
The Arabidopsis MicroRNA396-GRF1/GRF3 Regulatory
Module Acts as a Developmental Regulator in the
Reprogramming of Root Cells during Cyst
Nematode Infection1[W][OA]

Tarek Hewezi, Tom R. Maier, Dan Nettleton, and Thomas J. Baum*

Department of Plant Pathology and Microbiology (T.H., T.R.M., T.J.B.) and Department of Statistics (D.N.),
Iowa State University, Ames, Iowa 50011

The syncytium is a unique plant root organ whose differentiation is induced by plant-parasitic cyst nematodes to create a source
of nourishment. Syncytium formation involves the redifferentiation and fusion of hundreds of root cells. The underlying
regulatory networks that control this unique change of plant cell fate are not understood. Here, we report that a strong down-
regulation of Arabidopsis (Arabidopsis thaliana) microRNA396 (miR396) in cells giving rise to the syncytium coincides with the
initiation of the syncytial induction/formation phase and that specific miR396 up-regulation in the developed syncytium marks
the beginning of the maintenance phase, when no new cells are incorporated into the syncytium. In addition, our results show
that miR396 in fact has a role in the transition from one phase to the other. Expression modulations of miR396 and its Growth-
Regulating Factor (GRF) target genes resulted in reduced syncytium size and arrested nematode development. Furthermore,
genome-wide expression profiling revealed that the miR396-GRF regulatory system can alter the expression of 44% of the more
than 7,000 genes reported to change expression in the Arabidopsis syncytium. Thus, miR396 represents a key regulator for the
reprogramming of root cells. As such, this regulatory unit represents a powerful molecular target for the parasitic animal to
modulate plant cells and force them into novel developmental pathways.

Pathogens alter their hosts’ biology to ensure suc-
cessful infection. Such modifications range from mod-
erate to extensive, and in the case of plant pathogens,
few infections result in more dramatic changes than
those of sedentary endoparasitic nematodes, which
include the cyst nematodes (Heterodera and Globodera
spp.). Cyst nematodes are obligate parasitic round-
worms that induce the formation of novel plant cell
types that are associated in a unique feeding organ, the
syncytium. After root penetration, the infective and
migratory second-stage Heterodera cyst nematode ju-
veniles (J2) become sedentary and induce the forma-
tion of a syncytium in the vascular cylinder and then
mature through three molts into the third-stage (J3),
fourth-stage (J4), and adult male or female. This
nematode development is enabled by feeding from the
syncytium (Sijmons et al., 1994).

Syncytium development can be separated into an
induction/formation phase followed by a maintenance

phase. Induction/formation involves effector-mediated
communication between the nematode and an initial
feeding cell leading to cytoplasmic and nuclear changes
followed by successive fusions of the cells surrounding
the initial feeding cell (Sobczak and Golinowski, 2009).
Through continuous cell fusions, syncytium forma-
tion and enlargement continue and then stop once the
syncytium is mature. During the ensuing maintenance
phase, no additional cells are incorporated and syn-
cytial cells have undergone their developmental changes
and now are fully engaged in maintaining the syn-
cytium function of feeding the developing nematode
(Sobczak and Golinowski, 2009). However, the exact
mechanisms of how plant cells are directed to reenter a
novel developmental program and how this process is
ended are unknown.

Syncytium formation encompasses the reprogram-
ming of differentiated root cells, and these rediffer-
entiations are accompanied and mediated by massive
gene expression changes, which have been documented
in diverse research approaches using soybean (Glycine
max) and the soybean cyst nematode Heterodera gly-
cines (Alkharouf et al., 2006; Ithal et al., 2007; Klink
et al., 2009) and probably most extensively in Arabi-
dopsis (Arabidopsis thaliana) infected by the sugar beet
cyst nematode Heterodera schachtii (Szakasits et al.,
2009). These gene expression changes clearly require
powerful mechanisms of concerted regulation, and
the existence of major regulatory checkpoints can be
hypothesized, but none have been documented to
date.
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The finding that microRNAs (miRNAs) and other
small RNAs are involved in plant developmental and
biological processes that are similar to those implicated
in syncytium formation and function raised the specter
that small RNAs, including miRNAs, could play fun-
damental roles in the etiology of the syncytium (Hewezi
et al., 2008a). miRNAs initially have been shown to be
involved in the regulation of a variety of plant devel-
opmental processes, including phase transition, hor-
mone synthesis and signaling, pattern formation, and
morphogenesis (Chen, 2009). Recent studies indicate
that miRNAs and small endogenous RNAs also are
involved in biotic stress responses in plants (Katiyar-
Agarwal et al., 2006, 2007; Navarro et al., 2006; Fahlgren
et al., 2007; Lu et al., 2007; He et al., 2008; Hewezi
et al., 2008a; Pandey et al., 2008; Li et al., 2010). Also,
consistent with a role of small RNAs in the develop-
ment of plant diseases, Arabidopsis mutants deficient
in small interfering RNA or miRNA biogenesis af-
fected plant susceptibility to bacteria (Navarro et al.,
2008) and the sugar beet cyst nematode H. schachtii
(Hewezi et al., 2008a). Collectively, these emerging
data indicate that small RNA-mediated gene regula-
tion, not surprisingly, is a fundamental mechanism in
plant-pathogen interactions.

