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The development of shoot-borne roots, or adventitious roots, is indispensable for mass propagation of elite genotypes. It is
a complex genetic trait with a high phenotypic plasticity due to multiple endogenous and environmental regulatory factors.
We demonstrate here that a subtle balance of activator and repressor AUXIN RESPONSE FACTOR (ARF) transcripts
controls adventitious root initiation. Moreover, microRNA activity appears to be required for fine-tuning of this process.
Thus, ARF17, a target of miR160, is a negative regulator, and ARF6 and ARF8, targets of miR167, are positive regulators of
adventitious rooting. The three ARFs display overlapping expression domains, interact genetically, and regulate each
other’s expression at both transcriptional and posttranscriptional levels by modulating miR160 and miR167 availability. This
complex regulatory network includes an unexpected feedback regulation of microRNA homeostasis by direct and nondirect
target transcription factors. These results provide evidence of microRNA control of phenotypic variability and are a
significant step forward in understanding the molecular mechanisms regulating adventitious rooting.

INTRODUCTION

The regulation of gene expression through the microRNA
(miRNA) pathway is a relatively new discovery. In the last 10
years, rapid progress has led to the identification of genes
involved in the processing and maturation of miRNAs (Voinnet,
2009). However, mechanisms for regulation of their production
and for the maintenance of their homeostasis are still unclear in
both plants and animals. miRNAs are required for fine-tuning of
gene expression for adaptation to subtle endogenous (e.g.,
hormonal) or environmental fluctuations. Phenotypic variability
associated with complex genetic traits is one of the manifesta-
tions of these variations in gene expression. The activity of
miRNAs is suspected to be instrumental for phenotypic variabil-
ity, although it has not been clearly demonstrated. Interestingly,
the fact that the regulation of ARF8 by miR167 was recently
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shown to be a determinant for lateral root plasticity in response to
nitrogen (Gifford et al., 2008) supports this hypothesis.

We are interested in dissecting the genetic and molecular
mechanisms that regulate the development of shoot-borne
roots, also called adventitious roots, using the model plant
Arabidopsis thaliana. Adventitious rooting is a heritable quanti-
tative trait that is affected by multiple endogenous and environ-
mental factors. One of the endogenous factors long known to
play a key role in the control of adventitious rooting is auxin, but
our knowledge of the molecular mechanisms involved is rudi-
mentary. However, disruption of the auxin-inducible CROWN
ROOTLESS1/ADVENTITIOUS ROOTLESS1 (CRL1/ARL1) gene,
which encodes a member of the plant-specific LOB protein
family, has been shown to prevent initiation of adventitious crown
root primordia in rice (Oryza sativa; Inukai et al., 2005; Liu et al.,
2005). The promoter of the CRL1/ARL1 gene contains specific
cis-regulatory elements that interact with a rice transcription
factor from the auxin response factor (ARF) family (Inukai et al.,
2005). Our previous characterization of argonaute1 and super-
root 2 single and double mutants in Arabidopsis allowed us to
identify several genes potentially involved in the regulation of
adventitious rooting (Sorin et al., 2005, 2006). We showed that a
transgenic Arabidopsis line overexpressing the ARF17 gene
developed fewer adventitious roots than wild-type plants, con-
firming the potential role of ARF genes in the regulation of
adventitious root development by auxin (Sorin et al., 2005).
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ARF transcription factors relay auxin signaling at the transcrip-
tional level by regulating the expression of auxin-responsive
genes (Guilfoyle and Hagen, 2007). The transcript abundance of
eight out of the 23 Arabidopsis ARFs is regulated by miRNAs
(Rhoades et al., 2002; Mallory et al., 2005; Wu et al., 2006) and
trans-acting small interfering RNAs (Allen et al., 2005; Williams
etal., 2005). ARF6 and 8 are targets formiR167, while ARF10, 16,
and 17 are targets for miR160.

Previously, we showed that ARF17 (At1g77850) was a nega-
tive regulator of adventitious rooting that could potentially inte-
grate auxin and light signaling pathways affecting this process
(Sorin et al., 2005). In this contribution, we demonstrate that the
auxin response factors ARF6 (At1g30330) and ARF8 (At5g37020)
are positive regulators of adventitious root formation. Further-
more, we show that the expression of these three ARFs is
regulated by light and that they act in a complex regulatory
network that includes feedback regulatory loops controlling the
abundance of their respective regulatory miRNAs, thereby mod-
ulating the balance between positive and negative regulators of
adventitious rooting.

RESULTS

ARFG6, ARF8, and ARF17 Regulate Adventitious Rooting

In order to assess the potential contributions of different miRNA-
targeted ARF genes to the regulation of adventitious rooting, we
analyzed adventitious root formation in arf6, arf8, arf10, and arf16
knockout (KO) mutants and ARF6, 8, and 17 overexpressing (OX)
lines under previously described conditions (Sorin et al., 2005).
Seeds were stratified for 48 h and then seedlings etiolated for
~48 h (Figure 1A) before transfer to light and counting of
adventitious roots after 7 d in the light (Figure 1B). The average
numbers of adventitious roots developed by arf10-3, arf10-4,
and arf16-3 single mutants and double arf10-3 arf16-3 mutants
did not significantly differ from the average number developed by
wild-type counterparts (Figure 1C), suggesting that ARF70 and
16 (At2g28350 and At4g30080) do not play a significant role in
adventitious rooting, either singly or in combination. By contrast,
arf6-3, arf8-1, arf8-7, and ARF17-OX plants produced fewer
adventitious roots than wild-type plants, while ARF6-OX and
ARF8-0OX plants developed more (Figure 1C). Since no ARF17
knockout mutant was available, we analyzed lines overexpress-
ing MIR160a (At2g39175) and MIR160c (At5g46845) genes
(miR160a-0OX and miR160c-0OX, respectively), in which the ac-
cumulation of miR160 specifically targets ARF10, ARF16, and
ARF17 transcripts for degradation (Wang et al., 2005). Since the
arf10-3 arf16-3 double knockout mutant showed no apparent
defect in adventitious rooting, the increased frequencies of
adventitious roots observed in MIR160a-OX and MIR160c-OX
mutants were presumably solely due to the increased degrada-
tion of ARF17 transcripts. When ARF17 is overexpressed in
knockout arf6-3 and arf8-7 mutant backgrounds, fewer adven-
titious roots than in ARF17 overexpressing lines or arf6-3 and
arf8-7 single mutants were observed (Figure 1C), indicating an
additive effect due to the overexpression of a negative regulator
in mutants lacking a positive regulator of adventitious rooting. In

our growth conditions, no significant differences in the length or
number of lateral roots were observed between any of the mutant
and overexpressing lines (Figure 1D; see Supplemental Figures
1A and 1B online). Taken together, our findings demonstrate a
role for the ARF6 and ARF8 genes as positive regulators of
adventitious rooting and substantiate our previous finding that
ARF17 negatively regulates this process.

