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e Background and Aims Leaf venation in many C, species is characterized by high vein density, essential in facil-
itating rapid intercellular diffusion of C, photosynthetic metabolites between different tissues (mesophyll, bundle
sheath). Greater vein density has been hypothesized to be an early step in C, photosynthesis evolution.
Development of C,4 vein patterning is thought to occur from either accelerated or prolonged procambium for-
mation, relative to ground tissue development.

e Methods Cleared and sectioned tissues of phylogenetically basal C; Flaveria robusta and more derived Cy
Flaveria bidentis were compared for vein pattern in mature leaves and vein pattern formation in developing
leaves.

e Key Results In mature leaves, major vein density did not differ between C; and C,4 Flaveria species, whereas
minor veins were denser in C, species than in Cj species. The developmental study showed that both major and
minor vein patterning in leaves of C3 and C,4 species were initiated at comparable stages (based on leaf length).
An additional vein order in the C4 species was observed during initiation of the higher order minor veins com-
pared with the C; species. In the two species, expansion of bundle sheath and mesophyll cells occurred after vein
pattern was complete and xylem differentiation was continuous in minor veins. In addition, mesophyll cells
ceased dividing sooner and enlarged less in C,4 species than in Cj species.

e Conclusions Leaf vein pattern characteristic to C4 Flaveria was achieved primarily through accelerated and
earlier offset of higher order vein formation, rather than other modifications in the timing of vein pattern for-
mation, as compared with Cj species. Earlier cessation of mesophyll cell division and reduced expansion also
contributed to greater vein density in the C4 species. The relatively late expansion of bundle sheath and meso-
phyll cells shows that vein patterning precedes ground tissue development in C,4 species.

Key words: Bundle sheath, C, photosynthesis evolution, Flaveria, heterochrony, leaf development, mesophyll,

vein density, vein pattern formation.

INTRODUCTION

The majority of terrestrial C4 angiosperms are characterized by
distinctive anatomical features that function to separate the
carbon assimilation and reduction functions of photosynthesis.
These features are collectively termed Kranz anatomy, and
include specialized photosynthetic tissues, distinct tissue
arrangement and close vein spacing (Dengler and Nelson,
1999; Dengler and Taylor, 2000; Muhaidat et al., 2007). In
combination, these aspects of Kranz anatomy facilitate rapid
cycling of C4 metabolites to concentrate CO, near the site of
Rubisco, thereby suppressing photorespiration and operating
photosynthesis at a maximal rate. Anatomically distinct photo-
synthetic tissues mesophyll (M) and bundle sheath (BS) phys-
ically separate different biochemical processes of the C4
photosynthetic pathway and the ratio of these tissues must be
low (near 1:1 in some species) to enable rapid intercellular
diffusion of C,; metabolites (Dengler and Nelson, 1999).
Vein patterning in many C, species achieves this low ratio
of photosynthetic tissues by increasing the relative volume of
vein-associated BS and lowering the relative volume of M
through greater vein density (Hattersley, 1984; Dengler
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et al., 1994; Dengler and Taylor, 2000; McKown and
Dengler, 2007).

The vascular system is an integral and critical component of
leaf structure and physiology, functioning both in transport and
in mechanical support (Esau, 1977). Vascular tissue is com-
posed of two conductive tissues (xylem and phloem), forms a
structural reticulum within the plane of the leaf, and maintains
a close spatial and functional relationship with the photo-
synthetic tissues. Leaf venation in advanced eudicotyledonous
plants is a continuous branching pattern, often with a hierarchy
of vein sizes (Esau, 1977; Hickey, 1979). In bifacial leaves, the
largest veins are major veins (1st and 2nd size orders, abbre-
viated to 1°, 2°, etc. hereafter) and are responsible for long-
distance bulk flow and mechanical reinforcement of the leaf
(Esau, 1977; Hickey, 1979; Roth-Nebelsick ef al., 2001; Sack
and Holbrook, 2006; A. D. McKown et al., unpubl. res.).
Minor veins (3° size order and higher) are smaller in diameter
than 1° and 2° veins, and form areoles or end freely within
ground tissue. The minor veins also comprise the bulk of the
total vein length within the leaf (Sack and Holbrook, 2006).
Vein orders of major and minor veins are generally identifiable
by patterning within the leaf and vein diameter at the point of
branching where veins tend to be thickest (Hickey, 1979; Leaf
Architecture Working Group, 1999).
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The formation of leaf venation from ground meristem
occurs early in leaf ontogeny and simultaneously with leaf
expansion (Esau, 1977; reviewed in Nelson and Dengler,
1997). Vein formation has been well documented in studies
of leaf development in Arabidopsis using molecular markers
(Kang and Dengler, 2002, 2004; Mattsson et al., 2003;
Scarpella et al., 2004, 2006; Sieburth and Deyholos, 2006;
Kang et al., 2007; Sawchuk et al., 2007; Wenzel et al.,
2007; Rolland-Lagan et al., 2009). These studies trace early
procambial formation in both juvenile- and adult-phase
leaves. In Arabidopsis, veins of all orders are initiated
through a common mechanism involving polar auxin transport,
which becomes channelled in certain files of ground meristem
cells through an increase in auxin efflux carriers within the cell
(Scarpella et al., 2006; Berleth et al., 2007). These cells sub-
sequently acquire characteristics diagnostic for procambial
cells, such as an elongated cell shape and dense cytoplasm
(Esau, 1977; Scarpella et al., 2006).

Studies of vein pattern development show the discrete timing,
placement and development of different vein orders (reviewed
in Nelson and Dengler, 1997; Scarpella et al., 2006; Kang
et al., 2007; Sawchuk et al., 2007; Wenzel et al., 2007). Vein
orders are temporally separated by different initiation times
during leaf expansion, and are spatially separated by developing
in distinct locations within the leaf. In many eudicots, procam-
bium of the mid- or central vein (1° order) is first morphologi-
cally recognizable in the leaf primordium in continuity with
the stem vasculature (Nelson and Dengler, 1997; Sawchuk
et al.,2007; Bayer et al., 2009). The 2° veins are formed in con-
tinuity with the 1° vein and appear sequentially in a basipetal
direction. Minor vein orders are established later within the
developing leaf, form in continuity with previously formed pro-
cambium, and appear in a basipetal direction as a reiterating
pattern between major veins. In most species, vein pattern
development ends with a final stage of freely ending veinlet
(FEV) formation. In addition to differences in temporal and
spatial formation, vein orders differ in anatomical composition
and establish recognizable size classes through different matu-
ration periods. In Arabidopsis, cell cycling and vein enlarge-
ment are evident in the major veins after cell cycling has
ceased in minor veins, and result in measurable size differences
between 1°, 2° and 3° veins (Kang and Dengler, 2002; Kang
et al., 2007).