Despite these advances, little is known about the
molecular mechanisms controlling cell differentiation
and development in the nematode-induced syncytium.
In this context, we previously identified microRNA396
(miR396) as a potentially interesting regulator of
target gene expression during nematode parasitism
(Hewezi et al., 2008a). The miR396 family, miR396a
and miR396b, governs the expression of seven Growth-
Regulating Factor (GRF) genes (Jones-Rhoades and
Bartel, 2004). The GRF gene family in Arabidopsis is
known to act in a functionally redundant fashion to
positively control cell proliferation and size in leaves
(Kim et al., 2003; Kim and Kende, 2004; Horiguchi
et al., 2005; Kim and Lee, 2006). Consistent with the
fact that miR396 acts as a negative regulator of GRF
gene expression, overexpression of miR396 negatively
impacted cell proliferation in leaves and meristem size
(Liu et al., 2009; Rodriguez et al., 2010). However, the
roles of the miR396/GRF regulatory module in con-
trolling developmental events during plant-pathogen
interactions or in roots are completely unknown. In
this study, we demonstrate that miR396 is differen-
tially expressed in the syncytium and that this miRNA
functions as an important master switch in syncytium
formation.

RESULTS

miR396a and miR396b Have Similar Spatial
Expression Patterns

In Arabidopsis, miR396 is encoded by two genes,
miR396a (AT2G10606) and miR396b (AT5G35407),
and regulates the expression of seven of the nine

Arabidopsis growth-regulating transcription factor genes
(GRF1–4 and GRF7–9) that share the miR396-binding
site (Jones-Rhoades and Bartel, 2004). To examine
tissue-specific expression patterns of the two miR396
genes, we generated transgenic plants expressing con-
structs containing the regions upstream of miR396
precursor sequences fused to the GUS reporter gene
(PmiR396a:GUS and PmiR396b:GUS). GUS staining of
at least four independent lines for each construct re-
vealed that the miR396a and miR396b promoters have
very similar spatial expression patterns, both in leaf
and root tissues (Fig. 1, A–F). Despite the fact that
miR396a and miR396b have similar spatial expression
patterns, GUS staining of PmiR396b:GUS lines was in
general much stronger than that of PmiR396a:GUS
lines. This was confirmed by real-time reverse tran-
scription (RT)-PCR analysis of miR396 precursors
(pri-miR396) in roots of 2-week-old ecotype Columbia-
0 (Col-0) plants. We found an mRNA abundance of
pri-miR396b about 70-fold higher than that of pri-
miR396a.

miR396 Expression Changes Delineate the Syncytium
Induction/Formation Phase

We previously observed marked RNA abundance
changes for miR396 following root infection by H.
schachtii (Hewezi et al., 2008a); thus, it was of great
interest to identify the locations of these altered miR396
expressions. We explored this question by analyzing
the promoter activities of miR396a and miR396b at
different time points after H. schachtii infection using
our transgenic Arabidopsis GUS lines. Most remark-
ably, the activities of the promoters of both miR396a
and miR396b were strongly down-regulated in devel-
oping syncytia at early time points of H. schachtii in-
fection (i.e. the parasitic J2 and early J3 stages; Fig. 1, G,
H, K, and L). Maybe more interestingly, after this initial
early phase, the promoters of both miR396a and
miR396b became very active in the syncytia of late J3
and J4 nematodes (Fig. 1, I, J, M, and N), which is the
developmental stage when syncytia reach their maxi-
mum size. Thus, miR396 expression changes delineate
the syncytium induction/formation phase, whereby a
down-regulation marks the beginning of syncytium
induction/formation and a subsequent strong up-
regulation coincides with the transition to the main-
tenance phase.