Light Regulation of ARF6, 8, and 17 during Adventitious
Root Initiation

We next characterized the expression of ARF6, ARF8, and
ARF17 and their respective regulatory miRNAs (miR167 and
miR160) during the early steps of adventitious root formation
using transcriptional fusions constructs containing $-glucuron-
idase (GUS) fused to the respective promoters (Sorin et al.,
2005). At time TO (i.e., etiolated seedlings prior to transfer to the
light [as in Figure 1A]), promMIR160c:GUS was strongly and
constitutively expressed in the entire seedling (Figure 2A). This
expression pattern was maintained whether the seedlings were
kept in the dark for additional 48 (T48D) or 72 h (T72D) (Figures 2B
and 2C) or incubated under the light for 48 (T48L) or 72 h (T72L)
(Figures 2D and 2E). Similarly we analyzed the expression of
promMIR167a:GUS, promMIR167b:GUS, promMIR167¢c:GUS,
and promMIR167d:GUS in the same conditions and showed that
the four promoters displayed slightly different expression pat-
terns, but no difference was observed between dark- and light-
grown seedlings (Figures 2A to 2E). These results suggest that
light has no effect on the regulation of the expression of MIR160c
(At5g46845) and MIR167a, b, ¢, and d (At3g22886, At3g63375,
At3g04765, and At1g31173, respectively) genes. In order to
confirm that the GUS staining correlates with the presence of the
mature miRNAs miR160 and miR167a, b, c, and d, we quantified
these transcripts in the different organs of seedlings at T72L,
using real-time RT-PCR (see Supplemental Figure 2A online). In
accordance with the GUS staining, miR160 was indeed found to
be highly expressed in all the different organs of the seedlings,
while the organ-specific patterns were confirmed for miR167a to
d (Figure 20).

At time TO, promARF6:GUS and promARF8:GUS were ex-
pressed in the upper tier of the hypocotyl, the hypocotyl-root
junction and the root tip, whereas promARF17:GUS was strongly
expressed in the cotyledons, the upper tier of the hypocotyls,
and the hypocotyl-root junction (Figure 2F). At TO, promARF6:
GUS expression, unlike that of promARF8:GUS and
promARF17:GUS, was also detected in the vascular region of
both the hypocotyls and roots. At T48D and T72D, a reduction of
the intensity of the GUS staining was observed for promARF6:
GUS and promARF8:GUS, whereas that with promARF17:GUS
remained unchanged (Figures 2G and 2H) relative to TO. By
contrast, 48 h after transfer to the light, expression of promARF8:
GUS increased in the hypocotyl (Figure 2I), and at T72L signif-
icant shifts had occurred; promARF6:GUS expression had in-
creased in all organs and promARF8:GUS expression had
increased in roots and the hypocotyl but was still very weak in
the cotyledons. Expression of promARF17:GUS had decreased,
becoming only very weakly detectable in the root and hypocotyl
vascular region and greatly reduced in the cotyledons (Figure 2J).
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Figure 1. ARF6, ARF8, and ARF17 Regulate Adventitious Root Devel-
opment.
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After transfer to the light, promARF6:GUS and promARF8:GUS
expression was homogeneously detected in the vascular tissue
of the hypocotyl, accompanied by increased frequencies of
adventitious root primordia initials and developing primordia
(e.g., Figure 2K). Close-up views of young adventitious root
primordia after 72 h in light revealed that promARF6:GUS (Figure
2L) and promARF8:GUS (Figure 2M) were highly expressed in
the adventitious root primordia, as were promMIR167a:GUS
and promMIR167¢c:GUS (Figure 2E), whereas promARF17:GUS
expression was restricted to the vascular cells close to the
primordia (Figure 2N).

In order to confirm that the expression profile observed with
the prom:GUS fusions correlated with the presence of a tran-
script, we analyzed by real-time RT-PCR the steady state levels
of total (T) and uncleaved (UC) ARF transcripts in the different
organs (cotyledons, hypocotyls, and root) of seedlings at TO and
T72L (Figures 2P to 2S). Here, the uncleaved transcript level
refers to the amount of steady state mMRNA detectable using
primers bounding the transcripts’ miRNA sites, while the total
transcript level refers to the amount of transcript detectable
using primers corresponding to parts of the 3’ region of the
mRNA (see Supplemental Figure 2B online). The latter includes
both cleaved and uncleaved products, although it may not reflect
the absolute transcription level since the ARF transcripts may be
subject to other degradation mechanisms in addition to their
cleavage through the miRNA pathway. The amount of total and
uncleaved transcript matched the GUS pattern observed in all
the organs at both TO and T72L. ARF6-UC (and ARF6-T) was
greatly elevated at T72L compared with TO in the root, hypo-
cotyls, and cotyledons (Figures 2P to 2R). This mirrored the
promARF6:GUS result where GUS staining was increased in all
organs at T72L versus TO (Figures 2F and 2J). Similar results were

(A) Dark grown wild-type seedlings. Hypocotyls have reached 6 mm.
Bar = 5 mm.

(B) Wild-type seedlings 7 d after transfer to the light. Arrows indicate
adventitious roots on the hypocotyls. Bar = 5 mm.

(C) Adventitious roots were counted in seedlings that were first etiolated
in the dark, until their hypocotyls were 6 mm long, and then transferred to
the light for 7 d. Data from three independent biological replicates, each
of at least 30 seedlings, were pooled and averaged. Error bars indicate =
SE. A one-way analysis of variance (ANOVA) combined with the Tukey’s
multiple comparison test indicated that the values marked with one
asterisk were significantly different from wild-type values and those
marked with two asterisks were significantly different from values
obtained from single mutants or ARF17-OX lines (P < 0.01; n > 90).

(D) The lateral roots of the same seedlings were counted, and the lengths
of their main roots were measured. No significant differences in either the
length or number of lateral roots were observed between any of the lines
(see Supplemental Figures 1A and 1B online). For simplicity, we show the
mean lateral root density, expressed as the number of lateral roots
divided by the length of the main root, of at least 30 plants of each line
described in Methods. The experiments were repeated three times. Error
bars indicate = SE. A one-way ANOVA combined with the Tukey’s
multiple comparison test indicated that the values marked with
one asterisk were not significantly different from wild-type (Columbia-0
[Col-0]) values (P = 0.99; n > 45) and those marked with two asterisks
were not significantly different from wild-type (Wassilewskija [Ws]) values
(P =0.88; n > 45).
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Figure 2. Expression Patterns of MIR160c, MIR167a, MIR167b, MIR167c, MIR167d, ARF6, ARF8, and ARF17 during the Early Stages of Adventitious

