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the abaxial ground tissues and in the ground cell layer underly-
ing the epidermis, although some leaf primordia also had GFP 
expression in more medial and adaxial tissues (Fig.  2E inset). 
In more mature leaf primordia (e.g. Fig. 2F inset, G, 4–6 DAG), 
GFP expression in ground cells eventually delimited the devel-
oping primary, secondary, and higher-order veins, and included 
more adaxial ground tissues. In older J0571 leaves (e.g. Fig. 2G 
inset, 7 DAG), GFP expression was most abundant in ground 
cells directly adjacent to the vascular bundles.

In summary, Q0990 and J0571 lines showed procambial and 
ground tissue GFP expression, respectively, throughout embry-
onic cotyledon and postembryonic leaf development, and were 
therefore suitable to drive GAL4-activated C4 expression in these 
tissues. GFP expression in all leaf procambial cells (Q0990) or the 
potential procambial domain of tertiary veins (J0571) occurred 
later than expression of two of the earliest known preprocam-
bial markers (MONOPTEROS mRNA and PINFORMED-1 pro-
tein; Wenzel et al., 2007), but approximately concurrently with 
procambial expression of the auxin response marker DR5::GUS 
(Mattsson et  al., 2003). Thus, the effect of C4 transactivation 
would only start at the developmental stages corresponding to 
Q0990 and J0571 GFP expression patterns.

C4-induced ectopic cell divisions

To confirm the assumption that targeted C4 expression would 
induce ectopic cell divisions, the effects were analysed at the 
anatomical level. For Q0990>>C4 lines, data were taken from 
embryonic cotyledons because only one of the three analysed lines, 
Q0990>>C4.1, consistently produced leaves. Data was also taken 
for mature leaves of J0571>>C4 lines because the leaves had sig-
nificant vascular patterning defects. Compared to the controls, C4 
expression in developing procambial cells of Q0990>>C4 resulted 
in ectopic vascular cell production (Fig.  3B compared with A), 
without concurrent increases in embryonic cotyledon size (Fig. 4A) 
or mesophyll cell number (i) within a cross-sectional area (Fig. 4B) 
or (ii) along the length or width of the cotyledon (data not shown). 
Compared with controls, expression of C4 in developing ground 
tissues of J0571>>C4 resulted in a larger number of smaller leaf 
mesophyll cells with small or no intercellular spaces between them 
(Fig. 3D compared with C, Fig. 4C). J0571>>C4 leaves of 2-week-
old plants were slightly larger than controls (Fig. 4A) and had simi-
lar leaf vein width and vascular cell widths compared to controls 
(data not shown), thus showing no apparent ectopic vascular pro-
duction. Hence, C4 expression did result in ectopic procambial and 
ground cell divisions in Q0990>>C4 or J0571>>C4 lines, respec-
tively. The extent of induced divisions varied with the different C4 
lines, with C4.1 < C4.2 < C4.3 (Fig. 4B, 4C).

Expression of C4 in vascular and ground tissues 
affects seedling morphology

Expression of C4 in vascular (Q0990>>C4) or ground (J0571>>C4) 
tissues had pleiotropic effects on seedling morphology, with the 
severity of phenotypic effects varying between different C4 lines 
(C4.1 < C4.2 < C4.3), correlating with the extent of induced divi-
sions. Q0990>>C4.1 seedlings had weaker phenotypes and were 
able to produce leaves, which often bent adaxially and/or had 

twisted petioles that altered leaf positioning (Fig. 5B). For the two 
strongest Q0990>>C4 lines, leaf primordia were absent or incom-
pletely formed and hypocotyls had tumour-like vascular protru-
sions (Fig. 5C). Inflorescence stems were stunted (data not shown). 
All J0571>>C4 seedlings had twisted, curled, or rolled leaves 

