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Adventitious roots emerge from aerial plant tissues, and the induction of these roots is essential for clonal propagation of
agriculturally important plant species. This process has received extensive study in horticultural species but much less focus in
genetically tractable model species. We have explored the role of auxin transport in this process in Arabidopsis (Arabidopsis
thaliana) seedlings in which adventitious root initiation was induced by excising roots from low-light-grown hypocotyls.
Inhibition of auxin transport from the shoot apex abolishes adventitious root formation under these conditions. Root excision
was accompanied by a rapid increase in radioactive indole-3-acetic acid (IAA) transport and its accumulation in the hypocotyl
above the point of excision where adventitious roots emerge. Local increases in auxin-responsive gene expression were also
observed above the site of excision using three auxin-responsive reporters. These changes in auxin accumulation preceded cell
division events, monitored by a cyclin B1 reporter (pCYCB1;1:GUS), and adventitious root initiation. We examined excision-
induced adventitious root formation in auxin influx and efflux mutants, including auxin insensitive1, pin-formed1 (pin1), pin2,
pin3, and pin7, with the most profound reductions observed in ATP-binding cassette B19 (ABCB19). An ABCB19 overexpression
line forms more adventitious roots than the wild type in intact seedlings. Examination of transcriptional and translational fusions
between ABCB19 and green fluorescent protein indicates that excision locally induced the accumulation of ABCB19 transcript
and protein that is temporally and spatially linked to local IAA accumulation leading to adventitious root formation. These
experiments are consistent with localized synthesis of ABCB19 protein after hypocotyl excision leads to enhanced IAA transport
and local IAA accumulation driving adventitious root formation.

The root structure of plants includes a primary root
from which lateral roots form and may often include
adventitious roots that emerge from aerial tissues.
While primary roots are formed during embryogene-
sis, lateral and adventitious roots are formed post-
embryonically (Malamy and Benfey, 1997). Both lateral
and adventitious roots function to increase nutrient
and water uptake and anchor plants in soil. The ability
of stems to initiate adventitious root formation de-
pends on many environmental and physiological fac-
tors (De Klerk et al., 1999; Li et al., 2009). Formation
of adventitious roots on stem segments is widely

exploited for clonal propagation of important hor-
ticultural, crop, and forest species. Hormonal and
wounding controls of this process have been described
(De Klerk et al., 1999; Abarca and Díaz-Sala, 2009; Li
et al., 2009), with the role of auxin transport in ad-
ventitious rooting being described in a diversity of
species, including pine (Pinus taeda; Diaz-Sala et al.,
1996; Hutchison et al., 1999), carnation (Dianthus car-
yophyluss; Garrido et al., 2002), and mango (Mangifera
indica; Li et al., 2012). The molecular mechanisms by
which root excision and auxin induce adventitious
root formation are not yet clear and would be facil-
itated by studies in a genetically tractable model
species.

It is a common horticultural practice to apply auxin
to stem cuttings to increase the initiation and elonga-
tion of adventitious roots (De Klerk et al., 1999; Li
et al., 2009). Auxin application is also effective in en-
hancing adventitious root formation in intact hypo-
cotyls of Arabidopsis (Arabidopsis thaliana; Sorin et al.,
2005; Wilmoth et al., 2005). Several studies indicate
that as Arabidopsis hypocotyls mature, the induction
of adventitious root formation by excision or auxin is
reduced, consistent with a developmental context for
this process (Díaz-Sala et al., 2002; Correa et al., 2012).
In addition, two Arabidopsis mutants that have en-
dogenously high levels of indole-3-acetic acid (IAA),
superroot (sur) and rooty, exhibit a proliferation of ad-
ventitious roots (Boerjan et al., 1995; Celenza et al.,
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1995). Protein profiles from seedlings with altered adven-
titious root formation, argonaute1, sur1, and sur2, identified
proteins that are linked to auxin biosynthesis as candidates
involved in regulation of adventitious root formation
(Sorin et al., 2006).
Other studies have identified roles for auxin signaling

in adventitious root formation. Plants with mutations in
genes encoding auxin response factors (ARFs), which are
transcription factors involved in auxin signaling, indicate
that Arabidopsis ARF6, ARF8, ARF19, and ARF7 act as
positive regulators (Wilmoth et al., 2005; Gutierrez
et al., 2009), while ARF17 acts as a negative regulator
of adventitious root development (Sorin et al., 2005).
Two auxin responsive lateral organ boundary (LOB)-
domain transcription factors encoded by ADVENTI-
TIOUS ROOTLESS1 (ARL1) and CROWN ROOTLESS1
(CRL1) are also positive regulators of adventitious root
formation in rice (Oryza sativa; Inukai et al., 2005; Liu
et al., 2005). The gain-of-function mutant short hypo-
cotyl2/iaa3 has decreased adventitious root formation
(Tian and Reed, 1999), while auxin resistant3/iaa17
mutant alleles show increased formation of adventi-
tious roots (Leyser et al., 1996).
Despite the evidence that auxin transport from the

shoot apex is important in adventitious root formation
(Visser et al., 1996; Guerrero et al., 1999; Díaz-Sala et al.,
2002), the role of distinct auxin transport proteins in this
process has not been reported. Auxin movement is
mediated by influx proteins such as AUXIN RESIS-
TANT1 (AUX1) and Like AUX (LAX), which facilitate
auxin movement into cells (Marchant et al., 1999;
Swarup et al., 2008), and efflux proteins such as PIN-
FORMED (PIN) and ATP-BINDING CASSETTE TYPE
B/P-GLYCOPROTEIN/MULTIDRUG RESISTANT
(ABCB/PGP/MDR) proteins, which participate in
auxin efflux (Gälweiler et al., 1998; Noh et al., 2001;
Zazímalová et al., 2010). Defects in AUX1, LAX3, PIN1,
and ABCB19/PGP19/MDR1 (from here on referred
to as ABCB19) reduce initiation and/or elongation of
lateral roots (Marchant et al., 2002; Benková et al.,
2003; Wu et al., 2007; Swarup et al., 2008; Lewis et al.,
2011). Additionally, lateral root development has been
shown to depend on complex changes in expression of
PIN proteins prior to lateral root initiation and in de-
veloping primordia (Benková et al., 2003; Laskowski
et al., 2008; Lewis et al., 2011). A recent report describes
increased auxin induction of auxin influx carriers in
mango cotyledons induced to form adventitious roots
(Li et al., 2012). These results indicate that a distinct set
of auxin transport proteins control lateral root devel-
opment and suggest that similar specificity and com-
plexity might regulate adventitious root development.
This study utilized Arabidopsis as a model to un-

derstand the role of auxin transport in adventitious root
formation and to examine the molecular mechanisms
by which auxin induces adventitious root formation
in shoot explants. Arabidopsis seedlings grown under
low-light conditions form elongated hypocotyls in
which auxin transport can be measured and are optimal
for root excision to induce adventitious roots. We have

examined the developmental origin and auxin response
of these excision-induced roots and identified local
and developmentally significant auxin-induced gene
expression at the site of root excision. An array of auxin
transport mutants and an ABCB19 overexpression
construct were used to demonstrate the role of ABCB19
in adventitious root formation. Furthermore, we have
examined expression of promoter and coding sequence
fusions of ABCB19 sequence to GFP and found en-
hanced GFP fluorescence upon root excision. These
results have uncovered an underlying mechanism by
which root excision alters ABCB19-mediated auxin
transport leading to the formation of adventitious roots.

