhibits
remarkable variation in nature. The ‘typical’ woody stem
develops a single bifacial (i.e. bidirectional) cambium that
produces secondary phloem (inner bark) externally and sec-
ondary xylem (wood) internally (Larson, 1994). Although
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this pattern characterizes most extant forest trees, significant
variation exists among taxa, ranging from extinct woody
lycopods and horsetails with unifacial cambia (Cichan &
Taylor, 1990; Willis & McElwain, 2002), to angiosperms
with multiple cambia functioning simultaneously (Carlquist,
2007) or with disjunctive cambia that produce secondary
xylem furrowed by wedges of phloem (Pace er al., 2009).
Dramatic variation in secondary vascular development can
also occur within individual plants in response to environ-
mental conditions and seasonal cues. For instance, some
woody plants produce distinctive ‘tree rings’ of xylem in
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climates punctuated by cold or dry seasons, whose widths
and physical properties reflect the environmental conditions
of that year (e.g. de Kort, 1993). Similarly, mechanical per-
turbation stimulates the production of specialized secondary
xylem called ‘reaction wood’” (Du & Yamamoto, 2007).

The natural variation found in both the process and the
products of secondary vascular growth suggests that it
encompasses a plethora of adaptive traits under complex
selective pressures. Indeed, the physiological roles of wood
are critical to plant survival, as woody tissues provide the
mechanical support for complex and sometimes massive
body plans that provide an advantage in the competition for
light. Wood structure also determines the resistance to water
flow from roots to leaves, the capacity for water storage, and
resistance to drought- and freeze-induced embolism
(Domec et al., 2008; Choat & Pittermann, 2009; Poorter
et al., 2009). Secondary phloem serves a crucial role in the
efficient long-distance transport of carbohydrates and sig-
naling molecules throughout the stem (Lough & Lucas,
2000). In addition, secondary xylem and phloem both func-
tion in carbohydrate storage. The ability to alter secondary
vascular growth in response to environmental changes and
external stimuli is thus of high adaptive significance, but
requires the coordination of complex developmental events
to produce appropriate tissues and physiological outcomes.
These and related observations suggest that secondary vascu-
lar growth involves highly plastic developmental processes,
which are reflected in extensive anatomical and functional
variation both within individual plants and among taxa,
particularly in angiosperms (Carlquist, 2001).

An understanding of the evolutionary histories and devel-
opmental mechanisms that underlie secondary vascular
growth will ultimately require phylogenetic analysis of ana-
tomical variation and the genes regulating corresponding
developmental processes. Anatomical variation in secondary
xylem (i.e. wood) is well characterized and is the focus of an
extensive classical literature describing wood anatomy for a
large number of species (Zobel & Van Buijtenen, 1989;
Carlquist, 2001), although unfortunately ontogeny is rarely
described. Woody tissues are also often well preserved dur-
ing fossilization such that wood anatomy has been described
for diverse extinct species (Willis & McElwain, 2002;
Taylor et al., 2009). By contrast, the majority of research
on secondary vascular growth and wood formation using
molecular genetic and genomic approaches has been limited
to a modest number of forest tree species with economic
relevance. Notably, Populus has been developed as a model
genus complete with full genome sequence (Tuskan ez al,
2006), advanced genomic tools, transformation, and molec-
ular techniques to assess gene expression and function.
Although important insights are emerging regarding the
mechanisms underlying secondary vascular growth in
Populus (reviewed in Groover ez al., 2010), our understand-
ing of development is incomplete and there are a limited
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number of well-characterized regulatory genes. Importantly,
little effort has been given to comparative studies that would
provide a comprehensive view of the ancestral regulatory
mechanisms or the evolutionary histories of observed phylo-
genetic variation (Cronk, 2001). This situation is likely to
change given advances in sequencing and other genomic
technologies that are delivering increasingly powerful tools
at lower costs. However, appropriate strategies need to be
devised to maximize the effectiveness of comparative studies.
The aim of this review is to develop foundations for an
emerging field of evolution of development (‘evo-devo’) for
secondary vascular growth. We first draw on an extensive
classical literature to provide illustrative examples of varia-
tion in the activities of vascular cambia and the anatomy of
secondary vascular tissues. This is followed by a synthesis of
current knowledge regarding the molecular genetic regula-
tion of secondary vascular growth, and some of the evolu-
tionary insights flowing from this knowledge. We end with
a discussion of strategies for evolution of development
research on cambial functions and wood formation, includ-
ing the establishment of new model species and comparative
studies that harness the power of genomic technologies.

Il. Generalized function of vascular cambia and
their developmental and evolutionary origins

As outlined below in Section 1, the basic function of vascu-
lar cambia is in thickening plant axes with secondary xylem
and phloem. Although often treated as two distinct stages in
development, transitions from primary to secondary growth
are gradual. Nonwoody herbs and large woody trees can be
thought to represent two ends of a continuum, and the
degree of woodiness expressed by a given plant can be influ-
enced by environmental conditions. While current evidence
suggests that the cambia of extant seed plants are homolo-
gous, vascular cambia have arisen independently in other
vascular plant lineages, and variation in cambial activity and
the anatomy of secondary vascular tissues can be found at
various taxonomic levels.

1. Vascular cambia produce secondary xylem and
phloem

A practical distinction between primary and secondary
growth is that primary growth is responsible for elongation
at the tips of plant axes, whereas secondary growth is respon-
sible for the thickening of plant axes. It should be noted that,
for the purposes of this review, we focus our discussion of
secondary growth on secondary vascular growth in stems
from vascular cambia, and do not address other types of
secondary growth, such as production of cork from phello-
gen, or secondary thickening in monocots. The vascular
cambia found in extant gymnosperms and angiosperms
produce secondary xylem to the inside (centripetally) and
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secondary phloem to the outside (centrifugally), and are
therefore described as ‘bifacial’. The vascular cambium is
composed of meristematic cells called ‘initials’ that are per-
petually regenerated: when an initial divides it produces a
mother cell and another initial (Fig. 1) (Esau, 1977; Larson,
1994). Phloem and xylem mother cells typically divide one
or more times before differentiating into mature cell types
(Bannan, 1968). Although the dividing initials are thought
to exist as a single layer of cells, the initials and mother cells
are collectively referred to as the ‘cambial zone’, as it is often
impossible to identify which cells represent the true initials
based on cell morphology. Two types of initials exist —
fusiform and ray — which together produce all cell types that
make up secondary xylem and phloem. Fusiform initials are
elongated axially and produce all longitudinally oriented
cells, whereas ray initials are roughly isodiametric, arranged
in groups called ‘rays’, and produce all radially oriented
cells.