Fig. 4.  Effects of C4 transactivation on Q0990>>C4 embryonic 
cotyledons and 2-week-old J0571>>C4 third leaf sizes (A) and cell 
numbers (B, C). (A) Compared to WT, Q0990>>C4 (left) had similar 
sized embryonic cotyledons and J0571>>C4 (right) had slightly 
larger third leaves in 2-week-old plants; length (black) or width 
(white) of cotyledons (µm) or leaves (mm x 10–2). (B, C) Compared 
to WT, Q0990>>C4 embryonic cotyledons had more midvein 
vascular cells (black) without concurrent increases in mesophyll cell 
number (white) (B) and J0571>>C4 leaves had more mesophyll 
cells (C); cell number data are for ~63,000 µm2 of field of view for 
cross-sections (B) and longitudinal sections (C). Values are mean ± 
SE for ≥3 leaves/cotyledons. 1, C4.1; 2, C4.2; 3, C4.3.

 at C
am

bridge U
niversity L

ibrary on Septem
ber 14, 2012

http://jxb.oxfordjournals.org/
D

ow
nloaded from

 



5356  |  Wenzel et al.

(Fig.  5D–F) and stunted, twisted inflorescence stems (data not 
shown). Although J0571>>C4 leaves were initially slightly larger 
than controls (see above), the continuous induction of cell divisions 
was detrimental and resulted in an overall stunted mature phenotype.

C4 expression in procambial cells results in disrupted 
and ectopic veins

Dark-field microscopy of cleared specimens was used to deter-
mine whether ectopic procambial divisions affected cotyledon and 
leaf venation patterning. In each of the Q0990>>C4 lines, more 
than 80% of seedlings (n ≥ 30) had defective cotyledon vena-
tion (Fig. 6C–G) compared with wild type (Fig. 6A, 6B). In the 
two weaker lines (Q0990>>C4.1 and Q0990>>C4.2), cotyledons 
typically had short, discontinuous veins adjacent to or extending 
from primary and secondary veins, and the secondary vein loops 
were often discontinuous (e.g. Fig. 6C–E). In more extreme cases, 
embryonic and seedling cotyledons had multiple ectopic veins in 
the midvein region and short secondary-like veins only partially 
extending towards the margin (Fig. 6E–G). In Q0990>>C4.2 and 
Q0990>>C4.3, leaf growth was absent or severely inhibited, and 
leaves often had only partial secondary vein formation (Fig. 7D). 
Q0990>>C4.1 seedlings produced relatively normal sized leaves, 
but more than 98% of leaves (n ≥ 50) had discontinuous second-
ary or tertiary veins (Fig. 7B, 7C), and patterning of secondary 
loops was often aberrant (Fig. 7B compared with A). To deter-
mine if aberrant secondary vein formation was correlated with 
abnormal cell division orientation patterns, cell division orienta-
tion was examined in Q0990>>C4 plants. Unlike control plants, 
Q0990>>C4 secondary procambial veins often had cells with 
division planes perpendicular or close to perpendicular to the axis 

of the vein (Fig.  8B compared with A) and partial veins often 
terminated adjacent to an apparently undivided cell (data not 
shown). For example, Q0990>>C4.2 embryonic cotyledons (n 
≥ 10) had 1.8 ± 0.2 partial secondary veins, whereas the controls 
only formed looped secondary veins. Hence, ectopic expression 
of C4 in the procambial domain induced ectopic vascular strands, 
but in more severe cases it disrupted overall patterning often lead-
ing to a reduction of secondary and tertiary venation.