RESULTS

Root Excision from Arabidopsis Hypocotyls Increases
Adventitious Root Formation

We asked if Arabidopsis was a feasible model to ex-
amine the mechanisms for auxin- and excision-induced
adventitious root formation. Most studies aimed at
identifying the role of auxin signaling in adventitious
root formation in Arabidopsis hypocotyls have used
intact etiolated hypocotyls (Sorin et al., 2005, 2006;
Correa et al., 2012). Basipetal IAA transport is at ex-
tremely low levels in etiolated Arabidopsis hypocotyls,
but levels are more amenable to study in low-light-
grown hypocotyls (Rashotte et al., 2003; Liu et al.,
2011), necessitating the use of alternate growth con-
ditions for our study. As 12- to 30-d-old light-grown
Arabidopsis seedlings can be induced to form adven-
titious roots upon root excision (Díaz-Sala et al., 2002;
Correa et al., 2012), we modified these conditions for
examination of younger seedlings grown in limited
light to elongate hypocotyls. This allowed us to ask if
we could identify the mechanisms by which excision
alters auxin transport and adventitious root formation.

We germinated seedlings in low light (3–5 mmol
m–2 s–1) to induce hypocotyl elongation. On the fifth day
after sowing, seedlings were transferred to high-light
conditions (85–100 mmol m–2 s–1) with and without ex-
cision of the basal half of the shoot and root system
(termed root-excised hypocotyls). Intact hypocotyls
form zero to one adventitious root per plant located in
the middle of the hypocotyl by the eighth day after
transfer to high light, while excision substantially in-
creased the number of adventitious roots formed (Fig.
1). Excision had the advantage of reproducibly inducing
adventitious roots at a position 1 to 2 mm above the site
of excision, so molecular events associated with root
formation could be examined at this position prior to
the first detectable adventitious root.

Adventitious Roots Induced by Excision Emerge from
the Pericycle

Histological analysis suggested adventitious roots
forming on intact hypocotyls initiate from pericycle
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cells in Arabidopsis (Falasca and Altamura, 2003;
Takahashi et al., 2003). A recent report indicated the
developmental origin of adventitious roots may vary
based on Arabidopsis tissue type and age used in the
analysis (Correa et al., 2012). Therefore, we sought to
identify the developmental origin of adventitious roots
in our samples using differential interference contrast
(DIC) imaging of the cleared wild type and two marker
constructs, cyclin B1 (pCYCB1;1:GUS) and a pericycle-
expressed enhancer trap line, J0121. In cleared wild-type
tissues, the sequence of adventitious root development
is shown in Figure 2, with the stage of root development
in each image indicated in Roman numerals corre-
sponding to the sequence of developmental stages
defined for lateral roots (Malamy and Benfey, 1997).
The developing adventitious roots appear to emerge
from pericycle cells in these DIC images. To define
early division events, we examined the pCYCB1;1:GUS
reporter, which is expressed in dividing cells (DiDonato
et al., 2004). In basal regions of the hypocotyl, this

reporter is only expressed in adventitious root pri-
mordia (DiDonato et al., 2004), which developed close
to the vascular tissue (Fig. 2B). Seedlings of the en-
hancer trap line J0121, which expresses GFP in peri-
cycle cells of the hypocotyl and root (as well as
epidermal cells of hypocotyls, but not roots; Laplaze
et al., 2005), were examined by laser scanning confocal
microscopy (LSCM). These seedlings show GFP fluo-
rescence in pericycle cells at the base of emerged ad-
ventitious roots of root-excised hypocotyls and in
early-stage adventitious root primordia (Fig. 2C). The
plasma membrane dye FM4-64 is largely excluded
from primordia, marking them with lower fluores-
cence, and in the J0121:GFP reporter line, the forma-
tion of primordia from pericycle cells is evident (Fig.
2D). Thus, in low-light-grown hypocotyls, excision-
induced adventitious roots of Arabidopsis, like lateral
roots and adventitious roots forming on intact hypo-
cotyls, develop from pericycle cells.

Transport of Auxin from the Shoot Apex Is Required for
Adventitious Root Formation

We asked if Arabidopsis adventitious root formation
is dependent on auxin transport under our experimen-
tal conditions, as root excision-induced adventitious
roots on Arabidopsis hypocotyls show age-dependent
variation in sensitivity to auxin and auxin transport
inhibitors (Díaz-Sala et al., 2002; Correa et al., 2012).
Treatment of root-excised hypocotyls with the IAA ef-
flux inhibitor naphthylphthalamic acid (NPA) at 10 mM

or removal of shoot apices prevented adventitious
root formation 7 d after treatment. Additionally, the
replacement of shoot apices of root-excised hypocotyls
with localized IAA treatment restored adventitious root
formation (Supplemental Table S1) but required high
concentrations (100 mM) because of the localized appli-
cation. By contrast, application of 100 mM NPA locally
below the site of application of IAA reversed the effect
of IAA. These results confirmed that auxin movement
from the shoot apex is essential for adventitious rooting
in our experimental system and provide background
context for identifying mechanisms of auxin transport
involved in excision-enhanced root formation.