Vein pattern development has been well described in many
C; species; however, despite its importance in C4 function, this
has only been examined in a few C, grasses (Nelson and
Dengler, 1992; Dengler et al., 1997; Sud and Dengler,
2000). The greater vein density observed in C4 species com-
pared with C; species probably involves modifications to
minor vein patterning rather than major veins (Ueno et al.,
2006; McKown and Dengler, 2007; but see Muhaidat et al.,
2007). Development of C4 vein patterning could result solely
from limited expansion of tissue between veins; however,
changes in the number of veins formed in C, plants are
more likely, despite the higher energetic ‘cost’ of producing
more lignin (Sage and McKown, 2000).

A greater number of veins would require an alteration to
vein pattern development in the C,4 leaf (descendant condition)
compared with a C; leaf (ancestral condition). As vein for-
mation is a continuous and progressive process (see Kang
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et al., 2007; Sawchuk et al., 2007), this could involve a shift
in the timing of vein formation, or the period in which cells
of the ground meristem in the developing leaf maintain com-
petency to perceive a vascular-forming signal (e.g. auxin)
and form procambial strands (Dengler and Taylor, 2000). In
comparisons of C3 and C, plants, the C4 descendant condition
shows ‘greater’ morphological change through higher leaf vein
density than the C; ancestral condition. Rudall and Bateman
(2004) outline that potential developmental timing shifts
(heterochrony), resulting in plants in which the descendant
condition shows greater morphological change, may involve
an early or precocious onset of growth (pre-displacement), a
delayed offset of growth (hypermorphosis) or an increased
rate of growth (acceleration). Thus, increasing vein density
in leaves of C, plants would result from a heterochronic
shift in vein formation in relation to ground tissue development
compared with a Cj ancestor through: (1) early onset of pro-
cambium formation, (2) prolongation of procambium for-
mation by late offset or (3) increased or accelerated rate of
procambium formation.

Close vein spacing in leaves is speculated to be a critical
step in the evolution of the C4 pathway in many C, angios-
perms (Sinha and Kellogg, 1996); however, this has only
been demonstrated in the eudicot genus Flaveria (McKown
and Dengler, 2007). Phylogenetic and anatomical studies of
Flaveria provide an appropriate platform for an examination
of leaf vein pattern development between related C; and C4
species within an evolutionary context (McKown ef al.,
2005; McKown and Dengler, 2007; Kocacinar et al., 2008).
In the genus Flaveria, species are classified as having Cj
photosynthesis, C4 photosynthesis (NADP—ME type) or inter-
mediate photosynthesis (C3—C,4 and Cy-like); however, the
ancestral condition is unequivocally C; photosynthesis, and
both intermediate and C, photosynthesis are derived con-
ditions (McKown et al., 2005). Comparisons of Cs, intermedi-
ate and C4 Flaveria species suggest that close vein spacing
evolved earlier than the specialization of M and BS tissues
and is an important component in the evolution of C4 photo-
synthesis (McKown and Dengler, 2007). The present study
compares major and minor vein patterning of the derived
species C4 F. bidentis with C; F. robusta (representing an
approximation to the ancestral C3 condition). In addition, the
development of vein pattern and ground tissue are followed
in adult-phase leaves from these C; and C4 Flaveria species
to elucidate the mechanisms responsible for increased vein
density in C,4 Flaveria species.

MATERIALS AND METHODS
Plant material and growth analysis

C; Flaveria robusta Rose and C4 Flaveria bidentis (L.) Kuntze
were studied for mature venation characteristics and develop-
ment of vein pattern. The two species were positively identified
by morphology and gene marker analysis (cptrnL—F and nrITS)
from representative plants (following McKown et al., 2005).
Leaf material for comparison of mature vein patterning was
obtained from plants grown either from seeds or from cuttings,
and cultivated in an open-air rooftop setting at the University of
Toronto (F. Kocacinar, pers. comm.). Comparative experiments
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following vein pattern development in C3 F. robusta and C4
F. bidentis used plants grown in a growth chamber, or in the
University of Toronto greenhouse during summer months.
Plants were grown from seed obtained from the University of
Toronto Flaveria research collection (R. Sage).

Seed for plants used in the developmental portion of the
study were surface sterilized in 10 % bleach solution for
10 min with gentle agitation, rinsed well with distilled water
and planted in trays with SunGro Sunshine Mix soil (SunGro
Horticulture, Vancouver, BC, Canada). Trays were placed in
a high-light growth chamber (Model PGRI1S5, Conviron,
Winnipeg, MB, Canada) and seeds were germinated in 12 h
of light [500 wmolm s~ ' photosynthetic photon flux
density (PPFD)] at 24 °C. Seedlings were planted in small
pots following the establishment of the first two leaf pairs
and transplanted seedlings were grown for a further week in
the same light and temperature conditions before commence-
ment of each experiment. Replicate plants were grown in indi-
vidual pots, watered every 48 h, fertilized every 2 weeks and
rotated throughout the duration of each experiment. Plants in
the growth chamber were exposed to 16h of full light
(500 pmol m s~ ! PPFD) at 24°C and 8 h of darkness at
20°C.

All Flaveria species have opposite and decussate phyllo-
taxis, and the appearance and expansion of each leaf pair
was recorded to track the growth of each individual plant.
The first two leaf pairs produced in young plants of Flaveria
(leaf pairs 1 and 2) are collectively referred to as juvenile-
phase leaves, as these do not achieve the same size as follow-
ing leaf pairs. All other leaves formed after (e.g. leaf pairs 3
and higher) are referred to as adult-phase leaves. Leaf
growth curves based on leaf length were constructed for
the adult-phase leaves of each plant to determine the typical
development of each species, compare plant growth between
experiments and assess the suitability of using the leaf plasto-
chron index (LPI). LPI is a numerical indicator of morphologi-
cal leaf development, and has been a useful method for
comparing the growth and development of leaves between
different plants, species or experiments. Criteria for use of
LPI are: (1) constant leaf production rate, (2) similar growth
rate of leaves and (3) early exponential growth between
initiation of leaves (Erickson and Michelini, 1957). LPI for
each leaf of interest (the nth leaf) is related to the length of
aleaf (e.g. n + 1) that is equal or just above a reference length:

LPI, = [log(length,) — log(length,,,)}/[log(length,)
— log(length,, )].