Root Formation.
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observed for ARF8-UC (and ARF8-T). In addition, the weaker
GUS expression for promARF8:GUS at T72L in the cotyledons
and the root compared with that for promARF6:GUS (Figure 2J)
reflects the lower level of ARF8-UC (and ARF8-T) transcripts
(Figures 2P and 2R). At TO, in the hypocotyl, ARF6 (T and UC),
ARF8 (T and UC), and ARF17 (UC and T) transcripts were
detected at similar levels (Figure 2Q) as suggested by the GUS
staining in the hypocotyl (Figure 2F). Still in agreement with the
GUS staining observed in the hypocotyl at T72L (Figure 2J), the
levels of ARF6 (T and UC) and ARF8 (T and UC) mRNA were
increased at T72L compared with their level at TO, whereas that
of ARF17 (UC and T) was decreased compared with its level at TO
(Figure 2Q). Similarly, the ARF17 (UC and T) mRNA level was
decreased in the cotyledons at T72L (Figure 2R), confirming the
promARF17:GUS expression (Figures 2F and 2J). ARF17-UC
and T mRNA level was also lower than that of ARF6 or ARF8 in the
apical meristem region at T72 (Figure 2S). Altogether, these
results confirm the positive effect of light on ARF6 and ARF8
expression and the negative effect of light on ARF17 expression.

In an attempt to understand which light pathway could be
involved in the regulation of ARF6, ARF8, and ARF17 expression,
we analyzed the expression pattern of promARF6:GUS,
promARF8:GUS, and promARF17:GUS 72 h after transfer into
monochromatic light conditions (see Supplemental Figure 3
online). At 72 h after transfer into blue light conditions (460 nm,
80 wmol m=2s~1,24°C = 2°C), a similar pattern to that observed
72 h after transfer to white light was observed (Figure 2J; see
Supplemental Figure 3B online). Expression of promARF17:GUS
was decreased in the hypocotyl and the cotyledons at T72 (see
Supplemental Figure 3B online) compared with TO (see Supple-
mental Figure 3A online), whereas an increase of the expression
of promARF6:GUS and promARF8:GUS was observed in the
hypocotyls and the root but not in the cotyledons (see Supple-
mental Figure 3B online). At T72 in red light (650 nm, 15 wmol m—2
s~1, 22°C = 2°C), expression of promARF17:GUS was de-
creased compared with TO (see Supplemental Figure 3C online).
GUS staining was observed with promARF6:GUS in the root and
weakly in the hypocotyls, whereas promARF8:GUS expression
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was detected in the hypocotyls and to a lesser extent in the root
(see Supplemental Figure 3C online). In far-red light (750 nm, 13
pmolm~—2s~1,23°C + 2°C), no GUS expression was detected at
T72 in the hypocotyl for promARF8:GUS, whereas it could be
detected in the case of promARF6:GUS (see Supplemental
Figure 3D online). As in blue and red light conditions, the
expression of promARF17:GUS was reduced at T72 in far-red
light compared with TO (see Supplemental Figure 3D online).
These preliminary results suggest that the regulation of ARF6,
ARF8, and ARF17 by light is complex and involves more than a
single pathway. promARF17:GUS seems to respond in a similar
way irrespective of the different light conditions. promARF6:GUS
and promARF8:GUS respond similarly to each other under blue
and red light, whereas a differential response to far-red light was
observed, suggesting that specific mechanisms are involved in
the regulation of the homeostasis of these three ARFs.

Control of Adventitious Rooting by Repressor and
Activator ARFs

The observed mutant phenotypes and the combination of both
overlapping and mutually exclusive expression profiles dis-
played by the three examined ARF genes suggested that the
phenotypic variability could be due to shifts in the abundance of
either activator or repressor ARFs. We therefore tested the
possibility that cross-regulation occurs between these transcrip-
tion factors during adventitious root formation by analyzing
steady state levels of total and uncleaved ARF transcripts in
the hypocotyls of overexpressing and knockout ARF lines by real-
time RT-PCR (Figure 3). Differences in the level of uncleaved
mRNA species provide indications of possible regulation of
posttranscriptional degradation through the miRNA pathway
(Thomson et al., 2006), whereas the total transcript levels reveal
possible differences between mutant and wild-type lines in either
transcriptional regulation or posttranscriptional regulation inde-
pendent from the miRNA pathway. In each line, variations in the
levels of total and uncleaved transcripts of all three ARFs were
observed (Figure 3). Nevertheless, the mutants’ ratios between

Figure 2. (continued).

(A) to (E) GUS staining of promMIR160c:GUS, promMIR167a:GUS, promMIR167b:GUS, promMIR167¢c:GUS, and promMIR167d:GUS (arranged from
left to right in each panel) in seedlings grown in the dark until their hypocotyls were 6 mm long (A), after an additional 48 h (B) and 72 h (C) in the dark or
after transfer to the light for 48 h (D) and 72 h (E).

(F) to (J) GUS staining of promARF6:GUS, promARF8:GUS, and promARF17:GUS (arranged from left to right in each panel) in seedlings grown in the
dark until their hypocotyls were 6 mm long (F), after an additional 48 h (G) and 72 h (H) in the dark, or 48 h (I) and 72 h (J) after their transfer to the light.
Bars =5 mm in (A) to (J).

(K) Close-up image of promARF6:GUS hypocotyl from seedling shown in (J).

(L) to (N) Close-up up images from the same seedlings as in (J); young adventitious root primordia of promARF6:GUS (L), promARF8:GUS (M), and
promARF17:GUS (N) plants after 72 h in the light. Bars = 0.5 mm in (K) and 50 um in (L) to (N).

(O) Quantification by real-time RT-PCR of the steady state level of miRNA species miR160abc, miR167ab, miR167c, and miR167d in the different
organs (cotyledons, apical meristem, hypocotyls, and root) of wild-type seedlings etiolated and then transferred to the light for 72 h as in (E) and (J).
(P) to (R) Quantification by real-time RT-PCR of ARF6, ARF8, and ARF17 transcripts in roots (P), hypocotyls (Q), and cotyledons (R) of wild-type
seedlings etiolated as in (F) (black bars) and after transfer to the light for 72 h as in (J) (white bars). T, total transcript; UC, uncleaved transcript.

(S) Confirmation by real-time RT-PCR of ARF6, ARF8, and ARF17 transcripts in the apical meristem region from seedlings transferred to the light for 72 h
as in (J).

(O) to (S) Expression values are expressed relative to the expression level of APT1 used as a reference gene as described in Methods.

Error bars indicate *= SE obtained from three independent RT-PCR experiments.
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Figure 3. Quantification by Real-Time RT-PCR of ARF6, ARF8, and ARF17 Transcripts in Hypocotyls of ARF Mutant Lines Reveals Regulatory Loops.

(A) and (B) Comparison of ARF6, ARF8, and ARF17 transcript levels found in the arf10-3 mutant, arf16-3 mutant, arf10-3 arf16-3 double KO, and
MIR160c-OX line showing the importance of the balance between these transcript levels for control of adventitious rooting.
(C) Steady state levels of both the total (T) and uncleaved (UC) ARF transcripts were quantified in the hypocotyls of representative ARF6-OX, ARF8-OX,

and ARF17-OX lines and arf6-3 and arf8-7 KO mutants.