In addition, we compared the effectiveness of auxin
on induction of adventitious roots in intact versus root-
excised hypocotyls to determine whether the response
to auxin was changed by excision. Treatment of 5-d-
old root-excised and intact hypocotyls with IAA in-
creased the number of adventitious roots relative to
untreated hypocotyls at concentrations ranging from
0.1 to 25 mM IAA (Supplemental Fig. S1). This result
is consistent with increases in adventitious roots on
intact Arabidopsis hypocotyls at IAA concentrations
between 0.1 and 10 mM (Wilmoth et al., 2005) and in
derooted juvenile hypocotyls (Correa et al., 2012) but
differs from the report that IAA or indole-butyric acid
did not stimulate adventitious rooting in mature root-
excised hypocotyls (Díaz-Sala et al., 2002; Correa et al.,

Figure 1. Root excision increases adventitious root formation in Arab-
idopsis. A, The number of adventitious roots was determined in the
intact or root-excised hypocotyls (n = 20–30). B, Adventitious root
formation on intact (left) and excised (right) cleared hypocotyls is
shown after 7 d. Arrow points to an adventitious root in the intact
hypocotyl, and arrowhead points to site of excision. Bar = 5 mm. [See
online article for color version of this figure.]
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2012), emphasizing that developmental response to
auxin varies with hypocotyl tissue age. The magnitude
of induction of root formation by IAA was 1.6-fold and
13.5-fold in root-excised and intact hypocotyls, re-
spectively. The limited response to exogenous auxin in
excised hypocotyls is consistent with excision increas-
ing auxin in the hypocotyl to a near-maximum level
for root formation, resulting in limited additional re-
sponse when IAA is added.

Excision Causes Local Increases in Auxin-Induced
GUS Expression

We hypothesized that the effect of excision is an
increase in local auxin accumulation and signaling at
the hypocotyl base, driving adventitious root forma-
tion. Hypocotyls of Arabidopsis plants transformed
with the auxin responsive reporters pIAA2:GUS,
pGretchen Hagen3 (GH3)-2:GUS, and pDR5:GUS were
root excised, and GUS staining was initiated every
hour for 9 h and at 24 and 48 h after excision (Fig. 3A).
No expression was detected in these reporters in intact
hypocotyls or in the hypocotyls earlier than 9 h after
excision. GUS activity was detected at the base of the
hypocotyl just above the site of excision and in the
apices of developing adventitious roots in pIAA2:GUS
and pGH3-2:GUS at 9 h after excision, while pDR5:GUS
took longer to be detected because of its weaker signal

in this tissue (Fig. 3A). Higher magnification images of
excised hypocotyls of pGH3-2:GUS show that GUS
activity is highest in pericycle cells where adventitious
root primordia are forming and is much lower in
surrounding cortical cells (Fig. 3B). The presence of
localized increases in expression of these auxin re-
sponsive promoter constructs above the point of exci-
sion of the hypocotyl could be due to increases in
auxin synthesis, signaling, or transport. To ask if this
expression occurs as a result of IAA transport, we
treated GH3-2:GUS hypocotyls with NPA, an auxin
transport inhibitor, which prevented localized GH3-2:
GUS expression (Supplemental Fig. S2), consistent
with auxin transport being required for this localized
auxin-induced gene expression.

We also asked if there were changes in the level of
free IAA with excision. Free IAA levels were not sig-
nificantly different between intact and root-excised hy-
pocotyls at any examined time point (Supplemental Fig.
S3 and Supplemental Materials and Methods S1). Al-
though we expected elevated free IAA after root exci-
sion to parallel the local GUS reporter increases, it is
likely that free IAA only changes locally, not in the en-
tire hypocotyl. Alternatively, because GH3-2 is an en-
zyme that conjugates free IAA to amino acids (Staswick
et al., 2005), changes in IAA levels may be masked by
elevated IAA conjugation at the hypocotyl base.

Additionally, we examined the initiation of cell division
for primordium development at identical time points in

Figure 2. Adventitious roots emerge from pericycle tissues of the hypocotyl. DIC images of various stages of primordia de-
velopment in: A, Cleared hypocotyls of the wild type at the developmental stage noted in Roman numerals; B, AtCYCB1;1:GUS
transgenic hypocotyls; C, LSCM image of pericycle marker J0121:GFP in emerging adventitious roots; and D, LSCM images of
pericycle marker J0121:GFP and FM4-64 staining in adventitious root primordia. The arrowhead notes a primordium from
which most FM4-64 stain is excluded. Bars = 50 mm (A, C, and D) and 30 mm (B).
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root-excised seedlings. pCYCB1;1:GUS expression is de-
tected at 18 to 24 h after root excision (Fig. 3, A and B),
much later than initial detection of either auxin reporter,
suggesting that local auxin accumulation precedes cell
division. Higher magnification images of excised
hypocotyls in this reporter line show GUS activity
only in adventitious root primordia and not in surrounding
cells (Fig. 3B).

Excision Enhances Auxin Transport, and Plants with
Mutations in IAA Efflux Carriers Have Reduced
Adventitious Root Formation

We examined rootward auxin transport in intact
and root-excised hypocotyls. The amount of 3H-IAA,
which is transported from the shoot apex and accu-
mulates at the hypocotyl base, is increased within as
little as 4 h after excision, with similar increases at 24

Figure 3. Excision increases local ex-
pression of auxin-responsive and cell
division reporters in adventitious roots
developing from pericycle cells. A,
Intact or root-excised hypocotyls of
pIAA2:GUS, pGH3-2:GUS, pDR5:
GUS, and AtCYCB1;1:GUS were
stained at the indicated time after ex-
cision. Insets show a 2.53 view of the
hypocotyl base or the equivalent re-
gion in intact seedlings. Bar = 1 mm. B,
Higher magnification images of intact
or root-excised hypocotyls of AtGH3-
2:GUS and AtCYCB1;1:GUS were
stained 24 h after excision or in time-
matched intact controls. Bar = 50 mm.
Labels correspond to different cell files.
P, Pericycle; V, vascular bundle; C,
cortex; E, epidermis; A, adventitious
root primordia.
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and 48 h after excision, with a maximal 400% increase
(Fig. 4A). This is consistent with an increase in auxin
transported into and remaining in the root-excised
hypocotyl base, leading to local auxin accumulation,
which drives adventitious root formation. The kinetics
of this elevated IAA transport precede both the local-
ized IAA accumulation detected with reporters and
the initiation of adventitious roots, suggesting en-
hanced IAA delivery may drive this process.
As some auxin transport mutants have defects in

either lateral root initiation or elongation, we asked if
adventitious root formation was affected in previously
characterized null alleles of auxin transport mutants
aux1-7, ethylene insensitive root1 (eir1-1, a pin2 allele),
pin3-3, abcb19-1 (previously called mdr1-1), pin7
(Salk 048791), and pin1-1 (Pickett et al., 1990; Okada
et al., 1991; Luschnig et al., 1998; Friml et al., 2002;
Laskowski et al., 2008; Lewis et al., 2009). All mutants
are in ecotype Columbia (Col-0), except abcb19-1,
which is in ecotype Wassilewskija (Ws; Lewis et al.,
2007). The adventitious rooting for each mutant is
normalized relative to the appropriate wild type (Fig.
4B). Although aux1 and pin2 showed no significant
differences in adventitious root formation, pin3-3 and
pin7 showed slight but significant reductions relative