Fusiform initials can divide either periclinally or anti-
clinally (Fig. 1). Periclinal divisions predominate and occur
parallel to the surface of the axis, producing new xylem and
phloem. The relative rate of periclinal divisions need not be
equal across the cambial zone, and it is common for

(a)

Secondary phloem
(= inner bark)

Secondary
xylem
Fig. 1 Orientation of cells and tissues within (= wood)
a woody stem. (a) The vascular cambium
produces secondary xylem to the inside and
secondary phloem to the outside of the stem.
(b) Cambial initials divide anticlinally to
produce new initials and increase the
circumference of the cambium. The same
initials also divide periclinally to produce
xylem and phloem mother cells, always
leaving behind another initial. Both types of
divisions are preserved in radial files of xylem
cells, with anticlinal divisions indicated by the
appearance of a new file. (c) Fusiform initials
produce all of the longitudinally oriented cells
in the stem. Ray initials produce all of the
radially oriented cells. The vascular cambium
produces phloem abaxially and xylem
adaxially. (Adapted, with permission, from
Understanding Wood by Bruce Hoadley,
published by The Taunton Press.)
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periclinal divisions to occur more frequently on the xylem
side such that more xylem cells are produced than phloem
cells (Esau & Cheadle, 1955). As more xylem is deposited
and the diameter of the stem increases, the cambium
expands circumferentially by adding new initials through
anticlinal divisions, which occur perpendicular to the sur-
face of the stem. A record of these divisions is preserved in
the form of radial cell files. Anticlinal divisions are indicated
where two xylem cell files emanate from a single file. In
addition, cambial initials are frequently lost from the cam-
bium and replaced through anticlinal divisions (Bannan,
1951, 1965), consistent with the maintenance of a stem cell
niche in plant apical meristems (Sharma ez al., 2003). Evi-
dence that positional information is involved in specifying
cell fates for cambial initials and their derivatives (Wilson,
1978; Sundberg & Uggla, 1998) suggests that the vascular
cambium, like other plant meristems, relies on spatial sig-
naling and position (as opposed to lineage) to determine
patterning and cell differentiation (Kidner ez 4/, 2000).
Striking variation can be found among extant species in
the development of vascular cambia, the extent of their
activity, and the secondary vascular tissues derived from
them. The origin of a vascular cambium is often presented

Periclinal divisions produce
an initial and a xylem or
phloem mother cell

(b) Anticlinal divisions
add new initials to
the cambium

Phloem

Vascular
cambium

> Cambial initial
(D Mother/daughter

. Xylem
. Phloem

>

Abaxial

Longitudinally
oriented cells

Radially” v
oriented cellg\’

SAMWm T A
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as a simple developmental progression in which fascicular
cambia (cambia within individual vascular bundles) eventu-
ally become united with interfascicular cambia that arise de
novo from parenchyma between bundles, but this paradigm
may be more the exception than the rule (Beck, 2005). In
fact, many woody plants form a continuous ring of pro-
cambium and primary tissues as adjacent leaf traces merge
with one another (Esau, 1943). The first appearance of sec-
ondary vascular tissues in the shoot is linked to phyllotaxy,
with older leaf traces producing secondary xylem first, adja-
cent to younger traces that are still forming primary xylem
(Larson & Isebrand, 1974; Larson, 1975, 1976). The
transition between primary and secondary growth in the
root has been far less extensively studied, but here the
cambium initiates adjacent to primary phloem (Eames &
MacDaniels, 1947). While secondary vascular tissues are
truly lacking in some angiosperm taxa (e.g. monocots),
many angiosperms described as ‘herbaceous’ do in fact
undergo secondary growth, which may be limited to vascu-
lar bundles or develop from a continuous cambium, or
occur only in the root. Indeed, the terms ‘herbaceous’ and
‘woody’, while practical, do not acknowledge the vast ana-
tomical variation and degrees of woodiness among plants
variously assigned to these classes (discussed in Carlquist,
2009), and do not reflect phylogenetic relationships. For
example, herbaceous and woody plants can be found
scattered across diverse angiosperm taxa (Groover, 2005),
and the anatomy and physiological properties of secondary
xylem produced by cambia can vary tremendously even

Cycads

Loss of secondary

& growth |:|

Secondary growth —J

Gymnosperms and early angiosperms share
tracheid-based secondary xylem. Austrobaileyales
and Chloranthales within the magnoliids have
tracheary elements that are transitional between
tracheids and vessels. *Gnetales represent an
independent origin of vessels from tracheids.
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among closely related angiosperm taxa, as discussed below
in Section 2. The extent of cambial activity and degree of
woodiness expressed by a plant can also be affected by
environmental conditions and life history. For example,
Arabidopsis  thaliana genotypes used for developmental
genetics research (e.g. Landsberg erecza) do not undergo
secondary growth under laboratory conditions that mini-
mize generation times, but can form a complete cambium
and produce secondary xylem and phloem if flowering is
delayed by either physical or genetic means (Brugiere ez al.,
2003; Espinosa-Ruiz ez al., 2004; Melzer ez al., 2008).

2. Vascular cambia have evolved multiple times, but
the cambia of extant seed plants probably share a
common evolutionary origin

Although secondary vascular growth in extant taxa is lim-
ited to seed plants (Fig. 2), independent origins of vascular
cambia can be found in the arborescent lycopods and
sphenopsids (Cichan & Taylor, 1982; Cichan, 1985, 1986)
that dominated the coal swamps of the Carboniferous.
Although some were large trees reaching 10-30 m in
height, their stems were mostly cortex and the vascular cam-
bium was unifacial, producing secondary xylem to the
inside but no tissue externally (the smaller Sphenophyllum is
an exception, and represents the only bifacial cambium out-
side of the progymnosperm/seed plant lineage (Eggert &
Gaunt, 1973)). In addition, an extensive fossil record shows
no evidence of anticlinal divisions and suggests that the

Secondary growth =\ LepidodendralesT
,—E Isoetes Lycopods

Selaginella

Lycopodiales i

Psilotum 1

I: Ophioglossales .
Mara‘ﬁales Fig. 2 A phylogeny of vascular plants
Filicales ‘ Ferns,incl. illustrating multiple origins of secondary
-- Sphenophyliales Equisetum growth via a vascular cambium. The cambia

Secondary grO%" of arborescent lycopods and Calamitales

t were unifacial, producing only secondary
xylem. The cambium of Sphenophyllales was
bifacial and produced both secondary xylem
and phloem, suggesting an origin distinct
from the Calamitales (although note that
relationships among these groups are not
clear). The bifacial cambium of extant seed
plants is thought to be homologous with that
of the spore-bearing progymnosperms
(Friedman et al., 2004; Judd et al., 2008;
Rothwell & Karrfalt, 2008), implying that this
origin of secondary growth predates the
seed. The earliest extant angiosperms share
both a bifacial cambium and tracheid-based
wood structure with the gymnosperms.
Vessels (open-ended tracheary elements)
arose independently in the Gnetales and
angiosperms, with ferns also displaying some
transitional forms.