Transcript abundance was quantified in the hypocotyls of representative ARF mutant or overexpressing lines etiolated and transferred to the light for 72
h. Gene expression values shown are relative to the expression in the wild type, for which the value is set to 1. Error bars indicate = SE obtained from
three independent RT-PCR experiments. A one-way ANOVA combined with the Dunnett’s comparison test indicated that the values marked with an
asterisk were significantly different from wild-type value (P < 0.01; n = 3). All quantifications were repeated using two additional independent biological

replicates and gave similar results.

putative activators and inhibitors of adventitious rooting always
correlated with their observed increases and reductions in fre-
quencies of adventitious roots, relative to wild-type counterparts,
respectively. This complex cross-regulation is described below.

Repressor/Activator Balance Is Unaltered by Disruptions to
ARF10 and ARF16

No significant deviations from the wild type in adventitious
rooting parameters were observed in the arf10-3 and arf16-3
mutants, and we did not observe any modification of the ex-
pression of ARF6, ARF8, and ARF17 genes in these single
mutants (Figure 3A). Interestingly, however, although the arf10-3
arf16-3 double mutant displayed no adventitious rooting pheno-
typic deviation from the wild type (Figure 1C), it accumulated
higher levels of both ARF6-T and ARF6-UC transcripts, with
simultaneous reductions in ARF8-T and ARF8-UC transcript
levels, while those of ARF17 remained unchanged. Since ARF6

and ARF8 are positive regulators of adventitious rooting, we
suggest that the increase in ARF6 expression is compensated for
by the decrease in ARF8 expression in these plants, in effect
maintaining the balance between activators and repressors, and
thus maintaining a wild-type phenotype (Figures 1C and 3A). The
overexpression of miR160c, which targets ARF10, ARF16, and
ARF17 for degradation (Wang et al., 2005), has the same effect
on ARF6 and ARF8 expression presumably due to the down-
regulation of ARF10 and 16 (Figure 3A). However, the large
decrease in the level of ARF17-UC (Figure 3A) shifts the balance
toward activators, leading to increased adventitious rooting
(Figure 1C). These interactions are summarized in Figure 3B.

ARFG6 Positively Regulates Abundance and Cleavage of
ARF8 and ARF17 Transcripts

When ARF6 was overexpressed, the levels of ARF8-T and
ARF17-T transcripts were increased (Figure 3C), whereas the



opposite effect was observed in arf6-3 KO mutants (Figure 3C),
indicating that ARF6 positively regulates ARF8 and ARF17 total
transcript abundance. By contrast, the levels of ARF8-UC and
ARF17-UC decreased in the ARF6-OX line, indicating that ARF6
promotes posttranscriptional degradation of ARF8 and ARF17
mRNA (Figure 3C). In addition, the level of ARF6-UC was much
lower than the total transcript level, suggesting that a regulatory
feedback mechanism activates the degradation of ARF6 tran-
scripts when the gene is overexpressed. The accumulation of
ARF17-UC in arf6-3 mutants provides further support for the
hypothesis that ARF6 activates ARF17 mRNA cleavage. Inter-
estingly, ARF8-UC does not accumulate in arf6-3 mutants, as
might be expected given the observed effects in the ARF6-OX
line (Figure 3C). This can be explained by the observation that
ARF17, when overexpressed, activates degradation of ARF8
mRNA (Figure 3C). Therefore, increased cleavage of ARF8
mRNA in arf6-3 mutants is likely to be driven by the accumulation
of ARF17-UC mRNA, resulting in ARF17 overexpression and a
consequent shift in the activator/repressor balance toward
the repressor and a reduced number of adventitious roots in
the arf6-3 KO mutant (Figure 1C).

ARF8 Modulates ARF Transcript Abundance Including
Posttranscriptional Regulation through the miRNA Pathway

In the arf8-7 KO mutant (Figure 3C), ARF6-T levels were not
affected, while those of ARF17-T increased, relative to the wild
type, suggesting that ARF8 negatively regulates ARF17 tran-
script abundance, but not that of ARF6. The level of ARF17-UC
showed a similar fold change to that of ARF17-T, indicating that
the degradation of ARF17 mRNA is unaffected in the arf8-7
mutant. These findings suggest that ARF8 does not regulate the
posttranscriptional degradation of ARF17 by miR160. In addi-
tion, the level of ARF17-T was not affected in the ARF8-OX line
(Figure 3C), confirming that ARF8 negatively regulates ARF17
transcript abundance. Indeed, despite an increased level of
ARF6-UC transcripts, ARF17 transcript abundance was not
affected in the ARF8-OX line, the high level of ARF8-UC tran-
scripts overriding the effect an increased level of ARF6 might
otherwise have had on ARF17 expression (cf. ARF6-OX and
ARF8-OX panels in Figure 3C).

A decrease in ARF6-UC transcript levels was observed in the
arf8-7 mutant, indicating that ARF8 negatively regulates the
posttranscriptional degradation of ARF6 by miR167. This hy-
pothesis was confirmed by the higher levels of ARF6-UC and
ARF8-UC transcripts than ARF6-T and ARF8-T transcripts ob-
served in the ARF8-OX line (Figure 3C).

ARF17 Negatively Regulates the Expression of
Activator ARFs

The ARF17-OX line showed reduced levels of both ARF6-T and
ARFS8-T transcripts (Figure 3C), in accordance with the reduced
adventitious rooting observed in this line. However, the reduction
of ARF8 transcript abundance in ARF17-OX is likely to be a
consequence of its lower levels of ARF6-UC transcripts, as
observed in the arf6-3 line, which completely lacks ARF6 (Figure
3C). Indeed, in the arf6-3 line, the downregulation of ARF8
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transcript level was even more dramatic and unlikely to be solely
due to ARF17 since ARF17-UC mRNA levels were only twofold
increased (Figure 3C), while they were 14-fold higher than wild-
type levels in the ARF17-OX line (Figure 3C). These findings
indicate that ARF6 plays a dominant role in the regulation of
ARFS8 transcript level.

Since increased degradation of ARF6 and ARF8 mRNAs and
accumulation of ARF17-UC mRNA appear to occur in ARF17-OX
(Figure 3C), we suggest that ARF17 positively regulates ARF6
and ARF8 posttranscriptional degradation by miR167, whereas it
represses its own posttranscriptional degradation by miR160.