to the appropriate wild-type control. Of greatest sig-
nificance, abcb19-1 and pin1-1 formed approximately
50% and 40% fewer adventitious roots than the wild
type, respectively. This effect is at the level of initiation
of adventitious roots, as all of the adventitious roots
that initiated also emerged and elongated under these
treatments, as judged by quantification of primordia at
several time points after excision (data not shown). The
important role of ABCB19 in this hypocotyl response is
consistent with previously published microarray data
showing high levels of transcripts of ABCB19 in hy-
pocotyls (Van Hoewyk et al., 2008; Supplemental Fig.
S4), leading us to focus on the role of ABCB19 in ad-
ventitious root development.

ABCB19 Overexpression Increases Adventitious Root
Formation and Auxin Transport

To confirm the role of ABCB19 in adventitious root
formation, we quantified adventitious root numbers in
intact and root-excised hypocotyls of two abcb19 null
alleles, abcb19-1 and abcb19-3, in the Ws and Col-0
backgrounds, respectively (Lewis et al., 2007), and the
ABCB19 overexpression line p35S:ABCB19 (in Ws; Wu
et al., 2010), compared with both the Ws and Col-0 wild
type (Fig. 5A). The induction of adventitious roots by
root excision is greater in Col-0 than Ws, largely be-
cause of lower numbers of adventitious roots formed in
intact Col-0. In both abcb19 alleles, the magnitude of the
root induction by root excision is significantly reduced
relative to the appropriate wild type. Intact hypocotyls
of p35S-ABCB19 formed approximately 8-fold more
adventitious roots than the intact wild type. By contrast,
in root-excised hypocotyls, the number of adventitious
roots in the overexpression line and Ws were not sig-
nificantly different. These results are consistent with
excision inducing ABCB19 accumulation to levels equiv-
alent to the overexpression lines.

To further test this hypothesis and the corollary that
elevated ABCB19 protein synthesis increases hypocotyl
auxin transport, we measured hypocotyl rootward
(previously called basipetal) 3H-IAA transport in the
p35S:ABCB19 line and the wild type in the presence and
absence of root excision. Auxin transport is not reported
for abcb19, as the mdr1-1 allele was previously reported
to have reduced hypocotyl transport (Noh et al., 2001;
Christie et al., 2011). In the wild type, excision causes
enhancement of auxin transport and accumulation in
the basal region of the hypocotyl, with approximately
400% increase relative to intact hypocotyls. In p35S:
ABCB19-intact hypocotyls, transport is more than 200%
of intact wild-type levels, but in excised hypocotyls,
p35S:ABCB19 shows only 120% of wild-type levels (Fig.
5B), consistent with enhanced accumulation of ABCB19
in the wild type upon excision to roughly equivalent
levels to the overexpression line.

Surprisingly, intact abcb19-1 and abcb19-3 hypocotyls
have 4- and 1.6-fold elevated adventitious root for-
mation relative to the wild type, respectively (Fig. 5A),

Figure 4. Excision induces IAA transport, and auxin transport mutants
show less adventitious root formation. A, Tritiated IAA transport from
the shoot apex toward the root (rootward transport) was measured in
hypocotyls at the times after excision compared with intact hypocotyls.
The average and SE are reported, and all samples showed significant
induction by excision (P , 0.001). B, The effect of mutations in genes
encoding auxin transport proteins on adventitious roots 7 d after ex-
cision (n = 10–31). Number sign indicates P# 0.05 between indicated
genotypes compared with the wild type (WT).
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contrasting with reduced formation in the root-excised
mutants relative to the wild type (Fig. 4B). We hy-
pothesize that if ABCB19 protein is synthesized at low
levels in intact hypocotyls, the high levels in roots may
enhance long-distance transport from the shoot apex
toward the root tip, decreasing the concentration of
auxin accumulating at the hypocotyl base in the wild
type. In abcb19, the absence of root expression would
raise the levels of auxin at the base of the hypocotyl,
facilitating adventitious root formation. To explore this
possibility, we examined the accumulation patterns of
ABCB19 using GFP fusions.

Excision and Overexpression Elevates ABCB19-GFP
Fluorescence in Hypocotyls

To determine if there are changes in ABCB19 ex-
pression and protein accumulation as a result of root
excision and overexpression, we examined previously
published GFP reporters pABCB19-GFP, pABCB19:
ABCB19-GFP, and p35S:ABCB19-GFP. The fluores-
cence of these reporters is localized to the plasma
membrane in root cells (Wu et al., 2007, 2010) and in
the epidermis in the apical hook of etiolated hypo-
cotyls (Wu et al., 2010). This construct has not been
examined along the entire length of the root or hypo-
cotyl. Intact and excised hypocotyls of these three re-
porters were observed 6 h after root excision, a time
point chosen to examine the changes that occur before
auxin accumulation, judged by the auxin-responsive
reporter lines shown in Figure 3. Images were cap-
tured using LSCM tile scans, which collect multiple
adjacent images, providing information on the ex-
pression patterns throughout the whole seedling (Fig.
6A). We observed expression of these reporters in the
epidermis of hypocotyls, consistent with a previous
examination in the hypocotyl apex (Wu et al., 2007).
We also examined expression in a broader tissue con-
text than in the previous analysis and observed bright
fluorescence in the vascular tissue (Fig. 6). We have also
examined the expression in individual optical slices and
see that there is membrane-associated fluorescence in
the pericycle layer consistent with IAA transport ca-
pacity in those cells (but at lower intensity than the
adjacent vascular signal), consistent with this protein
participating in auxin transport in the cells from which
adventitious roots form (Supplemental Fig. S5).

In intact seedlings, the expression of the two pABCB19-
driven constructs is stronger in the roots than in the
hypocotyls (Fig. 6A). Upon root excision, both con-
structs show brighter fluorescence in the region di-
rectly above the point of excision, which is even more
evident at higher magnification (Fig. 6B). The one in-
teresting difference is that the transcriptional promoter
construct, pABCB19:GFP, shows increased fluorescence
in only the central cylinder, while the translational fu-
sion, pABCB19:ABCB19-GFP, shows elevated expres-
sion both in the epidermis and the central cylinder.