‘r} Progymnosperms

Seed
plants

Flowering plants
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growth of these plants was determinate, with a cambium
capable of producing a limited amount of secondary xylem
but ultimately differentiating into a band of parenchyma.
Most extant relatives (e.g. Lycopodium and Equisetum) lack
secondary growth entirely. Similarly, although no modern
ferns produce secondary growth (but see Rothwell &
Karrfalt, 2008), evidence of a vascular cambium has been
found in several extinct pre-fern lineages, most notably in
Rhacophyton (Cichan & Taylor, 1990; Taylor ez al., 2009).

The bifacial vascular cambia of extant seed plants may
share a common evolutionary origin that predates the diver-
gence of angiosperms and gymnosperms (Fig. 2), and in
fact may predate the seed. Cycads and all known (including
extinct) gymnosperms have bifacial cambia, as did the
spore-bearing progymnosperms (Cichan, 1986; Stewart &
Rothwell, 1993; Ryberg ez al., 2007). Within angiosperms,
results from molecular phylogenetic analysis and character
state reconstructions support the idea that a woody habit is
ancestral for both basal angiosperms and early-diverging
eudicots (Zanis et al., 2002; Kim ez al., 2004). Determina-
tion of whether vascular cambia had a single or multiple
origins during seed plant evolution will ultimately require
comparison of the underlying genetic regulatory mecha-
nisms across taxa. Even then, large gaps in the fossil record
are likely to make this determination difficult, at least for
carly branching lineages. For instance, a diverse group of
progymnosperms (‘progymno’  because they produced
spores and not seeds) produced secondary xylem and
phloem from a bifacial cambium (Cichan & Taylor, 1990),
but it is not known for certain if this cambium is homolo-
gous with that of extant seed plants. Current phylogenies
suggest homology (Friedman ez al, 2004; Judd er al,
2008) and this is at present the accepted view, so for the
purposes of further discussion we assume homology as well.
While production of secondary growth from a bifacial
vascular cambium may be the ancestral state, the extent and
type of cambial activity clearly have been modified in differ-
ent seed plant lineages, and seem especially variable within
the angiosperms (discussed in Carlquist, 2009).

lll. Variation in secondary vascular growth in
angiosperms

Angiosperms show extensive variation in secondary vascu-
lar growth. Some angiosperm taxa have lost secondary
vascular growth entirely, while in other lineages there have
been changes in the extent of cambial activity and woody
growth, including the appearance of secondarily woody
species that have only recently acquired a woody habit.
More extreme variation is illustrated by cambial variants
(also termed ‘anomalous secondary growth’), including
plants with furrowed xylem and successive cambia. The
general anatomical features of some of these variants have
arisen independently multiple times in unrelated taxa (i.e.
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through convergent evolutionary events), suggesting that
relatively simple evolutionary steps might produce these
anatomical novelties.

1. Cambial activity varies among angiosperm taxa

Within the angiosperms, vascular cambia have been entirely
lost in at least three lineages, including the monocots
(Fig. 3). While monocots as a group lack secondary vascular
growth, there are conspicuous arborescent monocots (e.g.
Aloe, Agave, Yucca, Dracaena and Cordyline) that develop a
novel cambium from the parenchyma of the cortex or peri-
cycle. Termed the ‘secondary thickening meristem’ (Rudall,
1991), this cambium produces ground tissue and entire vas-
cular bundles to the inside of the stem and cortical paren-
chyma to the outside (Cheadle, 1936; Tomlinson &
Zimmermann, 1967; Fisher, 1973). Information as to
genetic mechanisms regulating monocot cambia is entirely
lacking, but, given the dramatic differences in ontogeny and
function, monocot cambia are assumed to not be homo-
logous with the vascular cambium of seed plants.

Within dicot lineages, cambial activity and degrees of
woodiness can vary dramatically, even among closely related
species. Interestingly, some herbaceous species can evolve a
woody habit relatively rapidly after island colonization.
Numerous examples of such ‘secondary woodiness’ have
been demonstrated in members of at least eight orders
spread throughout the eudicots (Fig. 3) (Carlquist, 1969,
1992, 1995; Bohle ez al, 1996; Ballard & Sytsma, 2000;
Lee et al, 2005; Lens et al, 2005; Baldwin, 2007). The
wood of secondarily woody plants often differs from that of
primarily woody plants in a predictable way, reflecting a
form of juvenilism in which characteristics of primary
xylem are carried forward into secondary xylem (Carlquist,
2009). This in turn is a form of heterochrony, in which
changes in the timing (e.g. onset, offset, duration and rate)
of developmental events in different species produce varia-
tion in anatomy and morphology. Heterochrony in xylem
development has had a profound effect on the diversifica-
tion of angiosperm growth forms (Olson, 2007; Carlquist,
2009; Olson ez al., 2009).

2. Stem shape and anatomy can be altered by
varying xylem and phloem production around the
circumference of the cambium

In most woody plants, a relatively constant ratio of xylem to
phloem production is maintained about the circumference
of the cambium such that the stem is roughly cylindrical,
but simple shifts in the relative rates of xylem and phloem
production can dramatically alter both the internal and the
external structure of the stem. If xylem production is accel-
erated in certain regions of the cambium, a buttressed,
fluted or flattened stem shape can result (e.g. Basson &
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Basal angiosperms have a vascular cambium
and produce secondary xylem with tracheids
(Amborella) or tracheid/vessel transitional forms

Amborellales B2
Nymphaeales

Magnoliids

Secondary growth lost in monocots
and in aquatic herbs Nymphaeales and
Ceratophyllales

\f'

—
Lr

4 Monocots

&

m

Rosid Il 4

. Je|
Eudicots

T' Secondarily woody
Interxylary phloem

@ Phloem arcs/wedges
Successive cambia

Tracheid-bearing (vesselless)

Y Woody genome

3"- Nonwoody genome

é New model

Asterid Il

Bierhorst, 1967). A flattened stem shape is typical of many
lianas, and probably has mechanical advantages for a climb-
ing habit.