Auxin transport inhibition restores vein continuity in 
Q0990>>C4.1 leaves

The ectopic vessels and vessel elements found in cotyledons 
of Q0990>>C4.2 plants were similar to those caused by auxin 
transport inhibition (ATI) through exposure to NPA (Fig. 6H, 6I, 
Fig. 7E). These effects of NPA treatment have previously been 
described (Mattsson et  al., 1999; Sieburth, 1999). If induced 
ectopic expression in the procambial domain and auxin transport 
inhibition contributed independently to the formation of ectopic 
vessels and vessel elements, a combination of the two treatments 
should result in a synergistic, exaggerated phenotype. To test this 
hypothesis, the effect of NPA on vein development was examined 
in Q0990>>C4.1 seedlings, which are able to form true leaves. 
Leaves of Q0990>>C4.1 seedlings grown on medium supple-
mented with NPA (Fig. 7F, 7G) displayed vein overgrowth similar 
to the effects of NPA alone (Fig. 7E). NPA treatment reduced the 
frequency of Q0990>>C4.1 leaves with vein continuity defects 
from ~95 % (control, n ≥ 50) to ~5% (NPA-treated; n ≥ 30) 
(Fig. 7F). The remaining 5% showed primarily stubby vein pro-
trusions from the midvein (e.g. Fig. 7G arrow), a defect that also 
occurred in ~20% of wild-type plants exposed to NPA (data not 

Fig. 5.  Effects of C4 transactivation on 2–3-week-old seedling morphology of wild type (A), Q0990>>C4.1 (B), Q0990>>C4.2 (C), or 
J0571>>C4.2 (D–F). (B) Q0990>>C4.1 plants had curled leaves and petioles. (C) Q0990>>C4.2 seedlings were stunted and had limited 
leaf growth (arrowhead and inset) and exhibited tumour-like vascular overgrowth in the hypocotyl (arrow). (D–F) J0571>>C4.2 seedling 
leaves were twisted (D), buckled (E), or rolled (F). Q, Q0990; J, J0571. Bars, 1 mm (A, B, C inset, D–F), 0.5 mm (C darkfield image).
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Fig. 6.  Effects of C4 transactivation on cotyledon venation. Images show cleared cotyledons of ~2-week-old plants. Darkfield (A, C–F, 
H, J) or Nomarski (B, G, I) images of wild-type (A, B, H, I), Q0990>>C4.2 (C–E, G), Q0990>>C4.3 (F), and J0571>>C4.2 (J) cotyledons 
grown on control ATS media (A–G, J) or ATS media supplemented with 10 µM NPA (H, I). C4 induced ectopic vascular strand formation 
similar to the effects of N-naphthylphthalamic acid. Q, Q0990; J, J0571. Bars, 500 µm (A, C–F, H, J), 50 µm (B, G, I).

Fig. 7.  Q0990>>C4 leaf venation patterning. Darkfield (A–C, E–H) or Nomarski (D) images of 2-week-old wild-type (A, E), Q0990>>C4.1 
(B, C, F, G), or Q0990>>C4.2 (D, H) leaves grown on control media (A–D) or media supplemented with 10 µM N-naphthylphthalamic 
acid (NPA; E–H). Q0990>>C4.1 leaves had distorted secondary venation patterning and discontinuous secondary and higher-order 
veins (B, arrow in C), while Q0990>>C4.2 leaves often lacked secondary vein formation (D; arrows delimit midvein). NPA treatment 
induced vascular overgrowth in wild-type (E) and Q0990>>C4 (F–H) leaves, although vein discontinuities were still evident in some 
Q0990>>C4.1 leaves (e.g. arrow in G) and in Q0990>>C4.2 (H, veins barely extending from midvein region). Q, Q0990. Bars, 500 µm 
(A–C, E–G), 100 µm (D, H).
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shown). NPA treatment of Q0990>>C4.2 seedlings, which pro-
duce small and highly defective leaves, did induce some vascu-
lar overgrowth in the midvein region, but did not restore growth 
of secondary veins (Fig.  7H). In summary, the combination of 
ectopic procambial cell divisions and ATI did not result in an 
exaggerated phenotype. Instead, ATI either had little or no effect 
(the strong Q0990>>C4.2 line) or mostly masked the defects (the 
weaker Q0990>>C4.1 line), including restoring continuity of sec-
ondary veins. From a genetic perspective, this effect is analogous 

to an epistatic relationship, which would suggest that the two 
defects affect the same pathway (see also Discussion).