In this study, LPI was calculated for adult-phase leaves in the
two Flaveria species examined using a reference length of
10 mm. If the nth leaf was under 10 mm or the ‘n + 1’ leaf
was non-existent, the LPI was calculated in reference to the
leaf below (e.g. n — 1):

LPIn<lOmm = [log(lengthn—l) - log(lengthref)]/[log(lengthn—l)
— log(length,,)] — 1.
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Mature vein pattern analysis

Mature leaves from rooftop-grown replicate plants were har-
vested and fixed in 70 % FAA (formaldehyde—acetic acid—
alcohol). Leaves were initially cleared in 2-5 % aqueous
NaOH and opaque leaves were rinsed briefly in distilled
H,O for several minutes, bleached in 10 % diluted bleach
(v/v) for 30s, and allowed to clear completely in distilled
H,0. Leaves were then brought to 100 % EtOH in a dilution
series, stained for several minutes with 1 % safranin (1 g per
100 mL EtOH), briefly rinsed with alcohol, counterstained
with 1 % fast green (1 g per 100 mL EtOH) and rinsed with
alcohol. Stained leaves were rinsed in distilled water,
mounted in 100 % glycerol on transparency sheets and
placed on a DuoScan T1200 flatbed scanner (AGFAphoto,
Cologne, Germany). Major veins were distinguished by vein
width at the base of each vein, and the pattern of each size
class within the leaf. The pattern of the 1° veins was described
using the classification system of Hickey (1979) and the Leaf
Architecture Working Group (1999). Leaf length, width, area
and length of vein orders (1°, 2°, 3° and higher orders taken
together) were measured using ImageJ 1-40 (Rasband, 2007):
1° veins were measured throughout the entire leaf, and 2°
veins were measured in half of the cleared leaf; 3° order and
higher order veins were measured from subsampled areas in
the central portion of the leaf.

Vein pattern development

The development study was based on leaf pair 5, although
additional leaf materials from other adult-phase leaf pairs
were also studied in the two Flaveria species. Numerous
leaves from pair 5 were excised at various lengths (0-5-
60 mm) representing different stages of leaf development
and fixed in 70 % ethanol. Prior to embedding or clearing,
the length and the presence/absence of a petiole were recorded
for each leaf. Small leaves (0-5—-5 mm) were embedded in
Spurr’s resin, serially sectioned in the medial plane and
stained with toluidine blue O following McKown and
Dengler (2007). All sections were observed with bright-field
microscopy using a Reichert Polyvar microscope
(Reichert-Jung, Vienna, Austria) or Zeiss Axiophot (Carl
Zeiss Microlmaging, Thornwood, NY, USA). Images were
photographed on the Reichert microscope with a Nikon
DXM 1200 digital camera (Nikon Instruments, Melville, NY,
USA) or with an Olympus C5050Z digital camera (Olympus
Imaging America, Center Valley, PA, USA) on the Zeiss
microscope. Larger leaves were divided lengthwise into quar-
ters (not including the petiole). For leaves longer than 10 mm,
small squares of leaf tissue (approx. 9—25 mm?) were excised
in each leaf quarter between the central and lateral 1° veins and
cleared following McKown and Dengler (2007). Clearings
were observed with differential interference contrast
microscopy using the Reichert microscope and photographed
with a Nikon DXM 1200 digital camera.

Sections and clearings were analysed qualitatively for evi-
dence of the formation of procambium in each vein order, or
continuity of differentiated protoxylem in each vein order.
Vein orders were identified by position of the vein within
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the leaf, and by the diameter measured at the base of the vein
in a leaf clearing. Procambium was anatomically identifiable
as strands of elongated cells compared with surrounding
ground tissue. Leaf vein pattern was identified as a combi-
nation of veins in the procambial stage only, or veins with
both procambium and differentiated xylem. In minor vein
orders, FEVs were distinguished from ‘connected’ minor
vein orders. Within the scope of this study, vein initiation
refers to the stage at which procambium of the vein order
was first morphologically recognizable within the developing
leaf (usually at the apical portion of the leaf), and vein order
completion refers to the stage at which the pattern of a vein
order was observed throughout the entire developing leaf.

Vein densities, and ground tissue development from the
mid-portion of cleared leaves of the Flaveria species were
observed with differential interference contrast microscopy
using a Reichert Polyvar microscope, and photographed with
a Nikon DXM 1200 digital camera. All images from approx.
20 leaves of each species representing a range of developmen-
tal stages were measured for vein, branching and FEV den-
sities using Image Pro Plus software (Media Cybernetics,
Silver Spring, MD, USA). Veins were identified as described
above, and developing ground tissues were identified either
as bundle sheath (BS; cells surrounding each vein) or as meso-
phyll (M; cells between veins with isodiametric shape in the
medial plane). Average individual BS cell enlargement in
relation to leaf length and vein density was determined by
measuring the parallel diameter (parallel to vein axis) and per-
pendicular diameter (perpendicular to vein axis) of 10—20 BS
cells per sample. In addition, the diameters (medial plane of
the leaf) of 20 M cells from both palisade and spongy M
layers were measured per sample to determine average pali-
sade and spongy M cell growth in relation to vein density.
Images of M tissues were also analysed for qualitative evi-
dence of cell divisions based on cell-wall configuration indi-
cating recent divisions.

Statistical analyses

Relationships between quantitative vein pattern variables in
C; and C,4 Flaveria species were tested with Student’s #-test
using SigmaStat software (Systat Software, Richmond, CA,
USA). Variables studied throughout leaf development were
tested for significant correlations with Pearson product
moment correlation tests or linear regressions using
SigmaStat software.

RESULTS
Leaf shape and mature vein patterning

Mature leaves of C; F. robusta and C4 F. bidentis are elliptical
in shape with cuneate apices and bases, and the two species
have distinct petioles (Fig. 1). Leaves of the two species
have three 1° veins (a central 1° vein and two lateral 1°
veins), classifying the venation as basal acrodromous. There
is also an additional hierarchical order of minor veins in Cy4
F. bidentis (seven orders) compared with C3 F. robusta (six
orders). This greater number of vein orders was also observed
in C4 F. trinervia (our unpubl. res.). Mature leaves of both
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Cs

Fic. 1. Adult leaves of C; Flaveria robusta and C, F. bidentis showing
mature vein patterning. Cleared and stained leaves on left show overall leaf
vein pattern. Traced leaf images on right show 1° veins in red (central C1
vein, lateral L1 veins), and 2° veins in blue. Higher magnifications of
cleared leaves show the patterning and numbers of minor vein orders. Scale
bars: whole-leaf clearings = 1 cm; higher-magnification clearings = 100 wm.

TaBLE 1. Mature leaf and vein pattern traits for C; and Cy
Flaveria species (mean values are given for measured
traits + s.e.)