By contrast, some stems maintain a cylindrical shape
even though the ratio of xylem to phloem production
may vary around the circumference of the cambium. In
some lianas of the tribe Bignonieae (Lamiales), xylem
production inwards is slowed and phloem production
outwards is accelerated in four sectors of the cambium
(Fig. 4). In the variant cambial regions, the increased rate
of phloem production matches that of xylem in adjacent
regions such that, when viewed in cross-section, the
xylem is furrowed by arcs of phloem (Fig. 4a) but the
stem is still cylindrical in shape (Coleman ez al, 2008;
Pace et al., 2009; Wang et al., 2009). In more extreme
variants of Bignonieae, there are sharp breaks in the
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Fig. 3 A phylogeny of the angiosperms
(APGlII, Stevens 2008; http://www.
mobot.org/MOBOT/Research/APweb/
welcome.html) illustrating the distribution of
various characters relating to secondary
growth. In all cases, orders are annotated
with a particular character if they show
strong tendencies toward that trait or contain
conspicuous species containing the character.
The vascular cambium has been lost in at
least three angiosperm orders, including the
monocots. Secondarily woody plants, in
which woody habit has been recently
acquired, are dispersed among various
orders. Also indicated is the appearance of
certain ‘cambial variants', including arcs or
wedges of phloem developing within furrows
of xylem, and successive cambia, in which
multiple concentric cambia develop and may
function simultaneously. Numerous orders
include plants with interxylary phloem, in
which secondary phloem is formed normally
but phloem can also be found embedded
within secondary xylem. Vesselless angio-
sperms are also indicated. Orders in which

Asterales T (2
Escalloniales woody or nonwoody genomes have been

Bruniales

Apiales sequences are also indicated, as are sug-
E;ﬁzifya",ﬁa,es gested new models for wood and cambium

evo-devo studies. See text for discussion. The
topology was adapted from P. F. Stevens
(2001 onwards; http://www.mobot.org/
MOBOT/Research/APweb/welcome.html).
Angiosperm Phylogeny Website. Version 9,
June 2008.

relative production of xylem vs phloem about the circum-
ference of the stem (i.e. the cambium becomes disjunct
in its activity), with four regions of cambium ceasing
anticlinal divisions and producing abundant secondary
phloem. The result is the formation of four wedges of
phloem extending into secondary xylem (Fig. 4b,c). This
process can be reiterated, resulting in multiple, regularly
interspersed wedges (Fig. 4d,e). While the mechanisms
underlying the developmental processes of this variant are
unknown, the variant cambial sectors are associated with
leaf traces (Dobbins, 1981), suggesting the influence of
leaf-derived signals affecting cambial activity.

The phloem arcs and wedges seen in members of
Bignonieae are presumed to be of adaptive significance.
The embedding of phloem wedges within more rigid xylem
tissues, for example, may provide more flexibility which is
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Fig. 4 Transverse sections from stems of Bignonieae species, showing different degrees of xylem furrowed by arcs or wedges of phloem. In
Perianthomega vellozoi (a), four equidistant arcs of phloem are formed through a relative increase in phloem vs xylem production by the
cambium in the variant regions. More dramatic anatomies are characterized by formation of four phloem wedges in (b) Tanaecium
pyramidatum, and (c) Fridericia chica, where the variant cambial sections become disjunct, cease anticlinal divisions, and exclusively produce
secondary phloem. This process can be reiterated, leading to formation of additional wedges as seen in (d) Bignonia binata and (e) Adeno-
calymma divaricatum. The figure is adapted and reproduced with permission from Pace et al. (2009).

advantageous to the climbing habit of the lianas (Carlquist,
1975, 2001; Pace ez al., 2009). The abundant parenchyma
associated with phloem wedges may also allow lianas to
recover from wounding associated with twisting (Fisher &
Ewers, 1989). Stems with xylem furrowed by arcs or wedges
of phloem can be found in at least five angiosperm orders

(Fig. 3).

3. Some stems can have multiple, successive vascular
cambia

Members of 75+ genera form multiple vascular cambia in
succession, each of which can independently produce sec-
ondary xylem and phloem. Successive cambia develop in
some cycads, in Gnetum and Welwitschia (Gnetales), and
within 14 orders spread throughout the eudicots (Fig. 3),
including Caryophyllales, in which the trait is exceptionally
common (Carlquist, 2001). Cross-sections of stems from
species with successive cambia may exhibit alternating rings
or segments of secondary xylem and phloem within a
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background of conjunctive tissue (Fig. 5). Although there
are multiple interpretations of the ontogeny of this condi-
tion, some probably attributable to species differences, a
few generalizations can be made. The first vascular cam-
bium forms normally (i.e. between primary xylem and
phloem) and produces secondary xylem and phloem. A
second cambium then develops from parenchyma within
the stem cortex and produces conjunctive tissue to the
inside (and, less frequently reported, to the outside).
Whether this cambium goes on to produce secondary
xylem and phloem directly, with new cambia arising out-
side the oldest phloem (Esau & Cheadle, 1969; Bailey,
1980), or whether it continues to function as a ‘master
cambium’, producing conjunctive tissue as well as new vas-
cular cambia to the inside of the stem (Carlquist, 2007),
has been debated and may vary among species. However,
the end result is repeating increments of secondary xylem
and phloem amidst conjunctive tissue.

Successive cambia are almost certainly of adaptive signifi-
cance. Stems with successive cambia have large amounts of
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Fig. 5 Transverse sections from a Bougainvillia stem with successive
cambia. The stem is characterized by multiple increments of second-
ary xylem and phloem within a background of conjunctive tissue
formed by successive cambia (a). As shown in higher magnification
(b), each increment contains secondary phloem (Ph) and secondary
xylem (Xy) produced by an intervening vascular cambium. Bars: (1),
2 mm; (b), 12 mm. Images are courtesy of Ciera Martinez,
University of California, Davis, CA, USA.

parenchyma that can function in both carbohydrate and
water storage. A familiar example is the storage root of Bera
vulgaris (sugar beet), which contains large parenchyma cells
in the regions between successive cambia (Rapoport &
Loomis, 1986) and an intricate conducting network of
phloem (Zamski & Azenkot, 1981a,b). Lianas include a
disproportionate number of species with successive cambia,
suggesting potential mechanical advantages such as flexibil-
ity and compartmentalization of vessels sheathed by fibers
(Carlquist, 2007). Lianas with abundant parenchyma have
been shown to resist loss of xylem conductivity under severe
twisting far more effectively than similar-sized trees (Putz &
Holbrook, 1991). Currently, the molecular mechanisms
underlying the unique development of stems with successive
cambia are unknown.
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IV. Genes and mechanisms regulating secondary
vascular growth and their evolutionary origins

The recent development and application of genomic and
genetic tools in the model species of the genus Populus have
begun to identify key genes and mechanisms underlying
secondary vascular growth, and provide intriguing but still
incomplete insights into the evolution of the development
of cambia and secondary growth. As discussed below in
Section 1, comprehensive gene expression profiling of cam-
bium and secondary vascular tissues shows an overlap
between the genetic regulation of primary meristems and
that of vascular cambia. More detailed studies have charac-
terized the function of key transcription factors and hor-
mones in regulating specific aspects of secondary vascular
growth, including the regulation of differentiation, pattern-
ing and polarity, as discussed in Section 3 below.