Ectopic cell divisions in ground tissue disrupt 
higher-order venation

Although leaf procambial cells differentiate from ground meris-
tem cells, the likely response of leaf venation to ectopic ground 
cell divisions is not obvious and would depend on the timing 

Fig. 8.  Q0990>>C4 procambial cell orientation. Confocal images of embryonic cotyledons of wild type (A) and Q0990>>C4.2 (B), 
showing higher magnification of boxed regions to the right. Compared with the highly aligned procambial cells of wild-type secondary 
veins (arrows in A), Q0990>>C4.2 procambial cells were often not in parallel orientations (arrows in B). Q, Q0990. Bars, 10 µm.

Fig. 9.  J0571>>C4 leaf venation patterning. Darkfield images of 2-week-old wild-type (A, D) and J0571>>C4.2 (B, C, E, F) leaves 
grown on control ATS media (A–C) or ATS media supplemented with 10 µM N-naphthylphthalamic acid (NPA; D–F). J0571>>C4.2 
leaves had discontinuous tertiary and higher-order veins (B, C), and with NPA treatment had more extensive vascular overgrowth 
throughout most (E) or predominantly one side (F) of the lamina compared with wild type (D). J, J0571. Bars, 500 µm.
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of cell division induction. If additional ground cells contribute 
only to mesophyll cells, one would expect larger areoles (areas 
between major vein loops). If, on the other hand, the ground 
cells contribute additional cells for vein formation, one might 
expect higher vein complexity. To test this, C4 transactivation in 
J0571>>C4 was used to induce ectopic cell divisions in ground 
tissue. In each of the J0571>>C4 lines, most seedlings (n ≥ 30) 
had normal cotyledon vascular patterning, but ~30% of cotyle-
dons displayed short ectopic vascular strands and/or vascular 
strand discontinuities (Fig.  6J). All J0571>>C4 lines had con-
tinuous, albeit distorted, primary and secondary veins in leaves, 
but severely disrupted higher-order venation, particularly in 
J0571>>C4.2 (Fig. 9B, 9C) and J0571>>C4.3 (data not shown). 
In summary, induced ground cell divisions disrupted minor but 
not major veins. In J0571, GFP expression was observed in 
medial tissues (from which potential procambial cells would be 
recruited) predominantly from 4 DAG onwards, after the for-
mation of the primary and secondary veins. Hence, the effect 
of ectopic ground cell divisions on primary and secondary vein 
formation could not be determined using the J0571 line. Higher-
order veins are formed in slightly older leaf primordia (Wenzel 
et al., 2007), which would coincide with the presumed C4 trans-
activation in GFP-expressing ground cells of J0571>>C4, thus 
resulting in predominant disruption of higher-order venation.

Ectopic ground cell divisions and auxin transport 
inhibition result in massive vein overgrowth

To determine the combined effects of ectopic ground cell divi-
sions and ATI, J0571>>C4 seeds were germinated and grown in 
the presence of NPA. Seedlings of J0571>>C4.2 treated with NPA 
developed leaves with extreme vascular overgrowth (Fig.  9E;  
n ≥ 30). The vascular strands of NPA-treated leaves extended 
from near the leaf margin towards the primary vein region and 
covered almost the entire laminar area, excluding the margins 
(Fig. 9E). In ~5% of leaves (n > 30), vascular strands were absent 
on either one or both sides of the central lamina region, correlated 
with inhibited lateral lamina growth (Fig. 9F). In summary, the 
combination of ectopic ground cell divisions and ATI resulted in 
a novel phenotype, comprising a massive vascular overgrowth in 
leaves (Fig. 9E, 9F), not present in leaves from either of the two 
single treatments (Fig. 9B–D). From a genetic perspective, this 
would be analogous to a synergistic effect, indicating that both 
treatments contributed to the formation of leaf veins indepen-
dently (see also Discussion).