Leaf” and vein patterni traits C; F. robusta  Cy4 F. bidentis
Leaf area (cm>)N® 119+ 13 12-8 + 33
Length (cm)™® 776 + 0-37 7-50 + 0-49
Length/width™S 3-49 + 019 3-37 + 041
1° vein density (cm cm™ )N 1-81 + 0-19 1-84 + 035
2° vein density (cm cm™ )N 7-54 + 0-40 795 4+ 0-42
3° vein density (cm cm™ )N 11340091 111+ 030
Minor vein density® (mm mm )% 7-44 4 0-48 10-8 + 0-40
Minor vein branching density§ (no. mmfz)* 247 + 3.5 44.9 + 2.8
Freely ending veinlet density (no. mm~A)** 9.52 +0.78 240 + 14
Number of vein orders 6 7

" n = 4 replicate leaves for whole leaf traits.
£

“ n = 3 replicate leaves for venation traits.
% 4° and higher orders.
NS, not significant; *P < 0-01; **P < 0-001.

species have equivalent length to width dimensions and
whole leaf areas (Table 1). In addition, there are no significant
differences in the densities of 1° and 2° major veins or 3°
minor veins between Cj F. robusta and C4 F. bidentis. By con-
trast, the density of higher order minor veins (4° and higher
orders together), the branching of higher order veins and
density of FEVs are significantly greater in C, F. bidentis
than in Cs F. robusta.
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Fi1G. 2. Leaf growth curves showing adult-phase leaf length change over time

for representative growth chamber grown C; and C,4 Flaveria species. (A) Cs

F. robusta. (B) C4 F. bidentis. (C) Growth of adult-phase leaf 5 in C3 and C4

Flaveria. Horizontal lines in (A) and (B) indicate the reference length for leaf
plastochron index.

Leaf initiation and expansion

In the two species, successive adult-phase leaves are
initiated at relatively constant intervals, show early exponential
growth and expand at similar rates (Fig. 2). In C4 F. bidentis,
leaves are initiated at a slightly faster rate over time, and the
resulting plastochron length is shorter than in C; F. robusta
(Fig. 2A, B). Based on these data, use of LPI is appropriate
for comparisons of leaf growth and development within each
species, but shows a shift between species as the plastochron
is shorter in C4 F. bidentis. A comparison of growth in adult-
phase leaf 5 shows that expansion in length occurs at relatively
equivalent rates between C; F. robusta and C4 F. bidentis
(Fig. 2C) and suggests that leaves of similar length may be
at a similar developmental stage.
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Blade expansion in leaves of both Flaveria species begins as
an extension of the initially linear—lanceolate-shaped primor-
dia in the medial plane, but leaves of C; F. robusta do not
begin to substantially expand laterally until leaves are fairly
long (30 mm, LPI = 0-5). By contrast, developing leaves in
C4 F. bidentis begin to expand laterally and have a broader
lamina earlier in ontogeny after a few millimetres of growth
(4 mm, LPI = —0-4). Adult-phase leaves in the two Flaveria
species form a petiole after the leaf lamina is expanded in
the distal half of the leaf, but not in the proximal portion.
The onset of petiole development is evident much earlier in
leaf ontogeny in C,4 F. bidentis (14 mm, LPI = 0-1) than in
C; F. robusta (25 mm, LPI = 0-4).

Progressive vein pattern development

Procambium of the central 1° vein is present in both
Flaveria species at a very early stage in leaf ontogeny regard-
less of photosynthetic type, and a prominent central 1° vein
continuous with stem vasculature was observed in the smallest
leaves sampled from C; and C4 Flaveria species (0-5 and
0-4 mm, respectively, Figs 3A and 4A, B, Table 2). The
lateral 1° veins are initiated in smaller leaves earlier in devel-
opment in C4 F. bidentis than in C3 F. robusta based on leaf
length and LPI (Figs 3E, F and 4C-E, Table 2). In addition,
when lateral 1° veins were first detected in Cs F. robusta
leaves, they occurred in the basal portion of developing
leaves only and did not extend apically as far as those of the
C, species. This did not affect ultimate 1° vein density in
mature leaves of the Cs species, however, as 1° vein density
was not significantly different from the C, species (see
above). C; F. robusta and C4 F. bidentis begin to initiate 2°
veins in the apical portion of the leaf at similar leaf lengths,
although this represents an earlier LPI stage in the C4
species (Figs 3B—D and 4E-G, Table 2).

In both species, the onset of 3° order vein pattern formation
occurs prior to other higher orders of minor veins, and begins
to form the characteristic 3° vein mesh in the apical portion of
the leaf (Figs 3G-I and 4H, I, Table 2). These veins were
observed to form in leaves of similar length between the Cj
and C, species, although this is an earlier LPI stage for C4
F. bidentis. Subsequently, the reticulum of connected minor
veins (4° and higher orders) is initiated at the apical portion
of the leaf, and is formed rapidly within the leaves of both
C; F. robusta and C4 F. bidentis. The timing of the onset of
these higher vein orders occurred at similar leaf lengths for
both species, but at an earlier LPI stage in C4 F. bidentis
(Figs 3J—M and 4]—-M, Table 2). The last minor veins initiated
are the FEVs in both Flaveria species; however, in Cj
F. robusta, this is the 6° vein order whereas in Cyu
F. bidentis, this is the 7° vein order (Figs 3N and 4N, O,
Table 2). The initiation of FEVs occurs after the formation
of the reticulum of ‘connected” minor veins in the two
species. The connected minor veins were visually distinctive
as long procambial strands, whereas the shape of adjacent
FEV procambium cells were modified only slightly in com-
parison with surrounding ground tissue (e.g. Fig. 3M). Like
other vein orders, this final iteration of vein formation occurs
at relatively similar leaf lengths between Cj; F. robusta and
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F1G. 3. Onset and early development of vein orders in paradermal sections and clearings of leaves of C; Flaveria robusta. (A) Young leaf showing central 1°
vein procambium (1 mm). (B) Leaf showing onset of 2° vein procambium (1 mm). (C) Developing 2° vein procambium loops (1-5 mm). (D) Connection of 2°
vein loops (2 mm). (E) Basal portion of leaf with lateral 1° vein procambium (2 mm). (F) Mid-portion of leaf with lateral 1° and 2° vein procambium (4 mm). (G)
Onset of 3° veins branching from 2° veins (2 mm). (H) 3° vein mesh in mid-portion of leaf (4 mm). (I) Developing 3° vein procambium within a 2° vein loop
(4 mm). (J) 4° minor veins branching from 3° veins in basal portion of leaf (8 mm). (K) Mid-portion of leaf with 3° and 4° minor vein procambium (4 mm). (L) 4°
and 5° minor vein orders in mid-portion of leaf (5 mm). (M) Minor vein reticulum in mid-portion of leaf (8 mm). (N) Appearance of freely ending veinlets
compared with connected minor veins (5 mm). Abbreviations: C1, central 1° vein; FEV, freely ending veinlet; L1, lateral 1° vein. Scale bars: all images =
100 pm.