Posttranscriptional Regulation of miR160 and
miR167 Homeostasis

Plant miRNAs are 20- to 24-nucleotide RNAs, which derive from
primary miRNAs (pri-miRNAs) that are mostly transcribed by
RNA polymerase Il from regions located between protein-coding
genes. The pri-miRNAs are then converted to stem-loop pre-
miRNAs. This reaction is driven by the action of the C2H2-zinc
finger protein SERRATE (SE; At2g27100), the double-stranded
RNA binding protein HYPONASTIC LEAVES1 (HYL1; At1g09700),
Dicer-like 1 (DCL1; At1g01040), and nuclear cap binding com-
plex. Pre-miRNAs, or mature miRNAs produced by DCL1, are
then exported to the cytoplasm possibly through the action of the
HASTY protein (HST1; At3g05040) and other unknown factors.
Mature RNA duplexes excised from pre-miRNAs are methylated
by HUA ENHANCER1 (HEN1; At4g20910), a reaction that pro-
tects them from being degraded by the SMALL RNA DEGRAD-
ING NUCLEASE (SDN; At3g50100) class of exonucleases. The
guide miRNA strand is then incorporated into AGO1 protein to
carry out the cleavage of target mRNAs (Figure 4; reviewed in
Voinnet, 2009). To gain further insights into the effects of ARF
genes in the posttranscriptional regulation of the homeostasis
of their respective regulatory microRNAs, we analyzed the
steady state levels of the three pri-miR160 RNA precursors
(pri-miR160a, pri-miR160b, and pri-miR160c) of miR160, which
drives the degradation of ARF17 transcripts, in the wild-type and
mutant lines using real-time RT-PCR (Figure 5A). Similar analy-
ses were also performed on the four pri-miR167 precursors
(pri-miR167a, pri-miR167b, pri-miR167¢c, and pri-miR167d) of
miR167a/b, miR167c, and miR167d, which target ARF6 and
ARF8 transcripts for degradation (Figure 5A). In addition, we
analyzed the steady state levels of the mature miRNAs miR160,
miR167a/b, miR167c, and miR167d (Figure 5B).

As expected, the levels of pri-miR160c and miR160 were
elevated in the miR160c-OX line (Figures 5A and 5B). Apart from
this exception, the levels of pri-miR160s and pri-miR167s were
not different from wild-type levels in any of the lines analyzed,
suggesting that none of the ARFs regulates the abundance of
primary transcripts of either MIR160 or MIR167 genes (Figure
5A). Similarly, the level of mature miRNAs was not modified in the
arf10-3, arf16-3, and arf10-3 arf16-3 single and double mutant,
suggesting that neither ARF10 nor ARF16 regulate posttran-
scriptional accumulation of miR160 and miR167s (Figure 5B). By
contrast, levels of mature miR160 and miR167s were different
from wild-type levels in the other mutant lines (Figure 5B) and
were correlated with the cleavage of ARF transcripts (Figure 3C).
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pri-miRNAs are mostly transcribed by RNA polymerase Il from miRNA
encoding genes. The pri-miRNAs are processed into mature miRNAs
through a reaction driven by the action of the C2H2-zinc finger protein
SE, the double-stranded RNA binding protein HYL1, DCL1, and nuclear
cap binding complex. Mature RNA duplexes excised from pre-miRNAs
are methylated by HEN1 and exported to the cytoplasm possibly through
the action of the HST1 protein. The guide miRNA strand is then incor-
porated into AGO1 protein to carry out the cleavage of target mMRNAs.

More specifically, increased levels of mature miR167s were
found in ARF6-OX, ARF17-OX, arf6-3, and arf8-7 plants, in which
the degradation of ARF6 and ARF8 transcripts is increased
(Figure 3C), while reduced levels of mature miR167s compared
with the wild type were found in ARF8-OX plants, in which ARF6
and ARF8 transcript degradation is reduced (Figure 3C). In the
ARF6-OX and ARF8-OX lines, the increased ARF17 transcript
degradation can be explained by the increased level of mature
miR160 (Figures 3C and 5B). In the arf6-3 and ARF17-OX lines,
the reduced amount of mature miR160 (Figure 5B) may explain
the decrease in ARF17 transcript degradation (Figure 3C),
whereas in arf8-7, the degradation of ARF17 transcripts is not
affected (Figure 3C), which correlates with its wild-type level of
mature miR160 (Figure 5B). These results suggest that ARF6,
ARF8, and ARF17 regulate their own posttranscriptional mRNA
degradation by modulating the amounts, and thus activities, of
their associated microRNAs.

To date, only a few genes, DCL1, HYL1, HEN1, and SE
(reviewed in Voinnet, 2009; Figure 4), have been shown to be

involved in the miRNA maturation process in plants. We checked
the expression of these genes in each of the ARF lines and did not
find any significant variation compared with the wild type (Figures
5C and 5E). DCL1 is regulated by a miRNA, miR162, so we
checked the amount of both the total and uncleaved DCL17
mRNAs. In both cases, there was no significant difference
between any of the mutant lines and the wild type (Figure 5C).
Furthermore, although it has been suggested that DCL1 is the
only DCL that processes miRNAs (Gasciolli et al., 2005), we
also checked the expression of DCL2 (At3g03300), DCL3
(At3g43920), and DCL4 (At5g20320) and did not detect any
differences in their expression between the mutant and wild-type
lines (see Supplemental Figure 4A online). Similarly, no variation
was observed in the levels of either pri-miR162 or mature
miR162, which targets DCLT mRNA for degradation (Xie et al.,
2004; Gasciolli et al., 2005) (Figure 5D). In addition, neither the
expression level of AGO7 and HST1 nor the amount of the
pri-miR168a (At4g19395) and b (At5g45307) or mature miR168
that targets AGO7 (At1g48410) were altered in any of the mutant
lines (Figures 5C to 5E). These results show that although the
amounts of miR160 and miR167 are modified in the ARF mutant
lines, the main biogenesis pathway does not seem to be affected
at the transcriptional level, suggesting the presence of further, as
yet unknown, regulators that could specifically affect miRNA
species. The findings that miR160 and miR167s are
differentially regulated in certain lines (i.e., the ARF8-OX,
ARF17-0OX, and arf6-3 lines; Figure 5B) support this hypothesis.

DISCUSSION

Adventitious rooting is a complex trait that is affected by multiple
factors and that displays a strong phenotypic plasticity. Hence,
its regulation is likely to be finely tuned. Studies of Arabidopsis
mutants with altered adventitious rooting parameters have
allowed us to identify several candidate regulatory genes, in-
cluding the auxin response factor ARF17 (Sorin et al., 2005,
2006). Here, we confirm that ARF17 is a negative regulator of
adventitious root formation that could potentially integrate auxin
and light signaling pathways affecting this process. We show that
the balance between the negative regulator ARF17 and positive
regulators ARF6 and ARF8 as well as the maintenance of the
homeostasis of their regulatory miRNAs plays a critical role in
adventitious root formation. ARF6 and ARF8 have been previ-
ously reported to play interactive roles in the control of flower
development (Nagpal et al., 2005). In the cited study, double
mutants displayed stronger phenotypic divergence from wild-
type counterparts than either of the single mutants and gene
dosage effects were observed, such that ARF6/arf6arf8/arf8 and
arf6/arf6éarf8/ARF8 sesquimutants (i.e., homozygous for one
mutation and hemizygous for the other) showed intermediate
phenotypes between single and double mutants (Nagpal et al.,
2005).