1. Gene expression studies reveal overlapping
mechanisms regulating the shoot apical meristem and
vascular cambium

Transcription is a primary level of regulation for secondary
vascular growth, as revealed by comprehensive gene expres-
sion profiling using microarrays. Tangential sections of
Populus spp. stems were taken from positions across the
cambial region ranging from mature phloem through the
cambial zone to the region of cell expansion in secondary
xylem (Schrader ez al., 2004). Analysis of gene expression
in these sections using cDNA microarrays revealed good
correlation between developmental events (e.g. cell division,
cell expansion and cell wall synthesis) and differential
expression of genes from corresponding functional groups
(e.g. cyclins, expansins and lignin-related genes, respec-
tively). These results suggest not only that transcription is
an important level of regulation of secondary vascular
growth, but also that comparison of transcriptional pro-
files of secondary vascular tissues from species of interest
will be an informative approach for future studies in other
species.

Interestingly, known transcriptional regulators of key
developmental processes associated with the shoot apical
meristem (SAM) are also expressed in the cambial zone dur-
ing secondary growth (Schrader ez al., 2004). Among SAM
genes also expressed in the cambial zone are orthologs of the
A. thaliana class 1 knotted-like homeobox (KNOX) gene
SHOOTMERISTEMLESS (STM); class III homeodomain-
leucine zipper (HD ZIP) genes PHAVOLUTA/
PHABULOSA and ATHB-15 (CORONA); KANADII;
SHOOT-ROOT (SHR); and potential orthologs of AINTE-
GUMENTA (ANT) and PINHEAD (PNH). These genes
play fundamental roles in the SAM, including the control
of cell proliferation (ANT), regulation of determinate vs
indeterminate shoot growth (PNH), polarity and vascular
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development (class IIl HD ZIPs and KANADII), and speci-
fication of tissue identity (SHR).

The expression of major SAM regulatory genes in the
cambial zone is consistent with the direct cooption of these
genes and mechanisms from the SAM during the evolution
of cambia and secondary vascular growth (Groover, 2005).
This hypothesis not only addresses the acquisition of major
regulatory elements associated with the innovation of sec-
ondary vascular growth during land plant evolution, but
also speaks to the previously mentioned rapid gain of sec-
ondary growth from herbaceous ancestors in secondarily
woody species. If genes necessary for secondary vascular
growth are also required for SAM function, there is strong
pressure for them to be maintained in herbaceous plants.
Expression of these genes could thus be readily recruited to
function during secondary growth by relatively simple steps,
for example by change of expression of key transcription
factors. The overlapping expression of key regulatory genes
in both primary and secondary growth may also underlie
the gradual developmental transition between primary and
secondary growth in many species.

At the same time, there are important anatomical distinc-
tions between the radially organized vascular cambium and
the conically organized apical meristems, many of the major
regulatory genes predate the evolution of both the SAM and
cambia and could have unique functions in the two meris-
tems, and not all SAM regulatory genes are expressed in the
cambial zone. WUSCHEL (WUS) and CLAVATA3 (CLV3)
encode a homeodomain transcription factor and secreted
peptide ligand, respectively, which together with the CLV
receptors form a feedback loop regulating the size of the stem
cell population in the SAM (Sablowski, 2007). WUS is
expressed in a small number of cells defining an ‘organizing
center’ underlying the stem cells, which express CLV3. The
CLV3 protein is detected by CLV1 and CLV2 receptors to
limit the size of the organizing center by restricting WUS
expression. While the putative Populus CLVI ortholog is
expressed in the cambial zone, the presumed Populus ortho-
logs of CLV3 and WUS are not (Schrader ez al., 2004).
Genes related to WUS (WUSCHEL related homeobox
(WOX) genes) and other genes related to CLV3 that encode
CLAVATA3 (CLV3)/ENDOSPERM SURROUNDING
REGION (ESR) (CLE) peptides are expressed in the cam-
bial zone, however, consistent with cooption of duplicated
genes related to WUS and CLV3 during the evolution of sec-
ondary vascular growth. Recent studies have shown that
downregulation of the Populus WOX gene PrrHB3 results in
minimal secondary growth without affecting primary growth
(O. Nilsson, pers. comm.), confirming that CLE-WOX-like
signaling mechanisms are required for cambium initiation or
maintenance. It is notable, however, that Pt#zFHHB3 has a rela-
tively broad expression pattern that is not restricted to the
cambial initials or even the cambial zone (Schrader ez 4,
2004).

No claim to original US government works
Journal compilation © New Phytologist Trust (2010)

Tansley review Review * 585

Indeed, it is not clear what cells in the cambial zone or
secondary vasculature might correspond to cells analogous
to an organizing center or stem cells in primary meristems,
based solely on anatomical features or gene expression. One
possibility is that the initials may represent the true stem
cells, with xylem and/or phloem mother cells performing
organizing center functions. Ongoing functional analysis of
WOX-CLE gene expression and function may ultimately
show this to be the case, but it is also possible that the radi-
ally organized cambial zone has fundamental differences
from the three-dimensional organization of the shoot apical
meristem. Notably, there has not been any report of a gene
whose expression is limited to the initials. The class I
KNOX gene ARBORKNOX2 (ARK2), a Populus ortholog
of A. thaliana BREVIPEDICELLUS, has an expression pat-
tern that extends across the cambial zone and into develop-
ing xylem (Du ez al,, 2009). It is interesting to note that class
I KNOX expression in the SAM of simple-leaved dicots is
repressed in developing organ primordia (Champagne &
Sinha, 2004) but not in developing xylem during secondary
growth, bringing into question direct analogies between
organ primordia and developing secondary vascular tissues.
Currently, there is little evidence for sharply defined com-
partments within the cambial zone or secondary vascular tis-
sues, which may indicate that secondary vascular growth is
defined by gradations of development rather than compart-
mentalization. Further understanding of the functional
regions of the cambial zone and secondary vascular tissues
will require additional, detailed characterization of genes
and mechanisms regulating the cambium.