TaBLE 2. Timing of vein initiation and xylem differentiation in developing leaves of C3; and C, Flaveria species

Vein development phase Vein order C; F. robusta’ C, F. bidentis*
Vein initiation Central 1° vein <0-5 (<—2:0)* <04 (< - 2:5)*
Lateral 1° veins 2 (—0-8)** 0-6 (—19)
2° veins 1(=09) 1(—-13)
3° veins 2 (—0-8) 2(—11)
Minor veins 4 (—0-5) 4 (—09)
FEVs 5(—04) 4.5 (—0-8)
Xylem differentiation Central 1° vein 1(—=09) 0-6 (—19)
Major veins (1°, 2°) 25 (0-4) 18 (0-3)
Minor veins (3° +) 50 (1-0) 35(1-1)
FEVs##* 53 (1:3) 45 (1-3)

Vein initiation is first appearance of procambium in apical quarter of leaf. Xylem differentiation is presence of continuous xylem within a vein order
throughout the leaf. Ontogeny of leaves is indicated in average length (mm; unbracketed numbers) and leaf plastochron units (LPI; numbers in parentheses).
n = 39 for vein initiation, n = 83 for xylem differentiation.

n =51 for vein initiation, n = 123 for xylem differentiation.

FEV, freely ending veinlet. * Stage inferred but not directly observed. ** Lateral 1° veins observed in basal sectors of the leaf only. *** Does not include

late-formed FEVs.

¥
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F1G. 4. Onset and early development of vein orders in paradermal sections and clearings of leaves of C4 Flaveria bidentis. (A) Basal portion of young leaf
showing central 1° vein procambium (0-5 mm). (B) Young leaf showing central 1° vein procambium (1 mm). (C) Mid-portion of leaf from central 1° vein to
margin with lateral 1° vein procambium (1 mm). (D) Basal portion of leaf with lateral 1° vein procambium (3 mm). (E) Mid-portion of leaf with lateral 1°
and 2° vein procambium (2 mm). (F) Leaf showing onset of 2° vein procambium (1 mm). (G) Connection of 2° vein loops (1 mm). (H) Appearance of 3°
vein mesh (2 mm). (I) Developing 3° vein procambium within a 2° vein loop (2 mm). (J) 4° minor veins branching from 3° veins in basal portion of leaf
(4-5 mm). (K) Serial section of leaf in J showing 5° minor veins. (L) Mid-portion of leaf with minor vein procambium (4-5 mm). (M) Mid-portion of the
leaf with developing minor vein reticulum (7 mm). (N) Appearance of freely ending veinlets connected to minor veins in mid-portion of leaf (5 mm). (O)
Mid-portion of leaf with freely ending veinlets compared with connected minor veins (7 mm). Abbreviations: C1, central 1° vein; L1, lateral 1° vein. Scale
bars: all images = 100 pwm, except (O) = 50 wm.

C4 F. bidentis, but represents an earlier LPI stage in the C4
species.

Differentiation of continuous xylem

The 1° and 2° major veins have continuous strands of differ-
entiated xylem early in leaf ontogeny, regardless of photosyn-
thetic type (Fig. SA—F, Table 2). The xylem of these major

veins is continuous throughout the leaf in smaller leaves at
an earlier LPI in C4 F. bidentis compared with C;3 F. robusta
(Table 2). In minor vein orders, the differentiation of xylem
in 3° and higher order veins (including FEVs) occurs basipe-
tally, and is hierarchical in both Flaveria species, where 3°
veins differentiate first, followed by 4° and higher order
veins, with FEVs differentiating last (Fig. 5G-J, Table 2).
Continuous strands of differentiated xylem in the minor vein
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FiG. 5. Early xylem differentiation in hierarchical vein orders in clearings of C3 and C4 Flaveria leaves. (A) Distal half of young leaf showing the central 1° vein
and 2° vein loops in C; F. robusta (3 mm). (B) Distal half of young leaf between central 1° vein and the leaf margin showing a lateral 1° vein and 2° vein loops in
C4 F. bidentis (3 mm). (C) Discontinuous xylem differentiation of a lateral 1° vein in C3 F. robusta (6 mm). (D) Discontinuous xylem differentiation of a lateral
1° vein in Cy4 F. bidentis (4 mm). (E) Basipetal xylem differentiation of 2° veins in C; F. robusta (2 mm). (F) Basipetal xylem differentiation of 2° veins in Cy4
F. bidentis (2 mm). (G) Basipetal xylem differentiation of 3° veins in C5 F. robusta (7 mm). (H) Basipetal xylem differentiation of 3° veins in C4 F. bidentis
(5 mm). (I) Minor vein network in C; F. robusta. (J) Minor vein network in C4 F. bidentis. (K) Freely ending veinlet ending in enlarged cells in Cj
F. robusta. Arrow indicates tracheary element with helical thickenings. (L) Procambial-shaped cells joining a FEV to a mature higher order vein in Cj
F. robusta. Abbreviations: C1, central 1° vein; L1, lateral 1° vein. Scale bars: all images = 100 pwm.

orders is observed in smaller leaves of the same LPI in C4
F. bidentis compared with C3 F. robusta (Table 2). In both
species, observed continuous xylem in all minor veins
throughout the entirety of the leaf occurs when leaves reach
approximately two-thirds of their mature length (Tables 1
and 2).

In both C; and Cy4 Flaveria species, strands of cells lacking
mesophyll characteristics are sometimes observed in a full
sized leaf after xylem has fully differentiated. These strands
occur either as short branches from minor veins with differen-
tiated xylem or as extensions of pre-existing FEVs with differ-
entiated xylem that often connect with an adjacent vein. Cells
of these FEVs or FEV ‘extensions’ either resemble elongated
procambium cells or are rounded, but show helical thickenings
(Fig. 5K). Most of these procambial strands end freely within
the mesophyll; however, some procambial strands appear to
connect a mature FEV to mature minor veins in both C3 and

C4 Flaveria species, thereby losing the ‘freely ending’ con-
dition (Fig. 5L).