Here, we show that ARF6 and ARF8 also have similar dosage-
dependent functions during adventitious root formation. More-
over, the ratio between the levels of uncleaved ARF6 + ARF8
(positive regulators) and ARF17 (negative regulator) seems to be
a key determinant of the number of adventitious roots induced. In
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Figure 5. Real-Time RT-PCR Assessment of Posttranscriptional Regulation of miR7160 and miR167 by ARF6, ARF8, and ARF17.
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addition, we show that ARF6 and ARF8 expression patterns
overlap in young seedlings, as they do in flowers (Nagpal et al.,
2005), and that both are regulated by light. Nevertheless, since
ARF6 regulates ARF8 transcript abundance, we suggest that
light induction of ARF8 may be driven by ARF6. The complexity
of the interaction is emphasized by the finding that ARF6
and ARF8 have opposite effects on ARF17 transcript abun-
dance; ARF8 negatively regulates ARF17 transcript abundance,
whereas ARFE6 is a positive regulator. In return, ARF17 represses
the transcript abundance of ARF6 but has no effect on that of
ARFS.

A model summarizing these probable interactions is shown in
Figure 6, but the processes are likely to be more complex than
the model indicates. In gel shift experiments we performed using
different combinations of ARF6, ARF8, and ARF17 proteins with
corresponding ARF promoter sequences, we found no evidence
of any direct binding. The promoters of ARF6, ARF8, and ARF17
contain one, one, and no consensus auxin response elements,
respectively, and one, two, and four nonconsensus ones, re-
spectively (see Supplemental Figure 5 online) that would be
required for regulation by other ARFs (Guilfoyle, 2007). The gel
shift experiments may not reflect the in vivo situation, but they
leave open the possibility that ARF6, ARF8, and ARF17 may
indirectly regulate each other’s transcription through as yet un-
known intermediate transcription factors. In addition, although
the effect of variations in ARF transcript levels is supported by
a phenotype, the transcript abundance might not necessarily
reflect the ARF protein abundance, suggesting that additional
levels of regulation might exist.

ARF7 (At5g20730) and ARF 19 (At1g19220), which are involved
in the regulation of both lateral and adventitious root develop-
ment (Okushima et al., 2005; Wilmoth et al., 2005), are unlikely to
be part of this network since their expression was not affected in
any of the mutant lines analyzed here (see Supplemental Figure
4B online). This suggests that these two genes are not involved in
regulatory pathways specific to adventitious root initiation but
most likely involved in independent and/or downstream regula-
tory mechanisms common to lateral and adventitious root de-
velopment.

ARF6, ARF8, and ARF17 are also regulated at the posttran-
scriptional level by the miRNAs miR167 and miR160 (Mallory
et al., 2005; Wu et al., 2006). We show here that the maintenance
of ARF6, ARF8, and ARF17 transcript homeostasis requires
additional levels of posttranscriptional regulation. More specif-
ically, we demonstrate that ARF6 positively regulates the
amounts of both miR7160 and miR167s at the posttranscriptional
level, ARF8 negatively regulates levels of miR167, while ARF17
negatively regulates those of its own miRNA miR160 but has a

MIR160

Adventitious rooting

Figure 6. A Model Integrating the Regulatory Loops between ARF and
miRNA Genes in the Control of Adventitious Rooting Based on Results
Obtained in This Study.

Adventitious root initiation is controlled by a subtle balance of activator
and repressor ARF transcripts, which is maintained by a complex
regulatory network. ARF6 has both a positive and a negative effect on
ARF8 and ARF17 transcript levels. It regulates positively ARF8 and
ARF17 total transcript levels, whereas it has a negative effect on their
uncleaved transcript amount by modulating positively miR760 and
miR167s abundance, which drives degradation of ARF17 and ARF8
transcripts, respectively. By regulating miR167s, it also regulates its own
uncleaved transcript level. Moreover, ARF8 regulates negatively both
ARF17 total transcript amount and miR167s abundance and by conse-
quence ARF6 and its own uncleaved transcript level. In turn, ARF17
represses ARF6 total transcript abundance. In addition, ARF17 regulates
positively the pool of miR167s and thereby has a negative effect on ARF6
and ARF8 uncleaved transcript abundance. ARF17 regulates its own
uncleaved transcript abundance by feedback regulation of miR160 level.
ARF6 and ARF8 are positively regulated by light. Nevertheless, since
ARF6 regulates ARF8 transcript abundance, we suggest that light
induction of ARF8 may be driven by ARF6. ARF17 is repressed by light.

positive effect on the levels of miR167s. In principle, any step
during the maturation process of miRNAs could be regulated.
However, the core enzymes are widely expressed and no post-
translational regulation of the proteins involved in the process
has been reported. In plants, two cases of feedback loops have
been previously reported in which the expression of miRNAs is
regulated by target genes (DCL1 and AGO1, both of which are

Figure 5. (continued).

Steady state levels of pri-miRNAs (pri-miR) ([A] and [D]) and mature miRNAs ([B] and [D]) were quantified in the hypocotyls of representative ARF
mutant or overexpressing lines etiolated and transferred to the light for 72 h, as were DCL1 and AGOT1 transcripts (C). Steady state levels of HYLT,
HEN1, SE, and HST1 were quantified in the same conditions (E). Gene expression values shown are relative to the expression in the wild type, for which
the value is set to 1. Error bars indicate + SE obtained from three independent RT-PCR experiments. A one-way ANOVA combined with the Dunnett’s
comparison test indicated that the values marked with an asterisk were significantly different from the wild-type value (P < 0.01; n = 3). All quantifications
were repeated using two additional independent biological replicates and gave similar results.



involved in the miRNA biogenesis pathway; Mallory and
Vaucheret, 2006). Posttranscriptional regulation of miRNA abun-
dance has only been previously described in animal cells
(Mineno et al., 2006; Obernosterer et al., 2006; Thomson et al.,
2006; Wulczyn et al., 2007; Viswanathan et al., 2008), but here we
uncover a new form of feedback regulation that does not affect
the transcript abundance of pri-miRNAs but rather the levels of
mature miRNA species. The regulation is mediated by modifica-
tions in the expression of the targeted transcripts, in these cases
ARF6, ARF8, and ARF17. These findings suggest either that they
act on the posttranscriptional regulatory steps during the pro-
cessing of the pri-miRNAs or on the degradation/titration of the
mature miRNAs. A family of exoribonucleases involved in the
degradation of mature miRNAs was recently identified. These are
encoded by the SDN genes in Arabidopsis and play a crucial role
in the turnover of MiRNAs (Ramachandran and Chen, 2008).
Whether their expression is feedback regulated by miRNA-
targeted genes still has to be investigated. At this point, we
cannot exclude the possibility that the modulation of miR760 and
miR167 levels in our ARF lines is due to a deregulation of SDN
genes. Nevertheless, the observations that accumulation of
miR167s is reduced and miR160 increased in the ARF8-OX line
and vice versa in the ARF17-OX and arf6-3 KO mutants indicate
that different regulatory mechanisms specifically affect the ex-
pression of miR160 and miR167 miRNAs. Interestingly, the
noncoding gene IPS1, which contains a motif with sequence
complementarity to miRNA miR399, was recently shown to be
resistant to cleavage and to sequester miR399, thereby modu-
lating its activity (Franco-Zorrilla et al., 2007). Similar mecha-
nisms may exist for different miRNAs.