2. Class | KNOX genes are involved in regulating cell
division and cell differentiation during secondary
vascular growth

The balance of cell division vs cell differentiation is funda-
mental to the function of the cambium. This balance is
dynamic and changes in response to environmental condi-
tions and seasonal cues. For example, during vigorous
growth in the spring, additional cell divisions occur in cam-
bial daughter cells before differentiation, leading to a wider
cambial zone. Populus orthologs of A. thaliana class 1
KNOX genes SHOOTMERISTEMLESS and BREVIPEDI-
CELLUS (ARBORKNOXI1 (ARKI) and ARBORKNOX2
(ARK2), respectively) play distinct roles in regulating the
differentiation of cambial daughter cells.

ARK1 is expressed broadly in the cambial zone (Groover
et al., 20006). Populus mutants overexpressing ARKI have
strong phenotypes that include greatly reduced leaf size,
short internodes, and formation of ectopic meristems on
the adaxial surface of leaves. In addition, ARKI overexpres-
sion plants have a severe inhibition of differentiation of lig-
nified secondary xylem and lignified phloem fibers. These
anatomical phenotypes are reflected in changes in the
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expression of suites of genes involved in cell wall biosynthe-
sis (Groover et al., 2006). For example, several key genes
in the lignin biosynthetic pathway are upregulated in
ARKI-overexpressing Populus, with the exception of ferulate
5-hydroxylase (F5H) which is directly involved in the
production of syringyl lignin monomers, which is down-
regulated. These changes in gene expression are reflected
by slightly higher lignin content, but also a dramatic shift
towards production of syringyl lignin (Groover ez al,
20006). Thus, changes in expression of a single transcription
factor can result in complex changes in cambial daughter
cell differentiation.

ARK2 also shows a broad expression pattern that includes
not only the cambial zone but also developing secondary
xylem and phloem fibers (Du ez al., 2009). Knockdown
and overexpression mutants show that ARK2 also plays a
major role in regulating the differentiation of cambial
daughter cells. Specifically, ARK2 expression levels are posi-
tively correlated with the width of the cambial zone, and
negatively correlated with the differentiation of lignified cell
types in both secondary xylem and phloem fibers (Du e 4/,
2009). Like ARKI, ARK2 expression levels are correlated
with expression of suites of genes involved in transcription,
secondary cell wall synthesis, auxin-related processes, and
cell division, although the individual genes misregulated in
ARK1 vs ARK2 mutants are for the most part different. This
observation is consistent with ARKs regulating co-evolved
transcriptional modules that can alter complex secondary
growth phenotypes, and with previous studies showing
direct regulation of genes encoding cell wall-related proteins
by BREVIPEDICELLUS (Mele er al., 2003). Interestingly,
while the cambial zone is wider in ARK2 overexpression
plants, the total number of cell layers in cambium and sec-
ondary xylem is actually reduced, and is correlated with
downregulation of cell cycle-related genes (Du ez al., 2009).
These observations could indicate a negative feedback
mechanism, where delay in differentiation of cambial
daughters results in inhibition of further cell division.

3. Plant hormones as well as genetic mechanisms
regulate patterning and polarity during secondary
vascular growth

The regulation of patterning and polarity during secondary
vascular growth is still poorly understood, but recent studies
point to possible mechanisms. Auxin is the best studied hor-
mone regulating secondary vascular growth, and a gradient
of auxin exists across the cambial region and developing
xylem (Uggla ez al,, 1996, 1998; Tuominen et al., 1997).
While once proposed to represent a morphogen gradient, a
recent study suggests that this attractive hypothesis may be
an oversimplification or incorrect (Nilsson er al., 2008).
Auxin-responsive genes were identified in Populus wood-
forming tissues using microarrays and shown to respond to
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changes in cellular auxin concentrations, but the expression
levels of auxin-responsive genes across the cambial zone and
developing xylem were poorly correlated with the auxin gra-
dient (Nilsson ez /., 2008). In addition, transgenic Populus
expressing a dominant mutant form of PrzlAA3 have altered
auxin responses, and have fewer cell divisions in the cambial
zone and smaller lignified cell types in secondary xylem
(Nilsson et al., 2008). Nilsson ez al. (2008) proposed that,
rather than working as a simple morphogen, auxin may reg-
ulate the expression of a few downstream regulators to affect
key aspects of wood formation, including cell division.
Another role for auxin in secondary growth is indicated by
changes in longitudinal auxin gradients associated with stem
wounding, which are correlated with changes in the orienta-
tion of cambial initials and derived cells of secondary xylem
(Kramer et al., 2008). These changes are reflected in the
grain pattern of the associated wood and indicate an impor-
tant role for auxin in determining the orientation and rela-
tive rotation of cambial initials.

In addition to traditional hormones, well-conserved
genetic mechanisms that have been identified as regulators
of polarity and patterning in primary meristems are also
expressed during secondary vascular growth. The class III
HD ZIPs are a highly conserved gene family found in all
land plants (Floyd ez al., 2006). Because these genes appear
before the appearance of vasculature or polar lateral organs
during land plant evolution, their ancestral function is
believed to be one of regulating fundamental aspects of pri-
mary meristems. Interestingly, these genes are negatively
regulated through degradation of transcripts by highly con-
served miRNAs (Bowman, 2004). In A. thaliana, the class
[II HD ZIP family is comprised of five genes, REVOLUTA
(REV), PHAVOLUTA (PHV), PHABULOSA (PHB),
ATHBS, and ATHB15/ CORONA (CNA). Roles for regula-
tion of vascular development have been described for both
ATHBS8 and ATHBI15, while dominant mutants for REV,
PHB, and PHYV show striking phenotypes characterized by
patterning and polarity defects (Emery ez al., 2003; Prigge
et al., 2005). For example, REV gain of function mutants
have adaxialized vascular bundles, with xylem surrounding
phloem (Emery er al, 2003). KANADI genes work in
opposition to class III HD ZIPs by promoting abaxial fates,
and loss of KANADI gene function results in adaxialization
of vascular bundles (Emery et 4/, 2003).