Vein disruptions were due to defects in vascular 
differentiation

To understand whether the vein discontinuities observed in 
Q0990>>C4 and J0571>>C4 leaves were caused during pro-
cambial strand formation or subsequent vein differentiation, 
MONOPTEROS (MP) expression was examined during procam-
bial strand formation in Q0990>>C4.1 and J0571>>C4.2 plants. 
The expression of MONOPTEROS, an auxin response factor, is 
one of the earliest known markers of leaf procambial cell fate 
(Wenzel et al., 2007). In leaves of wild-type C24 seedlings grown 
in control media, MP was expressed in all developing procambial 

strands (Fig.  10A). MP expression was similar to that of wild 
type in leaves of most Q0990>>C4.1 and all J0571>>C4.2 seed-
lings, indicating formation of continuous procambial strands in 
these plants (Fig. 10B). Thus, discontinuous veins were due to 
defects in subsequent vascular differentiation rather than forma-
tion of procambial strands, resulting in aberrant differentiation 
along vein strands (Fig. 10D). MP expression was also examined 
in more severe Q0990>>C4.2 phenotypes with aberrant second-
ary vein patterning to determine if procambial strand formation 
was defective. Q0990>>C4.2 leaves had MP expression in the 
primary midvein and in short secondary-like strands partially 
extending from the primary vein (Fig. 10C), indicating that con-
tinuous secondary procambial strand loops were not formed. 
Hence, while vein discontinuities were caused by defects in dif-
ferentiation, more severely perturbed vascular patterning defects 

Fig. 10.  MP expression in leaves. Whole-mount in situ 
hybridizations of MP mRNA transcript in rosette leaves of wild 
type (A), J0571>>C4.2 (B, D), or Q0990>>C4.2 (C) grown for ~1 
week on control media. In wild type and J0571>>C4.2, MP was 
expressed in procambial cells of all vein types (A, B). MP was only 
expressed in the primary vein and in short abutting secondary 
veins in Q0990>>C4.2 (C, arrows). J0571>>C4.2 leaves had 
normal MP expression (B), but had punctate differentiation along 
vascular strands (arrows, D and inset). Q, Q0990; J, J0571. Bars 
100 µm (A–C), 10 µm (D).
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were associated with defective procambial strand formation.

Ectopic cell divisions disrupt formation of discrete 
auxin response maxima

Cotyledon and leaf primordia display auxin response maxima 
in procambial cells as well as apical and lateral auxin max-
ima (Aloni et al., 2003; Mattsson et al., 2003). To assess the 
effect of ectopic cell division activity in the procambial and 
ground tissues on the distribution of auxin response maxima, 
expression of the auxin-responsive DR5 promoter fused to 
GUS was examined. Ectopic divisions in both Q0990>>C4.2 
and J0579>>C4.2 disrupted discrete auxin response maxima 
formation in procambial cells and in the margin convergent 
sites where auxin presumably would flow from the epidermis 
towards the developing procambial cells (Scarpella et al., 2006; 
Wenzel et al., 2007). In wild type, mature embryonic cotyle-
dons had DR5 expression in apical auxin maxima and procam-
bial cells (Fig. 11A), but by 7 DAG, DR5 was predominantly 
expressed in the apical auxin response maxima (Fig. 11B). In 
1–2 DAG wild-type leaf 1 primordia, DR5 was expressed in 
a few apical cells and also in developing procambial cells up 
to 7 DAG (Fig.  11C, 11D), after which it became restricted 
to apical and lateral marginal auxin maxima in the hydathodes 
(data not shown). Both Q0990>>C4.2 (with severe vascular 
defects) and J0571>>C4.2 mature cotyledons had sporadic, 
punctate DR5 expression (Fig. 11F, 11K), with ubiquitous DR5 