In conclusion, our results provide indications of posttranscrip-
tional regulatory mechanisms that are likely to affect specific
miRNA species and contribute to fine-tuning the regulation of
quantitative genetic traits, such as adventitious rooting.

METHODS

Plant Material and Growth Conditions

The ARF17-OX1 line (SALK 062511) has been previously described (Sorin
et al., 2005). ARF17-OX2 is a 35S:ARF17 line, described by Mallory et al.
(2005) and provided by A. Mallory (Cell Biology Laboratory, Institut
National de la Recherche Agronomique, Versailles, France). Two ARF8-
overproducing lines (ARF8-OX 10-1 and ARF8-OX 7-5) and the knockout
arf8-1 line have been described by Tian et al. (2004) and were provided by
K.T. Yamamoto (Division of Biological Sciences, Hokkaido University,
Sapporo, Japan). We identified a knockout arf8 mutant (arf8-7) in the GABI-
Kat collection (line 510C01). The ARF6 overexpressing line (ARF6-OX)
(Nagpal et al., 2005) was provided by J.W. Reed (University of North
Carolina at Chapel Hill, NC). We identified an ARF6 knockout mutant (arf6-3)
in the Versailles collection of T-DNA insertion lines (line EAV20, FST
219A05). Two ARF10 knockout mutants (arf710-3 and arf10-4) were iden-
tified in the GABI-Kat collection (lines 086F05 and 274H01, respectively),
and an ARF16 knockout mutant (arf16-3) was identified among the SALK
insertion lines (SALK_021432). Lines MIR160a-OX and MIR160c-OX, re-
spectively overexpressing genes MIR160a and MIR160c (Wang et al.,
2005), were provided by X.Y. Chen (Institute of Plant Physiology and
Ecology, Shanghai Institutes for Biological Sciences, Shanghai, China).
ARF8-OX 10-1, ARF8-OX 7-5, arf8-1, and arf6-3 are in Wassilewskija
background; arf8-7, ARF6-OX, ARF17-OX2, MIR160a-OX, MIR160c-OX,
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arf10-3, and arf10-4 are in Col-0 background; while arf16-3 and ARF17-
OX1 are in the Col-8 background. The primers used for genotyping each of
the newly described mutant lines are listed in Supplemental Table 1 online.

Seeds were sterilized and sown in vitro as previously described (Sorin
et al., 2005). Plates were incubated at 4°C for 48 h for stratification and
transferred to the light for several hours to induce germination. They were
then wrapped with three layers of aluminum foil and kept in the dark until
the seedling hypocotyls reached an average length of 6 mm (~48 h).
Seedlings were then transferred to the light for induction of adventitious
roots. Adventitious roots and lateral roots were counted, and the primary
root length measured 7 d after transfer to the light. For each biological
replicate, at least 30 seedlings were analyzed, and each experiment was
repeated at least three times. A one-way ANOVA combined with a
Tukey’s multiple comparison test was performed to analyze the differ-
ences between genotypes’ mean and variance using the software
GraphPad Prism version 5.0 for Mac.

The growth conditions were as follows: 16 h light (120 umol m=2s~7,
20°C)/8 h dark (15°) cycles. For the monochromatic (blue, red, and far red)
light experiments, seedlings from promARF6:GUS, promARF8:GUS, and
promARF17:GUS lines were grown in the conditions described above
until the hypocotyl reached an average length of 6 mm. The plants were
then transferred to individual monochromatic cabinets in continuous light
and constant temperature for an additional 72 h. Blue light (460 nm, 80
pmol m=2s~1,24°C = 2°C), red light (650 nm, 15 umol m=2s~1, 22°C +
2°C), and far-red light (750 nm, 13 umol m—2s~1, 23°C = 2°C).

Analysis of Promoter Activity

Arabidopsis thaliana lines expressing promARF6:GUS, promARFS:
GUS, promMIR167a:GUS, promMIR167b:GUS, promMIR167c:GUS,
and promMIR167d:GUS (Nagpal et al., 2005; Wu et al., 2006) were
provided by J.W. Reed. A line expressing promMIR160c:GUS (Wang
et al.,, 2005) was provided by X.Y. Chen. A 1473-bp-long fragment
upstream from the start codon of the ARF17 gene was amplified by
applying PCR to genomic DNA (forward primer, 5'-AAGGATTAAAGTG-
GAAAAGGT-3'; reverse primer, 5'-AAACGAAGTCAGCGAATGAA-3),
cloned using a pENTR/D-TOPO Cloning Kit (Invitrogen), and transferred
into the pKGWFS7 binary vector (Karimi et al., 2002) using a Gateway LR
Clonase Enzyme Mix (Invitrogen) according to the manufacturer’s in-
structions. Transgenic Arabidopsis plants expressing the promARF17:
GUS fusion were generated by Agrobacterium tumefaciens—-mediated
floral dipping (Clough and Bent, 1998), and the expression pattern was
checked in the T2 progeny of 15 independent transgenic lines. One
representative homozygous line was used for further characterization.
Histochemical assays of GUS expression were performed as previously
described (Sorin et al., 2005).

RNA Isolation and cDNA Synthesis

Seeds from the arf mutants and ARF overexpressing lines were sown in
vitro and germinated in the dark according to Sorin et al. (2005) until the
hypocotyls of the germinating seedlings reached an average length of 6
mm. They were then transferred to the light for 72 h, and an average of 200
hypocotyls per sample were dissected, pooled, flash-frozen in liquid
nitrogen, and ground into powder. Samples were prepared from three
independent biological replicates. Total RNA was extracted and enriched
in miRNA using a miRVana miRNA isolation kit (Ambion) according to the
manufacturer’s instructions. Portions (10 pg) of the resulting RNA prep-
arations were treated with DNasel using a DNAfree Kit (Ambion) and
polyadenylated using poly(A) polymerase (Ambion) according to the
manufacturer’s instructions, then phenol:chloroform extracted, ethanol-
precipitated, and dissolved in di-ethyl pyro-carbonate-treated deionized
water. Modified cDNA was synthesized according to Thomson et al.
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(2006) by reverse transcribing 10 png of polyadenylated RNA using
Superscript lll reverse transcriptase (Invitrogen) with 2.5 pg of random
hexamers and 500 ng of oligo(dT) adapter primer (5'-GCGAGCACA-
GAATTAATACGACTCACTATAGGTTTTTTTTTITTTVN-3’) according to
the manufacturer’s instructions. The reaction was stopped by incubation
at 70°C for 10 min, and the reaction mixture was then treated with RNaseH
(Invitrogen) according to the manufacturer’s instructions and diluted by
adding 1 mL of deionized water. All cDNA samples were tested by PCR
using specific primers flanking an intron sequence to confirm the absence
of genomic DNA contamination.