In Populus, class Il HD ZIPs orthologous to A. thaliana
PHV/PHB, CNA, and ATHBS are all expressed during sec-
ondary growth, with the highest expression levels found in
adaxial xylem tissue (Schrader ez @/, 2004). Similarly, the
Populus ortholog of REV is also expressed during secondary
growth, and Populus plants expressing a dominant, miRNA-
resistant  Populus REV transgene show patterning and
polarity defects in secondary vascular tissues that include
formation of ectopic cambia in the stem cortex, which pro-
duce secondary xylem to the outside rather than to the
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inside of the stem (M. Robischon ez 4l., unpublished). These
results suggest that class III HD ZIPs may be involved not
only in regulating polarity in secondary vascular tissues,
but also in cambium initiation from parenchyma. Similarly,
putative Populus orthologs of the A. thaliana KANADI
genes KANI and KANZ2 are expressed during secondary
growth, with the highest expression in the phloem (Schrader
et al., 2004). It thus seems likely that class III HD ZIP-
KANADI systems are crucial for the patterning and polarity
of secondary vascular tissues. These observations also lend
credence to the notion that secondary xylem and phloem
are functionally equivalent to adaxial and abaxial tissues,
respectively.

V. Evolution of development approaches for the
study of secondary vascular growth

Evolution of development studies are a logical next step in
furthering our understanding of cambial function and evo-
lution, through synthesis of anatomical, developmental
genetic, and genomic approaches and data within a phylo-
genetic context (Cronk, 2001). Evolution of development
approaches can address questions central to secondary vas-
cular growth, such as: What are the evolutionary origins of
secondary vascular growth in angiosperms and gymno-
sperms, and was there a single or multiple origins? What are
the ancestral genes and mechanisms regulating secondary
vascular growth? What is the genetic basis for observed
phylogenetic variation in secondary vascular growth, includ-
ing cambial variants? As discussed in Section three, a crucial
missing component of current research is comparative stud-
ies of regulatory genes and mechanisms across taxa.

1. Evolution of development studies require synthesis
of approaches and data types

Evolution of development studies of secondary vascular
growth will require multiple steps. First, taxonomic rela-
tionships among plants must be determined with reasonable
certainty and precision. Taxonomic relationships are increas-
ingly well resolved at various taxonomic levels for large num-
bers of plants through the construction of DNA sequence-
based phylogenies (Angiosperm Phylogeny Group, 2003;
Palmer et al., 2004). Second, developmental and anatomi-
cal variation in secondary vascular growth should be identi-
fied at different taxonomic levels, ranging from generalized
traits at broad taxonomic levels to more unusual or subtle
traits at lower taxonomic levels. Examples of such variation
have already been discussed in section III, and there is an
extensive wood anatomical literature and data that can
be referenced (e.g. Carlquist, 2001; http://insidewood.Lib.
Nesu.Edu/search). Third, major regulatory genes and
mechanisms must be identified using model plants for
which extensive genomic tools and the ability to assess gene
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function (e.g. through transformation) are available. As
discussed above, this work is incomplete but is accelerating
with the availability of the Populus genome (Tuskan ez al,
2006) and functional genomic tools. Fourth, the develop-
ment of new woody plant models at key taxonomic
positions must be undertaken to enable comparative studies
of gene function. Lastly, variation for both phenotypes and
underlying genetic regulatory genes and mechanisms must
be surveyed in species at appropriate taxonomic positions,
which show variation for traits of interest (Soltis & Soltis,
2003).

2. New woody model species should have desirable
attributes and taxonomic positions

Currently there are significant genomic resources for a
handful of woody species, most of which were selected
because of their economic importance. For gymnosperms,
there are large numbers of expressed sequence tags (ESTs)
and genetic maps for several members of the Pinales,
including species of Pinus, Abies and Picea (Dean, 20006).
Ongoing development of existing Pinales models is acceler-
ating, although transformation is limiting for many species.
Similarly, there are a number of angiosperm species with
significant EST sequences and other resources, although all
are clustered within the Rosids. Notable are the forest trees
of Populus (Tuskan ezt al, 2006) and Eucalyptus (heep://
eucalyptusdb.bi.up.ac.za/), the secondarily woody perennial
papaya (Carica papaya) (Ming et al., 2008), and the woody
vines of Vitus (The French—Italian Public Consortium For
Grapevine Genome Characterization, 2007), for which full
genome sequences are available, and members of the Faga-
ceae, for which extensive sequencing is underway (Fig. 3).
However, some of these current models lack desirable attri-
butes for model species (see below paragraph), and are not
fully representative of taxonomic variation desired for
robust comparative studies of gene function.

There are several desirable attributes of new woody plant
models. Importantly, new models must be amenable to
detailed analysis of gene function. In general for woody
perennials, this requires the ability to transform with tran-
sgenes, which can be used to knock down or change the
expression of genes of interest. Interestingly, novel
approaches have been developed for transformation of
cambial tissue with Agrobacterium after bark removal (Van
Beveren ez al., 2006), which could be applicable even
to currently recalcitrant species. In addition, it is highly
desirable to be able to perform controlled crosses and
produce pedigrees for genetic mapping, which supports
efforts ranging from whole genome sequencing to analysis
of quantitative trait loci. Important variables influencing
construction of pedigrees for woody perennials include
the time to sexual maturity and degree of inbreeding
depression. It is encouraging that many other important
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techniques, including sequence-based evaluation of gene
expression and various ‘omics’ technologies, are relatively
easy to apply to new organisms. There are, however, signifi-
cant practical hurdles in establishing new models, including
an often limited number of researchers working on the
model who must establish and curate databases, annota-
tions, bioinformatic tools, and germplasm while making
research progress (Abzhanov ez al., 2008).

For addressing questions concerning the ancestral origins
of vascular cambia in angiosperms and gymnosperms,
Ginkgo biloba could be a valuable new model gymnosperm.
Ginkgo is a basal gymnosperm that has changed surpris-
ingly litdle over hundreds of millions of years, and culture
methods have been reported that could support transforma-
tion (Dupre ez al., 2000). Ginkgo could be used as a highly
complementary reference to models being developed for
more derived Pinales.