Vein density expansion and ground tissue (BS and M)
enlargement

Offset of vein pattern formation occurs earlier in the Cy4
species, so that vein pattern is complete in smaller leaves at
an earlier LPI in C4 F. bidentis (7 mm, LPI = —0-3) compared
with C3 F. robusta (15 mm, LPI = 0-15). The mature vein
pattern observed is more complex in C4 F. bidentis than in
C; F. robusta through an additional vein order (see above),
and is reflected in greater minor vein branching, and
numbers of FEVs in C4 F. bidentis (Fig. 1, Table 1). These
results were also observed in developing leaves of C,
F. trinervia (our unpubl. res.). In both C; and C4 Flaveria
species, vein density decreases with lengthwise expansion of
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Fi1G. 6. Relationships between leaf length and vein density, and between vein
density, vein branching density and freely ending veinlet density in multiple
samples of adult-phase leaves harvested at different stages of ontogeny from
C; and C4 Flaveria plants. Trendlines indicate the relative changes in densities
as leaves expand. (A) Vein density vs. leaf length in C5 F. robusta and C4
F. bidentis. (B) Branching and freely ending veinlet densities vs. vein
density in C3 F. robusta. (C) Branching and freely ending veinlet densities
vs. vein density in Cy F. bidentis.
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C; Bundle sheath

C, Bundle sheath

Fi1c. 7. Bundle sheath development from clearings of C3 and C4 Flaveria
leaves. (A, C, E) Bundle sheath cells are indistinct from mesophyll in develop-
ing leaves of C; F. robusta. Insets with arrows show enlargement of bundle
sheath cells and lack of distinguishing morphological features. (B, D, F)
Bundle sheath cells are distinct from mesophyll in developing leaves of C4
F. bidentis. Insets with arrows demonstrate bundle sheath cells enlarging in
perpendicular diameter in younger leaves, and in parallel diameter in older
leaves. Scale bar: all images = 100 wm; insets are 2x.

the leaf lamina (Fig. 6A). Decreasing vein density for both
species occurs after xylem is continuous in higher order
minor veins of the mid-portion of the leaf (but not necess-
arily in basal portions of the leaf or in FEVs, see above).
Using leaf expansion as a proxy for rate of change, the
linear relationships between vein density, branching density
and FEV density are comparable between the C; and C4
Flaveria species (Fig. 6B, C). The overall decrease in FEV
density is less than branching density in the two Flaveria
species, and may reflect late FEV formation in the leaf (see
above).

The BS cells in both C; and C, Flaveria species do not
enlarge until xylem differentiation is continuous in all minor
vein orders (but not necessarily in FEVs). In C3 F. robusta,
BS cells expand as the veins elongate (Fig. 7A, C), and
mature BS cells are not morphologically distinct from M
cells (Fig. 7E). The mature BS cells in C3 F. robusta are
wider in parallel diameter (in relation to the vein axis) than
in perpendicular diameter (see Fig. 9A below). By contrast,
the enlargement of BS cells in C4 F. bidentis occurs first by
expansion in perpendicular diameter (in relation to the vein
axis; Fig. 7B), and then in parallel diameter as vein spacing
increases and veins elongate (Fig. 7D, F). Mature BS cells in
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C3 Spongy mesophyll
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C, Palisade mesophyll C, Spongy mesophyll

FiG. 8. Palisade and spongy mesophyll development from clearings of C; and C4 Flaveria leaves. Insets show enlargement and recent divisions of palisade and

spongy mesophyll. (A, B, E, F, I, J) Mesophyll cells enlarge showing morphological and size differences between palisade and spongy mesophyll in Cj

F. robusta. Arrows indicate recently divided cells. (C, D, G, H, K, L) Mesophyll cells enlarge showing little morphological and size differences between palisade
and spongy mesophyll in C4 F. bidentis. Arrows indicate recently divided cells. Scale bar: all images = 100 wm; insets are 2 x.

C4 F. bidentis are structurally distinctive from surrounding
cells, and are ultimately wider in perpendicular diameter
than in parallel diameter (see Fig. 9B below).

The development of M cells highlights further differences in
ground tissue development between C; and C4 Flaveria
species. In C; F. robusta, cell-wall configuration indicating
recent divisions in M cells was observed for a slightly
longer period in leaf expansion (up to 25 mm, Fig. 8A, B, E,
F) compared with C4 F. bidentis (up to 20 mm, Fig. 8C, D,
G, H). Both palisade and spongy M cells in the Cj species
are larger in medial diameter than M cells of the C, species
(Fig. 8I-L). In the C; species, mature M cells are not different
in diameter from adjacent BS cells, whereas in C4 F. bidentis
both palisade and spongy M cells are substantially smaller than
BS cells. In addition, there is a size distinction between pali-
sade and spongy M cell diameters in C; F. robusta, which is
not apparent in C,4 F. bidentis (Figs 8I-L and 9C, D).

Correlation analyses of vein pattern characters throughout
leaf development show that minor vein density correlates sig-
nificantly with leaf length, vein branching and FEV densities
in both C; and C4 Flaveria species (Table 3, Fig. 9). In
addition, vein density is highly correlated with BS, palisade
and spongy M cell sizes. Ground tissues show strong corre-
lations in both C; and C, species, and palisade and spongy
M cell sizes are positively correlated. In C; F. robusta, the
size of BS cells is also positively correlated with both M
cell types. In C4 F. bidentis, whereas there is a strong corre-
lation between BS cell size and palisade M cell size, this
relationship is much weaker with spongy M cell size. These
correlative  relationships were also observed in Cy
F. trinervia (our unpubl. res.).

DISCUSSION
C; vs. Cy vein pattern development

This comparative analysis of leaf development shows that vein
pattern differences between C; and C, species arise from
modifications to the highest orders of veins, and in C4
Flaveria species this occurs through formation of an additional
minor vein order. The comparable densities of the first three
orders of veins (1°, 2° and 3° vein orders) between Cj
F. robusta and C4 F. bidentis are in contrast to significantly
greater densities of higher order minor veins (4° and higher
orders) observed in C, Flaveria species compared with Cj
Flaveria species. These results correspond with previous
studies of mature vein pattern in C; and C4 Flaveria species
(McKown and Dengler, 2007). The similarities in 1°, 2° and
3° vein densities between the C; and C, species suggest
these veins in Flaveria probably have roles that are not necess-
arily related to photosynthetic type, but rather perform similar
physiological functions, such as leaf structural support, and
bulk flow and dispersal of water. This indicates that evolution-
ary modifications to vein patterning resulting in greater vein
densities observed in C,4 species are largely related to the smal-
lest veins within the leaf (Ueno et al., 2006; McKown and
Dengler, 2007).