The effect of excision on GFP fluorescence is quan-
tified in Table I and clearly indicates that there is ele-
vated expression of ABCB19:GFP in vascular tissues
resulting from excision, while the absence of increased
epidermal expression in the transcriptional fusion
hints at additional posttranslational controls of accu-
mulation of this protein. The ABCB19-driven reporter
accumulates in the hypocotyl base with similar spatial
characteristics to elevated IAA accumulation,
as judged by IAA2:GUS, GH3:GUS, and DR5:GUS
(Fig. 3). The excision-induced elevated expression of
pABCB19:ABCB19:GFP occurs much more rapidly,
being strongly induced at 6 h, in contrast to the de-
tection of the auxin-induced reporters beginning at 9 h
after excision These results are consistent with ABCB19

Figure 5. ABCB19 expression levels are linked to excision-induced
adventitious root formation and auxin transport. A, The formation of
adventitious roots in intact and excised hypocotyls is reported relative
to intact seedlings of the parental genotypes (Ws for abcb19-1 and
35S:ABCB19; Col for abcb19-3). n = 41–60. Asterisk indicates P #

0.05 in excised or intact hypocotyls between genotypes. In all geno-
types, excision significantly increases root formation over intact sam-
ples (P # 0.001), so this is not noted on the graph. B, The effect of root
excision and p35S:ABCB19 on auxin transport 2 d after excision. The
average and SE are reported. Asterisk indicates P # 0.05 between
genotypes as compared to wild type. Number sign indicates P # 0.05
between intact and excised samples within genotypes. WT, Wild type.
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driving auxin transport to create local auxin accumu-
lation that induces adventitious root formation.
We also examined an ABCB19 overexpression line,

35S:ABCB19:GFP, and found that the GFP fluorescence
of this construct is brighter than either endogenous
promoter construct, particularly in the hypocotyl (Fig.
6, A and B). Upon excision, this expression is not
substantially changed, consistent with maximal ex-
pression under the control of the 35S promoter. This
effect is quantified in Table I, showing equivalent ex-
pression in the 35S promoter-driven construct to the
excision-induced pABCB19-driven promoter. In intact
hypocotyls of this overexpression line, the GFP signal

and adventitious rooting are similarly elevated relative
to the wild type.

Enhanced pABCB19-driven GFP expression after
excision is consistent with the role of ABCB19 in me-
diating enhanced auxin transport resulting in auxin
accumulation at the hypocotyl base, driving adventi-
tious root formation. To test for the requirement of
ABCB19 in localized auxin accumulation, the expres-
sion patterns of two additional auxin responsive
promoter-driven reporters, pDR5:GUS and pDR5:GFP,
were compared in both wild-type and abcb19 back-
grounds (Fig. 6C). These reporters show enhanced
expression directly above the position of root excision

Figure 6. Local ABCB19 transcription
and pABCB19:ABCB19-GFP protein
accumulations are enhanced with ex-
cision. A, LSCM tile scan images of
root-excised pABCB19:ABCB19-GFP,
pABCB19:GFP, and p35S:ABCB19-GFP
taken 6 h post excision. Bar = 400 mm.
B, Comparison of intact and root-
excised hypocotyls of pABCB19:
ABCB19-GFP, pABCB19:GFP, and
p35S:ABCB19-GFP examined by LSCM
tile scans 6 h post excision. Bars =
100 mm. C, Higher magnification LSCM
images of DR5:GUS and DR5:GFP
upon root excision in abcb19-1 and
abcb19-3 mutant hypocotyls, respec-
tively. Bars = 200 mm.
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in wild-type seedlings. By contrast, in the abcb19-1 and
abcb19-3 null mutants, the expression of both reporters
is less intense at the point of excision, with more dif-
fuse expression along the hypocotyl, consistent with
the reduced induction of adventitious root formation
in this mutant upon root excision relative to the wild
type (Fig. 6C). The visualization of faint pDR5:GUS
expression in intact abcb19-1 hypocotyls, but not wild
type, is also consistent with the phenotype of this
mutant, which forms more adventitious roots than the
wild type in intact hypocotyls.

We have observed that root excision induces both
auxin-responsive reporters and ABCB19 reporters in
the hypocotyl. It is possible that either IAA accumu-
lation results from elevated auxin transport protein
synthesis or that localized elevated IAA accumulation
drives auxin transport protein synthesis. To test the
possibility that auxin induces ABCB19 accumulation,
we applied 5mM IAA localized to the point of excision
on intact and excised hypocotyls in the pABCB19-GFP
line. We did not observe changes in GFP fluorescence
in intact hypocotyls or 6 h after root excision between
control and IAA treatment and only observed a slight
increase in fluorescence in root-excised hypocotyls
after 24 h with IAA treatment (Supplemental Fig.
S6). Similarly, these IAA treatments do not restore
wild-type adventitious root formation to excised
hypocotyls of abcb19-1 (data not shown). This result
suggests that excision, rather than IAA accumula-
tion, causes the induction of ABCB19 at the hypo-
cotyl base. It also supports our hypothesis that ABCB19
is responsible for IAA accumulation, and not vice versa,
under these conditions.

A model suggesting the mechanisms by which
ABCB19 controls adventitious root formation is illus-
trated in Figure 7. This model summarizes ABCB19:
GFP fluorescence patterns (Fig. 6), auxin accumulation
patterns (Fig. 3), and auxin transport (Fig. 5). This
model highlights the induction of all three processes
in the wild type upon root excision, with reduced

induction of all three in the abcb19 mutant. The over-
expression line has elevated ABCB19 expression, auxin
transport, and rooting in intact hypocotyls, but in ex-
cised hypocotyls, the root excision process elevates
wild-type ABCB19 and the dependent processes to
levels equivalent to the overexpression construct. This
model also addresses one point of complexity in our
data set, the increased adventitious rooting in intact
hypocotyls of two alleles of the abcb19 mutant. Con-
sistent with this model, the expression pattern of
pABCB19:ABCB19-GFP in intact hypocotyls shows
greater expression in the root than the hypocotyl (Fig.
6A). This suggests that in wild-type seedlings, high
ABCB19 expression in roots may act as an auxin sink,
preventing the formation of auxin maxima in the hy-
pocotyls needed for initiation of adventitious roots. In
the abcb19 mutant, the absence of this root expression
may cause auxin concentration in hypocotyls to be
higher than in the wild type, leading to greater num-
bers of adventitious roots. This model is supported by
the increase in expression of the DR5:GUS reporter in
abcb19-1, which suggests enhanced auxin accumula-
tion in intact abcb19 mutant hypocotyls (Fig. 6C). To-
gether, these results are consistent with a mechanistic
model in which root excision increases the synthesis of
the ABCB19 protein in the hypocotyl leading to ele-
vated IAA transport and localized IAA accumulation
that then drives the formation and elongation of ad-
ventitious roots.