There are a number of potential model woody species
that could be developed to assess broader taxonomic
variation within angiosperms (Fig. 3). These models would
provide opportunities for comparative functional develop-
mental and genomic studies that could address the degree
of variation in core mechanisms regulating secondary
growth, as well as evidence for homologous origins of such
mechanisms. For example, the magnoliid Liriodendron
tulipifera (tulip tree, order Magnoliales) is an attractive
candidate, being a basal angiosperm and large forest tree for
which a somatic embryogenesis-based transformation
system is available (Dai ez al., 2004). There are also existing
pedigrees from forest tree improvement programs, and L.
tulipifera is interfertile with the Asian Liriodendron chinense.
Platanus species (sycamores, order Proteales) are basal basal
eudicots, can be transformed, and have existing pedigrees.
Liquidambar styraciflua (sweet gum, order Saxifragales),
within the core eudicots (but outside the rosids), also has
the benefit of transformation systems (Dai ez al., 2004) and
pedigrees. Within the core eudicots, existing rosid woody
models (including fully sequenced Populus and Eucalyptus)
would be complemented by comparisons with woody mem-
bers of the asterids such as Fraxinus spp. or Paulownia spp.
(see paragraph below) for which transformation (Giri ez al.,
2004) and pedigrees are available. In addition, all of these
species are of environmental and/or economic importance.
Even more challenging will be comparative studies between
angiosperms and gymnosperms. While initial comparisons
have demonstrated the ability to recognize general homo-
logies between genes from A. thaliana and pines (Kirst
et al., 2003), determining orthologous and functional rela-
tionships will be challenging.

Selection of new angiosperm woody models should also
maximize the information gained from relationships to
existing models, including comparisons with nonwoody
species (Fig. 3). Selection of woody species within families
with highly developed herbaceous annual models could
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allow for powerful comparative studies of herbaceous annu-
als and woody perennials. For example, the order Fabales
includes both the sequenced Medicago (Cannon er al.,
20006) and several notable tree species of the Acacia family.
Furthermore, selection of new models should include con-
sideration of variation for secondary vascular growth in clo-
sely related plants, including cambial variants. For example,
the order Lamiales occupies a key taxonomic position
within the Asterids, and also contains important variation
ranging from the forest trees of Oleaceae (e.g. Fraxinus spp.
(ashes)) and Paulowniaceae (e.g. Paulownia spp.), to the
previously mentioned lianas within the family Bignoniaceae
with amazing diversity in secondary vascular growth (Pace

et al., 2009).

3. Genomic approaches can identify genes regulating
development in model species, and survey phylo-
genetic variation

A comprehensive strategy for evolution of development
studies of secondary growth will begin with detailed charac-
terization of the regulation of secondary growth using func-
tional genetic and genomic tools in taxonomically diverse
model species. Currently, this strategy is best illustrated by
Populus, where combinations of developmental genetic
studies using transgenesis and genomics are revealing major
regulatory genes and mechanisms. A desirable next step is to
move from single-gene views of development resulting from
transgenesis-based developmental studies and genomics
studies that are largely descriptive, to modeling of biological
networks (e.g. transcriptional networks) underlying key
secondary growth traits (Du & Groover, 2010). Network-
level models of secondary growth would provide new levels
of resolution of regulatory mechanisms, provide predictive
capabilities to inform new research, and directly support
detailed comparative studies of gene expression and regula-
tion. Specifically, network-level models of secondary growth
regulation could identify both putative basal regulatory
genes and regulatory modules that are shared among diverse
taxa, as well as genes or modules whose expression or func-
tion may be variable and responsible for observed pheno-
typic variation.

As sufficient knowledge of regulatory genes and networks
is developed in model species, surveys of additional species
based on comparative gene expression during secondary
growth can be used for comparative analysis outside of fully
developed models. Genomic and sequencing technologies
are increasingly extensible to new species, a feature that is
highly supportive of comparative surveys that can include
species that do not enjoy the full range of tools available for
model species. For example, large-scale sequencing of ESTs
can be accomplished now at reasonable cost using next-
generation sequencing (Mardis, 2008; Schuster, 2008), and
requires only the ability to isolate high-quality RNA from
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appropriate tissues. Such sequencing efforts can provide a
wealth of information, including evolutionary histories,
such as gene duplication events that often underlie impor-
tant new evolutionary novelties through acquisition of new
protein function by a duplicated gene, subfunctionalization
of the original functions between paralogs, or acquisition of
new expression patterns by duplicated genes (Ganfornina &
Sanchez, 1999). Importantly, high-throughput sequencing
not only assays sequence variation, but can also provide
information about gene expression levels through quantifi-
cation of the frequency at which a given gene’s transcript
appears in a sequence run (Mardis, 2008). Changes in
expression levels can be reflective of evolutionarily signifi-
cant mutations in c¢/s regulatory elements or activity of
trans-acting factors (e.g. transcription factors). For sequenc-
ing-based surveys, a highly informative tissue for assay
would be cambial and developing xylem tissue, which can
typically be harvested in relatively large amounts from
actively growing stems, and would allow simultaneous assay
of both cambial meristem regulatory genes and genes
involved in cell differentiation and wood formation.

4. Computational approaches and databases are
central to evolution of development studies of
secondary growth

Development of computational methods and bioinformat-
ics tools, database creation and curation, gene and genome
annotation, and curation of biological stocks will all present
major challenges for establishing the field of evolution of
development for secondary growth. Luckily, many of these
needs are shared by other communities (Abzhanov ez 4/,
2008), and major efforts have been undertaken to address at
least some of these needs by creation of generalized
resources. For example, the Generalized Model Organism
Database (GMOD) tools provide ‘off the shelf database
and informatic tools which can be relatively easily extended
to new species (http://gmod.org/wiki/Overview). Other
efforts (e.g. TAVERNA; http://taverna.sourceforge.net/) are
underway to allow users without extensive informatics
resources to create data manipulation and analysis pipelines
through selection, modification, and joining of modular
scripts. Examples of sophisticated database and analysis
tools for comparative genomics across taxa include PHY-
TOZOME (http://www.phytozome.net/). In short, while
the challenge is significant, it seems likely that database and
informatic tools are increasingly accessible and could be
effectively leveraged to allow even a small community of
researchers to undertake ambitious evolution of develop-
ment studies for secondary growth. While beyond the scope
of this review, projects using genomic approaches (e.g. asso-
ciation mapping; Neale & Ingvarsson, 2008) to understand
genetic variation responsible for variation in wood traits are
underway in several woody species including Pinus and
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Populus spp. These studies will be synergistic with the com-
parative studies described above.

VI. Conclusions

While significant advances have been made in our under-
standing of secondary vascular growth, comparative studies
within the fields of evolution of development will ultimately
provide insights into the core evolutionary histories and var-
iation of secondary growth. This work will not only have
important biological significance, but also be supportive of
applied goals. For example, many woody species of poten-
tial use as bioenergy crops cannot be effectively developed
as working model species, but knowledge from comparative
genomic studies can translate knowledge of variation from
related taxa to support breeding applications. The frame-
work of models at key taxonomic positions paired with
comparative, gene expression-based studies in additional
species is the next generation of research for understanding
secondary growth.
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