The initiation of major vein pattern (1°, 2° veins) throughout
the leaf is comparable between C3 and C, Flaveria leaves that
are similar in length, although these are not at the same LPI
stage (Fig. 10). The lateral 1° veins are an exception, as
these are initiated earlier in C, F. bidentis; however, this
does not change ultimate 1° vein densities between C; and
C, Flaveria species. Length of the lateral 1° veins may
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Fi1G. 9. Relationships between vein density and size of bundle sheath, palisade and spongy mesophyll cells from multiple samples of adult-phase leaves har-

vested at different stages of ontogeny in C3 and C4 Flaveria plants. Bundle-sheath cell enlargement is represented both in the perpendicular diameter to the vein

axis (perpendicular width) and in the parallel diameter to the vein axis (parallel width). Trendlines indicate the relative change in mesophyll cell size as vein

density decreases through leaf expansion. (A) C3 F. robusta bundle-sheath cell expansion. (B) C, F. bidentis bundle-sheath cell expansion. (C) C3 F. robusta
mesophyll cell expansion. (D) C4 F. bidentis mesophyll cell expansion.

TaBLE 3. Correlation analyses between measured vein pattern
and ground tissue traits in mid-portion of leaf in C3; and Cy
Flaveria species

Correlated variables” Cs F. robusta C4 F. bidentis

— kskok — skskok

Vein density vs. leaf length

Vein density vs. branching + A - K
Vein density vs. freely ending veinlets + kEk 4wk
Vein density vs. bundle sheath — R — Ak
Vein density vs. palisade mesophyll — Rk — Rk
Vein density vs. spongy mesophyll — K —
Palisade mesophyll vs. spongy mesophyll + kEk + **
Bundle sheath vs. palisade mesophyll 4 kEE - HEE
Bundle sheath vs. spongy mesophyll o wEk + *

T Size based on medial cell diameter; *P < 0-05; **P < 0-005; ***P <
0-001.

relate to structural support, as leaves from Cy4 F. bidentis have
earlier distal lamina growth, and are generally wider in the
apical portion of the leaf compared with C; F. robusta. In

accordance with observations of major vein development, the
onset of minor vein pattern formation begins in leaves of the
same size in both C3 and C4 Flaveria species, although this
is also an earlier LPI stage in C4 F. bidentis. The C4 higher
order minor vein pattern, including FEVs, is more complex
than the C; pattern and thus vein density (including branching
and FEV density) is greater throughout leaf expansion in C4
F. bidentis compared with C; F. robusta.

The equivalency of leaf size observed during very early
events in leaf ontogeny strongly suggests that initiation of
vein orders occurs at a very similar developmental point for
C; and Cy4 Flaveria species. In addition, the rate of expansion
of adult leaves was similar between C3 and C,4 Flaveria species
(e.g. leaf 5, Fig. 2C). The discrepancy between leaf length and
LPI stage corresponds with faster leaf initiation and corre-
sponding shorter plastochron in C, F. bidentis (Fig. 2B).
Although LPI is a commonly used metric for developmental
studies of leaves, its utility within this study was more
limited to highlighting comparisons of leaf development
within species, rather than between species. Thus, relating
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Fi1G. 10. Diagrammatic representation of vein pattern formation in leaves of
C; and Cy4 Flaveria species. Leaf developmental stages relate formation of vein
orders to leaf length and leaf plastochron index (LPI) for each species. The
onset of vein orders (major and minor) occurs in leaves that are equivalent
in length for the two species, and leaf expansion is relatively similar. Lateral
lamina expansion occurs earlier in C4 Flaveria and at later stages in Cs
Flaveria. LPI values differ, as C4 Flaveria initiate leaves at a faster rate.
The earlier establishment of the minor vein network and freely ending veinlets
(FEV) throughout the C, leaf and earlier offset of vein formation indicate an
accelerated rate of higher order vein formation in C; Flaveria compared
with C; Flaveria. Between the two species, ultimate leaf shape and size are
equivalent but minor vein density is not (see Fig. 1, Table 1). White =
central and lateral 1° veins, red = 2° veins, blue = 3° veins, yellow = 4° and
higher order minor veins. Abbreviations: FEV = freely ending veinlets;
LPI = leaf plastochron index.

the earliest ontogenetic events to leaf size between Flaveria
species proposes that there is little developmental shift in the
timing of onset of vein order formation (except for lateral 1°
veins, Fig. 10).

Using leaf length as an indicator of developmental age, the
onset of major and minor vein pattern begins at an equivalent
developmental period for individual leaves of C; F. robusta
and C4 F. bidentis. The appearance of the last iteration of
minor veins (FEVs) occurs in slightly smaller leaves in Cy4
F. bidentis than in C3 F. robusta (Table 2) and is a higher
order of veins being formed in the minor vein network com-
pared with C3 F. robusta (seven orders vs. six orders). This
suggests that formation of a more complex minor vein
pattern in the C,4 species is offset from the C; species as this
occurs in a slightly shorter developmental time period
(Fig. 10). The similarity in onset of minor vein pattern for-
mation and earlier offset indicates that the denser vein
network observed in the C4 species than in the C; species
relates to an increase or acceleration in the formation and
establishment of higher order veins during leaf development,
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not a precocious onset of vein formation or a prolongation of
this period. Furthermore, this shift does not appear to affect
the major vein orders. Thus, vein pattern acceleration is
specifically the initiation of an additional minor vein order
in C4 F. bidentis compared with C3 F. robusta, and establish-
ment of the minor vein network occurring within a slightly
shorter ontogenetic timeframe.

Ground tissue development also shows differences between
C; and C, Flaveria species; however, in the two species,
differential expansion of ground tissues occurs after the vein
pattern has been established in the leaf. The duration of appar-
ent M cell divisions, M cell enlargement patterns and direc-
tions of BS cell expansion are different between Cj
F. robusta and C, F. bidentis, but it is likely that only the
development of M tissue plays a role in vein density at leaf
maturity. This is related to earlier cessation of M cell divisions,
and smaller sizes of individual M cells (palisade and spongy)
in the Cy4 species than the C3 species. The expansion of M cells
has been previously suggested as a component of the mechan-
ism in which C,4 vein patterning and C4 photosynthetic tissue
proportions are maintained (McKown and Dengler, 2007).
This could also provide the leaf with a plastic means to
modify vein spacing somewhat to acclimate the leaf to differ-
ent environments as necessary (Sage and McKown, 2006).

Vein pattern formation in relation to ground tissue development

This study suggests that the change from a C; to a C4 vein
density in the developing leaf may involve a small number of
important modifications (Fig. 10). The developmental timing
in the onset of major and minor vein pattern initiation in Cj
and C,4 Flaveria species based on leaf size indicates that sig-
nalling in the leaf primordium for the induction of vein pro-
cambium must occur at a relatively similar developmental
stage. Furthermore, the results of this study suggest that C4
Flaveria species have an acceleration of procambium for-
mation, not a prolongation of procambium formation after
ground tissue has begun to mature.