DISCUSSION

Lateral and adventitious roots serve important
functions in plants, providing an extensively branched
network that absorbs moisture and nutrients as well
as providing anchorage. Despite the apparent struc-
tural similarities between adventitious and lateral
roots, much less is known about the mechanisms that
drive adventitious root initiation, emergence, and

Table I. Excision alters GFP expression in ABCB19 transcriptional and translational fusion constructs

Quantification of intensity was performed with 12 to 21 seedlings, and values are the average 6 SE.
Values for pABCB19:ABCB19-GFP and 35S:ABCB19-GFP are reported as percentage of intact pABCB19:
ABCB19-GFP. Values for pABCB19:GFP are reported as percentage of intact pABCB19:GFP.

GFP Construct Tissue Hypocotyl Treatment GFP Intensity

pABCB19:ABCB19-GFP Epidermis Intact 100 6 9
Epidermis Excised 247 6 24a

Central cylinder Intact 100 6 8
Central cylinder Excised 284 6 46a

35S:ABCB19-GFP Epidermis Intact 255 6 4a

Epidermis Excised 268 6 3a

Central cylinder Intact 193 6 13a

Central cylinder Excised 288 6 11a

pABCB19:GFP Epidermis Intact 100 6 6
Epidermis Excised 95 6 7
Central cylinder Intact 100 6 15
Central cylinder Excised 513 6 19a

aValues significantly different from intact controls used for normalized with P , 0.05.
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elongation. The developmental sequence (Malamy and
Benfey, 1997) and environmental (Malamy and Ryan,
2001) and hormonal controls (Péret et al., 2009) of
lateral root formation are well studied in Arabidopsis,
yet the low frequency of adventitious root formation
(only zero to two per plant) in Arabidopsis has limited
the studies exploring the mechanisms that drive this
process (Sorin et al., 2005, 2006; Wilmoth et al., 2005;
Gutierrez et al., 2009).
These experiments explored the developmental se-

quence and hormonal controls of excision-induced
adventitious root formation in Arabidopsis. Previous
groups had either used dark growth followed by light
growth (Takahashi et al., 2003; Sorin et al., 2005, 2006;
Gutierrez et al., 2009) or removal of the root from
mature light-grown seedlings (Díaz-Sala et al., 2002;
Correa et al., 2012) to induce adventitious root for-
mation. We maximized adventitious root formation
through a combination of these strategies. We grew
seedlings under low light followed by excision of the
lower half of the hypocotyl and transfer to high light.
Adventitious roots form with 10-fold higher frequency
under these treatments, compared with intact controls.
Root excision also alters the position of adventitious
root formation from the middle of intact hypocotyls to
a single position localized 1 to 2 mm above the site of
excision. This provides a position at which the mo-
lecular events that precede adventitious root formation
can be examined. Enhanced root formation upon root
excision facilitates the study of this process consistent
with root excision used for vegetative propagation of
horticultural and forest plant species (for review, see
De Klerk et al., 1999; Abarca and Díaz-Sala, 2009).
Examination of adventitious root developmental

stages allows us to conclude that increased root for-
mation is at the level of initiation of adventitious root
primordia, rather than on emergence or elongation of
adventitious roots.

We have examined adventitious root development
and find that excision-induced adventitious roots
emerge from Arabidopsis hypocotyl pericycle cells,
like adventitious roots forming on intact hypocotyls
(Falasca and Altamura, 2003; Takahashi et al., 2003).
The excision-induced adventitious roots show devel-
opmental differences from those forming on month-old
light-grown seedlings (Correa et al., 2012), consistent
with age-dependent differences in adventitious root
induction by excision and auxin (Díaz-Sala et al., 2002;
Correa et al., 2012).

Although previous studies indicated that develop-
ment of adventitious root formation is controlled by a
complex network of auxin-signaling proteins (Sorin
et al., 2005, 2006; Wilmoth et al., 2005; Gutierrez et al.,
2009), our goal was to identify the mechanisms by
which auxin transport and accumulation regulates ad-
ventitious root formation. The essential role of auxin
transport in initiation and development of lateral roots
in Arabidopsis (Péret et al., 2009) and adventitious root
formation in horticultural and forest species (De Klerk
et al., 1999; Abarca and Díaz-Sala, 2009) has been
suggested previously. Consistent with auxin transport
controlling adventitious root formation, we find that
removal of the auxin source at the shoot apex or treat-
ment with the IAA efflux inhibitor NPA blocks adven-
titious root formation. These effects are both reversible
by IAA. This finding is consistent with inhibition of
adventitious rooting after NPA or 2,3,5-triiodobenzoic
acid treatments in light-grown Arabidopsis seedlings

Figure 7. Model describing the pro-
posed mechanisms by which excision
enhances ABCB19 synthesis and auxin
transport leading to localized auxin
accumulation that drives adventitious
root formation. The levels of ABCB19
protein are illustrated in green shading
with darkness of shades proportional to
expression levels, based on ABCB19:
GFP reporter expression. The resulting
levels of IAA in hypocotyls and roots
are noted in shades of red to the left of
each seedling, with darker red indi-
cating higher IAA concentration. The
amount of auxin transport is indicated
by the width of the arrows, a thicker
line denoting greater transport levels.
The frequency of adventitious root for-
mation is noted, although lateral root
formation is omitted for simplicity. The
flowchart at the bottom of the figure
illustrates the temporal order of events
occurring in the model. WT, Wild type.
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(Díaz-Sala et al., 2002), Arabidopsis inflorescence seg-
ments (Ludwig-Müller et al., 2005), etiolated carnation
seedlings (Guerrero et al., 1999; Garrido et al., 2002),
rice hypocotyls (Morita and Kyozuka, 2007), and pine
seedlings (Diaz-Sala et al., 1996).

We find that root excision increased the flux of auxin
transported from the apex to the hypocotyl base by
more than 4-fold and as early as 4 h after excision,
preceding any changes in adventitious root develop-
ment. We detected elevated auxin-induced gene ex-
pression events directly above the point of root excision
using three auxin-responsive promoter-driven GUS or
GFP constructs and demonstrated that this localized
gene expression was blocked by auxin transport inhib-
itor treatment. The increases in auxin-induced reporter
expression occurred prior to the earliest cell division
events leading to formation of adventitious root pri-
mordia and is blocked by treatment with auxin trans-
port inhibitors. This finding is consistent with other
auxin-dependent gene expression events that increase
upon excision in tree seedlings determined by PCR and
quantitative real time-PCR (Hutchison et al., 1999;
Sánchez et al., 2007; Solé et al., 2008; Vielba et al., 2011)
but goes beyond those prior findings to visualize the
position of these localized changes using auxin-
responsive reporter constructs. Together, these experi-
ments clearly indicate an important role of auxin transport
and localized auxin accumulation in excision-induced
root formation.