expression throughout the cotyledon in germinating seedlings 
up to ~8 DAG (Fig. 11G, 11L), after which it decreased again 
(data not shown). Both Q0990>>C4.2 (with severe vascular 
defects; Fig. 11H, 11I) and J0571>>C4.2 (Fig. 11M, 11N) had 
broad DR5 expression in early leaf primordia and more dif-
fuse expression throughout the lamina of older leaves. This 
effect was not entirely due to disruption of auxin transport, 
because NPA-grown leaves had DR5::GUS expression near 
the leaf margins in wild-type leaves (Fig. 11E), but more spo-
radically throughout the lamina in Q0990>>C4.2 (Fig. 11J) and 
J0571>>C4.2 (Fig. 11O) seedlings. Taken together, ectopic cell 
divisions in procambial or ground cells disrupted formation of 
auxin response maxima and frequently resulted in DR5::GUS 
expression throughout most of the leaf lamina.

Discussion

The formation of discrete veins with continuous 
differentiation along strands requires precise control of 
cell division

Although the venation patterns of dicotyledonous leaves are 
regular enough to be used as phylogenetic traits (Hickey, 1979; 
Ellis et al., 2006), leaf venation patterns are not identical, even 
from leaves of the same individual. This phenotypic plasticity 
has been attributed to stochastic events during pattern formation, 
possibly due to a positive feedback mechanism referred to as 

Fig. 11.  Effects of C4 transactivation on DR5::GUS expression in leaves. DR5::GUS expression in wild-type (A–E), Q0990>>C4.2 (F–J) 
or J0571>>C4.2 (K–O) mature embryonic cotyledons (A, F, K), 7 days after germination cotyledons (B, G, L), 2–3 days after germination 
leaf primordia (C, H, M), or 6–8 days after germination leaves (D, E, I, J, N, O) grown in control media (–NPA; A–D, F–I, K–N) or media 
supplemented with 10 µM N-naphthylphthalamic acid (+NPA; E, J, O). C4 transactivation resulted in ectopic DR5::GUS expression.  
Q, Q0990; J, J0571. Bars, 100 µm (B, D, E, G, I, L, N, O), 20 µm (A, C, F, H, K, M).
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canalization of auxin flow (Sachs, 1991), with vein patterning 
and densities dramatically changing upon pharmacological ATI 
(Mattsson et al., 1999; Sieburth, 1999). Here, the extent to which 
the plasticity in venation patterning and discrete vein formation 
respond to ectopic cell divisions was assessed by partly uncou-
pling cell division activity from its normal regulation, using 
BCTV-C4 induction of ectopic cell divisions in targeted vascular 
or ground tissue domains.

Ectopic divisions within the procambial domain had varying 
effects on cotyledon and leaf vascular patterning. Slight pertur-
bations in procambial cell divisions had little effect on overall 
vascular patterning but sometimes prevented continuous differ-
entiation along veins, possibly by disturbing regular cell division 
activity and/or improper alignment of procambial cells, which 
may have affected auxin transport (see below). More severe per-
turbations resulted in ectopic veins and vessels, demonstrating 
the need for controlled procambial divisions in the formation of 
discrete veins with specific cellular architectures. High rates of 
ectopic procambial divisions resulted in misaligned procambial 
cells and discontinuous procambial cell files, impeding second-
ary and higher-order vein formation and even leaf formation/
growth, indicating that both vein patterning and leaf formation/
growth collapsed without adequate control of cell division activ-
ity within the procambial domain.