GRF1 and GRF3 Are miR396 Targets during
H. schachtii Infection

Obviously, the immediate question became whether
any GRF target genes were coexpressed in the syncy-
tium, which would make them subject to miR396 reg-
ulation and could potentially suggest a role for GRFs in
syncytium induction/formation. To determine which
GRF genes could be targeted by miR396 in roots, we
measured mRNA steady-state levels in root tissues of
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10-d-old seedlings of all nine GRF genes by quantita-
tive real-time RT-PCR. GRF1, GRF2, and GRF3 showed
by far the highest root expression levels (Supplemental
Fig. S1). This observation implies that miR396 has
the potential to be active in posttranscriptional gene
regulation also in Arabidopsis roots, which has not
been documented to date. In order to determine if any
GRFs are subject to posttranscriptional regulation in
the syncytium, we generated transgenic plants express-
ing promoter/GUS fusion constructs of the seven GRF

genes (GRF1–4 and GRF7–9) that are targeted by
miR396. The promoter activities of these plants were
assayed at different time points after H. schachtii in-
fection. In these assays, the promoters of GRF4, GRF7,
and GRF8 were completely inactive in syncytia during
all time points (Fig. 2, D–F). The promoter of GRF2
showed very weak syncytial GUS activity at late J3 and
J4 stages, with no GUS activity detectable in early
syncytia during the J2 and early J3 infective stages
(Fig. 2B). Similarly, only weak and very infrequent
syncytial GUS activity could be detected during the J3
stage for GRF9 (Fig. 2G). However, the GRF1 and
GRF3 promoters showed very strong GUS activity in
syncytia at all stages, with only the GRF3 promoter
becoming inactive at the J4 stage (Fig. 2, A and C).
The fact that only the GRF1 and GRF3 promoters
show strong GUS activity in the syncytium coinciding
with those of the miR396 promoters, particularly a
strong expression when the negative miR396 regula-
tors are remarkably decreased, indicates that GRF1
and GRF3 could be targets of miR396 during nema-
tode infection. On the other hand, GRF2, GRF4, GRF7,
GRF8, and GRF9 clearly do not work in concert with
GRF1 and GRF3 during the early induction/formation
period of the syncytium.

GRF1 and GRF3 Are Posttranscriptionally Regulated
by miR396 during Nematode Infection

The coexpression of miR396 with its GRF1 and GRF3
target genes in the syncytium suggests a posttranscrip-
tional GRF expression regulation following nematode
infection. To confirm that GRF1 and GRF3 genes are
cleaved by miR396 in root tissues, total RNA was iso-
lated fromwild-type (Col-0) plants at 8 d postH. schachtii
infection and used for the 59 RNA ligase-mediated
(RLM)-RACE assay. Sequence analysis of cloned RLM-
RACE products demonstrated that cleavage of GRF1
and GRF3 transcripts occurs predominantly between
nucleotides 10 and 11 of the miR396 pairing region (Fig.
3A), confirming previous results obtained by Jones-
Rhoades and Bartel (2004). These data provide direct
evidence that miR396 mediates GRF1/3mRNA cleavage
in roots and during H. schachtii infection. To examine
whether the posttranscriptional regulation of GRF1 and
GRF3 by miR396 impacts the steady-state mRNA levels
of GRF1 and GRF3, we quantified the abundances of
miR396 precursors (pri-miR396a and pri-miR396b) and
mature miRNAs (miR396) along with GRF1 and GRF3
mRNA levels in response to H. schachtii infection over
time using quantitative (q)PCR. Ten-day-old wild-type
Arabidopsis seedlings were inoculated with H. schachtii,
and root tissues were collected from inoculated and
noninoculated control plants at 1, 3, 8, and 14 d post
inoculation (dpi) for RNA isolation and cDNA synthe-
sis. Data from three independent experiments revealed
that the accumulation of pri-miR396a, pri-miR396b, and
mature miR396 was down-regulated in H. schachtii-
inoculated roots at the 1- and 3-dpi time points when