Additionally, we explored the alternative possibility
that changes in synthesis or sensitivity to auxin drives
excision-induced root formation. IAA treatment stim-
ulates adventitious root formation in intact and root-
excised hypocotyls, consistent with previous reports of
treatments of intact Arabidopsis hypocotyls (Wilmoth
et al., 2005). Although the magnitude of the induction
by IAA treatment is greater in intact than root-excised
hypocotyls, the treatment of intact hypocotyls with
high doses of IAA never leads to root formation that is
equivalent to induction by root excision. These results
suggest that auxin distribution, which is modified by
excision, rather than the inherent sensitivity to auxin,
drives the elevated response in excised hypocotyls.
Additionally, we did not detect significant increases in
free IAA levels in hypocotyls as a result of root exci-
sion (Supplemental Fig. S3), although we cannot rule
out localized changes in free IAA or conjugates that
may play a role in this process. Therefore, changes in
auxin transport and resulting distribution of auxin is
much more strongly implicated in enhanced root ini-
tiation in response to excision.

We used a genetic approach to identify auxin trans-
port proteins required for enhanced adventitious root
formation after root excision. Four mutants with defects
in IAA efflux proteins, pin1, pin3, pin7, and abcb19,
showed statistically significant reductions in adventi-
tious root formation. Two abcb19 mutant alleles had the
greatest reductions in excision-induced root formation,
suggesting that ABCB19 may transport auxin required
for adventitious root initiation. Overexpression lines of

ABCB19 had enhanced auxin transport and adventi-
tious root initiation in intact hypocotyls, consistent with
this hypothesis. Although additional proteins likely
participate in the regulation of adventitious root
formation, this result strongly indicates a role for
ABCB19 in adventitious root formation.

To further understand the mechanism of enhanced
IAA transport after root excision, we examined the GFP
fluorescence of ABCB19 transcriptional and translational
fusions under the control of endogenous and 35S pro-
moters. These reporters are expressed in both epidermal
tissues and vascular and pericycle cells, with the later
localization linked to controlling auxin delivery to de-
veloping lateral root primordia. GFP fluorescence of
ABCB19 transcriptional and translational fusions in-
creases after root excision in the region above the point
of excision, with similar increases in the central cylinder
in both fusions. The increases in fluorescence in the ep-
idermal layer are restricted to the pABCB19:ABCB19-GFP
construct, suggesting that root excision may also affect
ABCB19 protein abundance via a posttranscriptional
mechanism. This finding is intriguing in light of the re-
cent report that ABCB19 is phosphorylated by photo-
tropin1 as a posttranslational regulation to modulate
ABCB19 auxin transport activity (Christie et al., 2011).

We also determined that localized exogenous IAA did
not significantly increase pABCB19:GFP reporter levels in
intact or root-excised hypocotyls. This result suggests
excision induces ABCB19 expression, leading to IAA
accumulation at the hypocotyl base, rather than the
converse. We quantified transcript levels of ABCB19 in
intact and root-excised hypocotyls using quantitative
reverse transcription-PCR but found no difference in
expression levels (data not shown). The lack of detectable
transcript changes is likely due to the local and tissue-
specific changes in ABCB19 expression that limit detec-
tion in whole seedlings. The ABCB19 overexpression
construct also provides insight into this regulation. p35S:
ABCB19-GFP exhibited greater fluorescence in the hypo-
cotyl and root in intact seedlings relative to the endoge-
nous promoter-driven reporter. By contrast, in root-excised
hypocotyls, the fluorescence of this p35S-driven construct
is equivalent to the endogenous promoter-driven ABCB19
construct, consistent with the induction of ABCB19 syn-
thesis to the levels of the overexpression line, upon root
excision. These expression changes are directly correlated
with elevated adventitious root formation in either root-
excised wild-type or overexpression lines and the absence
of cumulative induction in root-excised overexpression
lines.

Surprisingly, intact seedlings of two alleles of abcb19
formed more adventitious roots than the intact wild
type, with either 4- or 1.6-fold increases. The detailed
examination of expression of the pABCB19-driven GFP
fusion constructs provided insight into the initially
surprising adventitious root phenotype. pABCB19-
driven transcriptional and translational fusions to GFP
show strong expression in the root and weak expres-
sion in intact hypocotyls. Elevated rooting in intact
abcb19 seedlings can be explained by the higher levels
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of expression of ABCB19 seen in wild-type roots that
act as a sink, thereby reducing auxin accumulation in
wild-type hypocotyl and the absence of this sink en-
hancing root formation in the mutant. Consistent with
this hypothesis, the auxin-responsive reporter DR5:
GUS was expressed in intact abcb19 hypocotyls but not
in the wild type, consistent with enhanced auxin ac-
cumulation in intact hypocotyls of this mutant.
These findings suggest mechanisms by which root

excision induces adventitious root formation. The
model in Figure 7 summarizes the proposed mecha-
nisms by which the events described here are linked.
In wild-type plants, root excision enhances transport of
auxin and localized accumulation of auxin at the site of
excision driving localized initiation and emergence of
adventitious roots. In abcb19 mutant plants, intact hy-
pocotyls form more adventitious roots, likely through
the reduction in auxin transport away from the hy-
pocotyl into the root. The abcb19 mutant also shows
less induction of adventitious root initiation due to
reduced hypocotyl IAA transport due to a lack of
ABCB19 protein. In plants in which overexpression
constructs lead to higher levels of ABCB19, there are
more adventitious roots formed on the hypocotyl, as
the expression of this protein is most elevated in the
hypocotyl. By contrast, excision does not elevate
ABCB19 expression further, so the number of adven-
titious roots on root-excised wild-type and ABCB19
overexpression lines are similar. Together, these results
provide a logical model in which excision drives syn-
thesis of the ABCB19 auxin transport protein leading
to elevated auxin transport and localized auxin levels
that drive initiation of adventitious roots.