In Arabidopsis, Scarpella et al. (2004) suggest that leaf vein
pattern formation may be halted through the gain of M charac-
teristics in the surrounding ground tissue. Loss or decrease of a
procambium-forming signal (such as auxin), or the perception
of cells to procambium formation signals may also function-
ally terminate vein formation. Higher order vein procambium
formation in Arabidopsis is halted by general suppression of
cell cycling, indicating that vein pattern formation requires
sustained cell proliferation (Kang er al., 2007). In both Cj
and C4 Flaveria species, divisions appear to continue in imma-
ture M cells after vein pattern has been formed, indicating that
procambium formation ceases while ground tissue is still mer-
istematic. In the C,4 species, BS cells do not appear to gain any
mature features such as chloroplasts, large size and rounded
shape before vein patterning is fully established, and both
BS and M cells were not observed to enlarge in size until
minor vein pattern was complete, and xylem had begun to
differentiate in these veins.

Although factors influencing vein formation (such as cell
proliferation and M differentiation) were not implicitly exam-
ined in this study, the observations suggest that photosynthetic
tissue development may have a minimal role in terminating
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vein formation in Flaveria, regardless of photosynthetic type.
Primarily, direct observations of procambial strands (minor
vein reconnections and FEV extensions) after surrounding
veins had continuous differentiated xylem were not uncommon
in either C5 or Cy4 Flaveria species. In C3 F. robusta, FEVs
also appeared directly to ‘co- opt’ adjacent M cells to form
vein extensions late in leaf ontogeny. Secondly, during leaf
expansion, FEV density did not decrease at the same rate as
branching density, and is consistent with the cytological evi-
dence. Late connection of FEVs has also been observed in
Arabidopsis, supporting the hypothesis that minor veins are
not predisposed to be either connecting or freely ending, and
that FEV formation is not a genetically determined programme
(Scarpella et al., 2004; Kang et al., 2007). The observations of
late FEV formation or minor vein ‘re-connection’ in this study
and in Scarpella et al. (2004) show that the leaf maintains a
capacity to modify vein density after initial vein pattern is
already established. In turn, this may provide the leaf with
some plasticity depending on hydraulic or transport needs.

The overall greater vein density observed in C4 Flaveria
species compared with C; Flaveria species could be explained
by increased auxin production, modified leaf ground meristem
cell competency to becoming procambium, or a combination
of these developmental parameters. The role of auxin as a
signal in vein pattern development is well supported by a
large body of evidence from studies examining auxin reporter
expression and procambial pattern development in
Arabidopsis, in addition to auxin mutant characterization,
auxin inhibition experiments and numerous theoretical
models (reviewed in Sieburth and Deyholos, 2006;
Rolland-Lagan, 2008). External application of
indole-acetic-acid (IAA) to mimic the hormone auxin on
developing leaves of Arabidopsis resulted in an increase in
the number of vascular strands and dramatically upregulated
auxin efflux carriers in ground meristem (Scarpella et al.,
2006). Model simulations increasing the rate of auxin pro-
duction also resulted in more numerous, densely packed
veins (Feugier and Iwasa, 2006). Comparable timings in for-
mation of major and minor veins in both C; and C4 Flaveria
species based on leaf length suggest that there may be little
difference in initial competency of leaf meristematic tissue
to forming procambium. The difference in developmental
timing of a complete minor vein pattern network in Cj vs.
C, Flaveria species is relatively small but the offset was
observed sooner in the C,4 species, suggesting that ground mer-
istem cells in C4 leaves may lose competency to form new vas-
cular strands at a slightly earlier stage. The more complex vein
pattern of the C, species compared with the C; species (seven
vs. six vein orders) could also arise from an increase in the
amount of auxin produced during the same developmental
period. Further study with external application of auxin to
C; plants or auxin inhibitors to C4 plants could test hypotheses
relating auxin to modifying vein pattern as part of the mechan-
ism through which higher vein density is achieved.

Evolution of high vein density in C, Flaveria

In the evolution of C4 photosynthesis, increased vein density
is hypothesized as one of the earliest anatomical changes, and
may represent a ‘precondition’ for evolving intermediate or Cy4
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photosynthetic function (Sage, 2001, 2004). Greater vein
density is intimately linked with Kranz anatomy, and the evol-
ution of both intermediate and C, photosynthesis from C; pro-
genitors (McKown and Dengler, 2007; Vogan et al., 2007).
The Cj species in this study (F. robusta) is known to have
slightly denser venation compared with other C; Flaveria
species, and based on phylogenetic analyses, F. robusta is
probably more similar to the C;3 ancestor of the derived inter-
mediate and C4 Flaveria species than the other Cs Flaveria
species. Some intermediate photosynthetic species of
Flaveria with few physiological or anatomical changes from
the C5 condition show an increase in vein density. In combi-
nation, these lines of evidence support the hypothesis that
increased vein density may occur early in the transition from
C; to C4 photosynthesis (McKown et al., 2005; McKown
and Dengler, 2007).

The development of increased vein density in Cj3 plants has
a relative adaptive value in arid environments with high irradi-
ance (Roth-Nebelsick et al., 2001; Sage, 2004), and increasing
vein density is cited as an adaptation adding structural integrity
to a C; leaf in windy environments (Sage, 2004). Cs plants
found in xeric or high-irradiance conditions tend to have
high vein densities (Roth-Nebelsick et al., 2001). Higher
numbers of veins may confer greater water movement
through the photosynthetic tissues and less water stress by
shortening the water pathway from xylem to mesophyll, and
by providing more numerous, ‘parallel’ exits for water into
ground tissues (A. D. McKown et al., unpubl. res.), thereby
alleviating photorespiration by allowing stomata to remain
open longer (Roth-Nebelsick et al., 2001; Sage, 2004; Sack
and Holbrook, 2006; Muhaidat et al., 2007). In addition,
Sage (2004) suggests that a shift in minor vein density could
improve water status by increasing the water supply relative
to the evaporative surface of the leaf, despite the higher ener-
getic ‘cost’ of lignin. Sack and Frole (2006) further this idea as
a ‘cost’ that could be quickly repaid in high-light
environments.

Thus, if increased vein density has a high adaptive and func-
tional value in C; plants, it may be relatively easy to achieve
this ‘precondition’ through alterations to leaf development as
outlined in this study. The retention of a Cz-adaptive vein pat-
terning in C4 plants, however, may be more closely linked to
photosynthetic tissue proportioning and physical C4 function-
ing. Thus, during the evolution of Kranz anatomy in C4
species where vein densities are increased, such as in Cy4
Flaveria, vein patterning is altered from the C; condition
through an acceleration of procambium formation during leaf
development. Further study of the mechanisms for shifting
vein density, such as modifications to auxin production and/
or cell competency to auxin, is necessary to understand fully
this important developmental shift and its broad-reaching sig-
nificance both in C4 photosynthesis and in leaf evolution in
general.
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