Intuitively, ectopic ground cell divisions might be expected to 
result in enlarged leaves and possibly also more veins, because 
veins originate from the medial ground tissues. Although ectopic 
ground cell divisions resulted in slightly larger and non-planar 
leaves, no obvious increase in venation was observed. Instead, 
extensive fragmentation of higher-order veins occurred even 
though the procambial veins were continuous, suggesting that 
vein differentiation was more sensitive to the unscheduled 
cell divisions. However, J0571 GFP expression in the medial 
ground tissue predominantly occurred after procambial forma-
tion, suggesting that fewer unscheduled cell divisions may have 
occurred during procambial vein patterning rather than dur-
ing vein differentiation. This discontinuous vein phenotype is 
similar to that of the vascular continuity mutant vascular net-
work3 (van3; Scarpella et al., 2006), which is defective in the 
subcellular localization of plasma membrane proteins, including 
PIN-FORMED auxin efflux carriers (Naramoto et  al., 2010). 
Hence, it is possible that ectopic ground cell divisions physically 
displaced procambial cells in tertiary veins and thereby possibly 
also inducing unscheduled procambial divisions, disrupting the 
auxin transport required for differentiation of continuous veins. 
In addition to auxin, vascular differentiation involves other hor-
mones and genetic regulators (reviewed in Caño-Delgado et al., 
2010; Ohashi-Ito and Fukuda, 2010) whose activity or distribu-
tion may have also been disrupted as a result of unscheduled 
ground cell divisions.

Ectopic cell division activity in the procambial domain 
may also disrupt auxin transport

Ectopic procambial cell divisions resulted in vascular defects 
reminiscent of the effects of PAT inhibition, particularly in the 
midvein region of severe Q0990>>C4 cotyledon phenotypes, 
with wider veins and defective connections between vessel 

elements. While ATI is likely to result in the selection of wider 
ground cell domains for procambial differentiation (Mattsson 
et al., 1999; Sieburth, 1999; Mattsson et al., 2003), ectopic pro-
cambial cell divisions may have a similar net effect by triggering 
additional divisions in existing procambial cells. The imperfect 
interconnection of vessel elements observed here could be due 
to disturbances in auxin transport, caused by new unpolarized 
cells disrupting the intercellular auxin transport that is believed 
to enhance alignment and interconnection of procambial cells. 
However, it should be noted that while both ground and procam-
bial ectopic cell divisions affected vein continuity, with similari-
ties to previously described auxin-related phenotypes, the leaf 
phenotypic defects from ectopic procambial divisions can be 
much more profound than those resulting from ectopic ground 
cell divisions (see below).

The C4 protein itself and/or C4-induced disrupted vascu-
lar patterning observed in this study are likely to have affected 
other hormonal pathways. The BCTV C4 protein interacts with 
AtSKη shaggy-related protein kinase in the brassinosteroid 
signalling pathway (Piroux et  al., 2007), although constitutive 
expression of BCTV-C4 can affect multiple hormonal pathways 
in Arabidopsis (Mills-Lujan and Deom, 2010). In Arabidopsis, 
cross-talk between the brassinosteroid and auxin pathways occurs 
via AtSK21 action on the auxin response factor ARF2 (Vert 
et al., 2008), and determination of shoot vascular bundle number 
involves brassinosteroid signalling coupled to PAT (Ibañes et al., 
2009). The brassinosteroid pathway may have also influenced 
vascular overproduction in Q0990>>C4, as well as factors such 
as ACAULIS5 (Clay and Nelson, 2005), TORNADO1 (TRN1), 
and TRN2 (Cnops et al., 2006) that can affect leaf vascular cell 
divisions and auxin distribution.

Ectopic procambial divisions in leaves of the weaker transacti-
vation line Q0990>>C4.1 also resulted in disruptions in leaf vein 
continuity. When ectopic cell divisions and ATI were combined, 
analogous to the construction of a double mutant line, vein con-
tinuity was restored and most leaves showed the stronger vascu-
lar overproduction phenotype typical of ATI alone. Hence, ATI 
masked or, if expressed in analogous genetic terms, acted epistat-
ically to ectopic cell divisions, suggesting that both perturbations 
acted at least broadly on the same pathway, with ATI having the 
dominant influence on the outcome. This is similar to the situ-
ation for FORKED1, which influences PIN1 localization in an 
auxin dependent manner (Hou et al., 2010). forked1 vein conti-
nuity is also restored during ATI, presumably by restoring suf-
ficient auxin concentrations for continuous differentiation along 
vascular strands (Steynen and Schultz, 2003; Hou et al., 2010).