MATERIALS AND METHODS

Plant Materials and Chemicals

Col-0 and Ws ecotypes were used in this study. Seeds were provided by
Edgar Spalding (abcb19 null alleles; mdr1-1 and mdr1-3 in the Ws and Col-0
backgrounds [Lewis et al., 2007]; pABCB19:GFP, pABCB19:ABCB19-GFP, and
pDR5:GUS in mdr1-1 [Wu et al., 2007]; and p35S-ABCB19 and p35S:ABCB19-
GFP [Wu et al., 2010]), Gretchen Hagen (AtGH3-2:GUS line 19), Marta Laskowski
(pin3 and pin7; Laskowski et al., 2008), and Malcolm Bennett (IAA2:GUS and
aux1; Swarup et al., 2007). All other mutants were received from the Arabidopsis
Biological Resource Center, and all are null alleles.

3H-IAA (24 and 20 Ci mmol–1) was purchased from Amersham or Amer-
ican Radiolabeled Chemicals. NPA was purchased from Chemical Services.
RNA isolation was done using Qiagen plant RNeasy kit. Reagents used for
ribonuclease treatment and complementary DNA synthesis were purchased
from Invitrogen. Reagents for DNase treatment were purchased from Prom-
ega. SYBR green reagent was purchased from Applied Biosystems. All other
chemicals were purchased from Sigma.

Plant Growth Conditions and Quantification of
Adventitious Roots

Seeds were sterilized and placed onmedium containing 0.8% (w/v) TypeM
agar (A-4800, Sigma), 13 Murashige and Skoog nutrients (macro and micro
salts), vitamins (1 mg mL–1 thiamine, 1 mg mL–1 pyridoxine HCl, and 0.5 mg
mL–1 nicotinic acid), 1.5% (w/v) Suc, and 0.05% (w/v) MES, with pH adjusted
to 5.8 with 1N KOH before autoclaving. Seedlings were grown in vertical or-
ientation with constant light at 3 to 5 mmol m–2 s–2 for 5 d to induce hypocotyl

elongation. These seedling were left intact or roots, and the hypocotyl base
was excised using Neuro clipper scissors (Fine Science Tools) at a position 5 to
7.5 mm from the shoot apex, followed by growth for 7 d under constant 85 to
100 m–2 s–1 light (at approximately 25°C). Adventitious roots were quantified
on the seventh day unless otherwise indicated using a dissecting microscope,
including only roots formed on the hypocotyl above, but not including, the
root-shoot junction. DIC images of developing adventitious roots were taken
using a Zeiss Axio Observer inverted microscope.

GUS Staining

AtGH3-2:GUS, AtCYCB1;1:GUS, AtIAA2:GUS, and DR5:GUS transgenic
seedlings were incubated in GUS substrate (100 mM sodium phosphate buffer,
0.5% (v/v) Triton X, 2 mM X-gluc salt, 0.5 mM ferricyanide, and 0.5 mM fer-
rocyanide) at 37°C for 24 h. Samples were washed with 100 mM sodium
phosphate buffer, pH 7, and stored in 95% ethanol. The samples were fixed in
10% (v/v) formaldehyde, 5% (v/v) acetic acid, and 50% (v/v) ethanol over-
night at 4°C and cleared using chloral hydrate:glycerol:water solution (8:1:2,
w/v/v) at room temperature and mounted in 95% (v/v) ethanol. GUS
staining was visualized by a Leica MZ16FA epifluorescent stereomicroscope.

Applications of IAA and NPA

Stocks were prepared at 10 mM in ethanol and dimethyl sulfoxide and added
to cooled medium at indicated concentrations. Experiments involving IAA
treatments were placed under fluorescent lights with yellow filters (Stasinopoulos
and Hangarter, 1990) to prevent white light-induced degradation of IAA. For
local applications, compounds were added in 1% (w/v) agar in 5 mM MES, pH
5.5, at 50°C and placed in scintillation vials. One-millimeter agar cylinders were
obtained by using sterile plastic transfer pipettes to cut cores from the solidified
agar. Localized application of NPA was done as a second agar cylinder below the
agar cylinder containing IAA. Observations on position and number of emerged
adventitious roots were performed after 7 d using a dissecting microscope.

LSCM

GFPfluorescencewas observed inwater-mounted samples using aZeiss LSM710
fluorescence laser scanning confocal microscope using either the GFP channel (J0121:
GFP) at 494 to 649 nm or l scanning (ABCB19-GFP lines). GFP and chloroplast
signals were separated using two channels, 493 to 556 and 637 to 721 nm, respec-
tively. Quantification of GFP signals were performed using linear profiles through
the longitudinal sides of the cells using Zeiss Zen software. Tile scanning of hy-
pocotyls was performed using Zen software. All images for each genotype within
an experiment were captured under identical laser, gain, and pinhole settings.

Auxin Transport

Hypocotyl auxin transport measurements were performed by modifying a
previously published method (Lewis and Muday, 2009). Five-day-old low-
light-grown seedlings, either intact or excised, were transferred to control
plates, and their shoot apices were removed. Roots were excised 48 h prior to
assay. An agar cylinder or agar droplet with 3H-IAA (100 nM) was applied at
the shoot end and incubated in the dark for 3 h. Three-millimeter sections
were removed from the basal end from the excised hypocotyls (and at a
similar position from the apex in the intact hypocotyls). Transport occurred for
3 h, and radioactivity was quantified by scintillation counting.

Methods for quantification of free IAA are provided in Supplemental
Materials and Methods S1.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers ABCB19 (AT3G28860), AUX1 (AT2G38120),
IAA2 (AT3G23030), PIN1 (AT1G73590), PIN2 (AT5G57090), PIN3 (AT1G70940),
and PIN7 (AT1G23080).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. The effect of IAA on adventitious root formation
and IAA transport in hypocotyls.
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Supplemental Figure S2. Hypocotyls of AtGH3-2:GUS transgenic seed-
lings were stained prior to excision, at the time of excision, and at
24 h after root excision with or without 10 mM NPA added.

Supplemental Figure S3. Free IAA levels were quantified using IAA
extraction followed by detection using gas chromatography-mass
spectrometry.

Supplemental Figure S4. Transcript abundance of genes encoding IAA
signaling and IAA transport proteins from a previously published
microarray data set using hypocotyl tissues (Van Hoewyk et al., 2008).

Supplemental Figure S5. pABCB19:GFP fluorescence is found in vascular
and pericycle cells.

Supplemental Figure S6. The effect of IAA on GFP fluorescence in the
pABCB19:GFP line.

Supplemental Table S1. The role of shoot derived auxin in adventitious
root formation.

Supplemental Materials and Methods S1. The method for free IAA mea-
surement is outlined (Barkawi et al. 2008).
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