Real-Time RT-PCR Experiment Design

ARF and miRNA transcript levels were assessed in three independent
biological replicates by real-time RT-PCR (or quantitative RT-PCR), in
assays with triplicate reaction mixtures (final volume, 20 L) containing
5 pL of cDNA, 0.5 pM of both forward and reverse primers, and 1X
FastStart SYBR Green Master mix (Roche). Real-time RT-PCR experi-
ments used a balanced randomized block design, as recently advised
(Rieu and Powers, 2009). An iCycler iQ real-time PCR detection system
(Bio-Rad) (for data shown in Figures 3 and 4) and a LightCycler (Roche)
(for data shown in Figures 20 to 2S) were used to acquire the CT values
for each sampile (i.e., the crossing threshold values, which are the number
of PCR cycles required for the accumulated fluorescence signal to cross a
threshold above the background). Steady state levels of uncleaved ARF
transcripts were quantified using primers spanning the miRNA target site,
and steady state levels of total transcripts were estimated using primers
annealing to the 3’ end of the cDNAs (see Supplemental Figure 2B online).
The following standard protocol was applied for the amplification of each
of the ARF mRNAs: 10 min at 95°C, followed by 40 cycles of 10 s at 95°C,
15sat60°C, and 15 s at 72°C. For the pri-miRNA PCR, the same protocol
was applied except the annealing temperature was 65°C. Mature miRNA
(miR) was quantified according to the high-stringency protocol described
by Shi and Chiang (2005), except the reverse primer 5'-GCGAGCACA-
GAATTAATACGAC-3' was used in conjunction with a sequence-specific
primer to each miRNA as described by Thomson et al. (2006), which was
lengthened by one (A) on the 3’ end to ensure the anchorage of the primer
on the poly(T) of the mature miRNA cDNA and avoid its hybridization on
the pri-miRNA cDNA (see Supplemental Figure 2A online).

Each amplicon was first sequenced to ensure the specificity of the
amplified sequence and, in order to check that the fluorescence signal
was derived from the single intended amplicon in the succeeding runs, a
melting curve analysis was added to each PCR program and the size of
PCR products was systematically assessed by electrophoresis in aga-
rose gels (see Supplemental Figure 2C online). The primer sequences
used for all target genes are presented in Supplemental Table 2 online.

Real-Time RT-PCR Data Analysis

Relative standard curves describing the PCR efficiencies (E) for each
primer pair were generated for each amplicon according to Larionov et al.
(2005). Normalization of real-time RT-PCR was performed using reference
genes (R), which were selected and validated as follows. Eleven genes
(see Supplemental Table 3 online for primer sequences) were chosen for
their putative stability of expression according to Czechowski et al. (2005)
and Gutierrez et al. (2008). Their expression in our experimental material
(i.e., in hypocotyls from each of the lines grown under our experimental
conditions) was then assessed, and they were ranked according to their
stability of expression using geNorm software (Vandesompele et al.,
2002). APT1 and TIP41 were the most stably expressed genes among the
11 tested and thus were used to normalize the real-time RT-PCR data. The
normalized expression patterns obtained using both reference genes
were similar, so only the data normalized with APT1 are shown in this
article.

In Figure 2, the expression in the wild type is calculated using the
formula ERCTWi/ErCTwr [i.e., (1/ ExCTwi)/(1/ ERCTwr): the normalized
relative quantity of template in the original sample], the expression levels
of target genes being relative to those of the reference gene.

In Figures 3 and 4, CT and E values were used to calculate expression
using the formula ExCTyCT\W/ERCTWCT\, where (T) is the target gene
and (R) the reference gene, CT is the crossing threshold value, (M) is
related to cDNA from the mutant line and (WT) from wild type. In these
figures, the data in mutants are presented as relative to the wild type, the
calibrator.

All real-time RT-PCR results shown in Figures 2 to 4 are data of means
and corresponding standard errors obtained for the first biological
replicate, as calculated from the three technical replicates and using
the method for calculation of standard errors in relative quantification
recommended by Rieu and Powers (2009). A one-way ANOVA combined
with a Dunnett’s comparison test was performed to analyze the differ-
ences between genotypes’ mean and the wild type using the software
GraphPad Prism version 5.0 for Mac. Results obtained with the second
and the third biological replicates displayed the same gene expression
patterns as the ones shown in Figures 2 to 4.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the following accession
numbers: AGO71 (At1g48410), APT1 (At1g27450), ARF6 (At1g30330),
ARF7 (At5g20730), ARF8 (At5g37020), ARF10 (At2g28350), ARF16
(At4g30080), ARF17 (At1g77850), ARF19 (At1g19220), DCLT1
(At1g01040), DCL2 (At3g03300), DCL3 (At3g43920), DCL4 (At5g20320),
HENT1 (At4g20910), HST1 (At3g05040), HYL1 (At1g09700), MIR160a
(At2g39175), MIR160b (At4g17788), MIR160c (At5g46845), MIR162a
(At5g08185), MIR162b (At5g23065), MIR167a (At3g22886), MIR167b
(At3g63375), MIR167c (At3g04765), MIR167d (At1g31173), MIR168a
(At4g19395), MIR168b (At5g45307), SE (At2g27100), SDN (At3g50100),
and TIP41 (At4g34270).

Supplemental Data
The following materials are available in the online version of this article.
Supplemental Figure 1. Root Length and Lateral Root Number.

Supplemental Figure 2. Experimental Procedures Followed for the
Different Real-Time RT-PCR Analyses.

Supplemental Figure 3. Expression Pattern of promARF6:GUS,
promARF8:GUS, and promARF17:GUS under Different Light Condi-
tions during the Early Stages of Adventitious Root Formation.

Supplemental Figure 4. Real-Time RT-PCR Assessment of the
Transcript Level of DCL2, DCL3, DCL4, ARF7, and ARF19.

Supplemental Figure 5. Consensus and Nonconsensus AuxREs in
the Promoter Sequence of ARF6, ARF8, and ARF17.

Supplemental Table 1. List of Specific Primers Used for Genotyping
Newly Identified Mutant T-DNA Lines.

Supplemental Table 2. Sequences of Primers Used for Quantifying
Target Genes by Real-Time RT-PCR.

Supplemental Table 3. Sequences of Primers for Candidate Refer-
ence Genes Tested by geNorm.
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