Stronger C4 effects on procambial activity resulted in reduced 
lamina expansion, coupled with an almost complete lack of sec-
ondary and higher-order veins, collapsing the mechanism that nor-
mally governs vein formation. This phenotype is similar to that of 
the monopteros mutant, which is defective in both PAT (Przemeck 
et al., 1996) and response to auxin (Mattsson et al., 2003). Other 
mutants showing incomplete secondary strand formation in cot-
yledons or leaves also have disrupted auxin response maxima 
(Cnops et al., 2006; Carland et al., 2010). Hence, severe ectopic 
procambial cell divisions may have disrupted auxin transport and/
or signalling to the extent that vein formation no longer occurred. 
The fact that these leaves could form a primary vein but secondary 
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vein formation was severely disrupted, and both processes require 
PIN1-mediated auxin flow inwards from the epidermis (Scarpella 
et al., 2006; Wenzel et al., 2007), suggests that the feedback loop 
between secondary strand formation and auxin flow was more 
susceptible to disruptions in cell division. The parallel1 mutant, 
which has parallel-like leaf venation running along the distal/prox-
imal axis into the petiole, lacks marginal auxin response domains 
(Petricka and Nelson, 2007) that are essential for secondary strand 
loop formation and connection to the midvein (Scarpella et  al., 
2006; Wenzel et  al., 2007). The multiple parallel strands in the 
midvein region, incomplete secondary strand formation, and dis-
rupted auxin response maxima in severe Q0990>>C4 phenotypes 
also implicate essential feedback loops between procambial cell 
divisions and marginal auxin sources.

Massive vascular overgrowth involves independent cell 
division and ATI pathways

The combination of ectopic ground cell divisions and ATI, again 
analogous to the construction of a double mutant, resulted in an 
increased degree of vascular overproduction compared to the 
single treatments. This strong synergistic interaction implies that 
ectopic ground cell divisions and ATI interfered with formation 
of a normal venation pattern via separate pathways.

It is possible to explain the above results at the tissue level. 
ATI results in an increased number of vascular cells (Mattsson 
et  al., 1999). Thus, the similarities and epistatic-like relation-
ship between ectopic procambial cell divisions and ATI can be 
explained by them acting on the same tissue. Similarly, the syn-
ergistic effects of combining ectopic ground cell divisions and 
ATI can be explained by them acting on both ground and pro-
cambial tissues. It appears unlikely though that increasing the 
number of ground cells alone would result in such a strong syn-
ergistic effect on leaf vascularization in combination with ATI. 
One potential explanation is that ectopic ground cell divisions 
resulted in enhanced auxin response either by increasing local 
auxin production or by increasing cellular perception of auxin, 
which in combination with ATI increased the available auxin and 
triggered formation of ectopic veins. Indeed, ectopic cell divi-
sions in the ground cell tissues did result in ectopic expression of 
the DR5::GUS auxin response marker in cotyledons and young 
leaf primordia (Fig. 10L–O). However, ectopic procambial divi-
sions also resulted in widespread DR5::GUS expression, sug-
gesting that auxin was not the only ground cell factor behind 
the synergy. It is speculated that ectopic ground cell divisions 
may continuously provide new cells without fate determina-
tion restrictions, allowing a much larger population of cells to 
respond to the ATI-induced accumulation of auxin in developing 
leaves (Fig. 12). Regardless of the nature of the factor behind it, 
the synergistic effect suggests that differences in the regulation 
of ground cell division activity and auxin production or transport 
may result in different vein densities observed in plant species.
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