Figure 1. Histochemical localization of GUS activity directed by
miR396 promoters. A to F, Spatial expression patterns of miR396a and
miR396b. A to C, GUS staining of miR396a:GUS plants showing ex-
pression in leaf hydathodes (A), vascular root tissues and the root cap
(B), and absence of expression in the emerging lateral roots (C). D to F,
GUS staining of miR396b:GUS plants showing expression in leaf
hydathodes (D), vascular root tissues (E), and emerging lateral roots (F).
G to N, Promoter activity of miR396a and miR396b during H. schachtii
infection. Time-course experiments compared the expression of
PmiR396a:GUS (G–J) and PmiR396b:GUS (K–N) transgenic plants at the
second-stage (J2), early and late third-stage (J3), and fourth-stage (J4)
juvenile time points. N indicates nematode, and S indicates syncytium.
Bars = 2 mm in A and D and 100 mm in B, C, and E to N.
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compared with noninoculated roots (Fig. 3B), confirm-
ing the down-regulation of the miR396a/b promoters in
developing syncytia (Fig. 1, G and K). Consistent with a
posttranscriptional regulation of GRF1 and GRF3, this
down-regulation was accompanied by elevated mRNA
abundance for both GRF1 and GRF3 (Fig. 3B), most
probably as a result of decreased cleavage of GRF1 and
GRF3 mRNA by miR396. In contrast, at 8 and 14 dpi,
miRNA precursors and mature miR396 were elevated
more than 2-fold in infected roots (Fig. 3B). Again
consistent with a posttranscriptional regulation of GRF1
and GRF3, this miR396 increase was correlated with low

transcript abundance of GRF1 and GRF3 (Fig. 3B). In
other words, despite the fact that the nematode strongly
induced the activity of the GRF1 and GRF3 promoters in
the syncytium (Fig. 2, A and C), GRF1 and GRF3 steady-
state mRNA levels decreased at the time when syncytial
expression of miR396 increased (Fig. 3B).

Overexpression of miR396 and Altered GRF Expression
Modulate Nematode Susceptibility

Our findings that miR396 expression is significantly
down-regulated at the onset of the syncytium induction/

Figure 2. Promoter activity of seven GRF genes during H. schachtii infection. Time-course experiments compared the ex-
pression of PGRF1:GUS (A), PGRF2:rGRF2-GUS (B), PGRF3:GUS (C), PGRF4:GUS (D), PGRF7:GUS (E), PGRF8:GUS (F), and
PGRF9:GUS (G) transgenic plants at the sedentary second-stage (J2), early and late third-stage (J3), and fourth-stage (J4) juvenile
time points. N indicates nematode, and S indicates syncytium. Bars = 100 mm.
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formation phase, which results in elevated syncytial
expression of GRF1 and GRF3, and that there is a co-
ordinated posttranscriptional repression of GRF1 and
GRF3 by miR396 at the onset of the maintenance phase
imply a possible function of this regulatory module in
syncytium formation and the transition to syncytium
maintenance. If the coordinated regulation of miR396
and GRF1 and GRF3 is critical for correct cell fate
specification and differentiation in the developing
syncytium, as has been shown in leaves and meri-
stems, it is reasonable to hypothesize that any changes
in this equilibrium will result in reduced cyst nema-
tode parasitic success. As a first test of this hypothesis,
we expressed the primary miRNA sequences of both
miR396a and miR396b in Arabidopsis under the con-
trol of the 35S promoter. Independent homozygous
T3 lines expressing between 2- and 5-fold higher
miRNA levels relative to the wild type were identified
(Supplemental Fig. S2, A and B). We first determined

whether miR396 overexpression resulted in the expected
decreased mRNA abundance of GRF target genes by
using qPCR to quantify the mRNA levels of the GRF
gene family in the roots of transgenic miR396b over-
expression plants (line 16-4). As expected, GRF mRNA
abundances were reduced as a consequence of this
manipulation (Supplemental Fig. S3). Subsequently, 10-
d-old plants were inoculated with H. schachtii J2 nem-
atodes, and the number of adult females was counted
3 weeks after inoculation for both the transgenic lines and
the wild-type control and used to quantify plant sus-
ceptibility. A remarkable effect of miR396 overexpression
on nematode susceptibility was observed. All transgenic
lines overexpressing miR396a (Fig. 4A) or miR396b (Fig.
4B) were dramatically less susceptible than the wild-type
control, as shown by the statistically significant reduction
in the number of females per root system.

It appeared most logical that this reduction of sus-
ceptibility in miR396 overexpression lines is mediated
through a resultant down-regulation of GRFs, partic-
ularly GRF1 and GRF3. Therefore, we hypothesized
that mutants of GRF1 and GRF3 (Supplemental Fig. S4)
will phenocopy the decreased nematode susceptibility
of miR396 overexpression lines. To test this hypothesis,
we subjected grf1 and grf3 single mutants as well as the
grf1/grf2/grf3 triple mutant of Kim et al. (2003) to the
susceptibility assays described above. Single knock-
down mutants of GRF1 and GRF3 exhibited small or no
effects on nematode susceptibility (Fig. 4C), confirming
the previously reported results (Kim et al., 2003) that
GRF gene family members are functionally redundant.
However, the grf1/grf2/grf3 triple knockout mutant
(Kim et al., 2003) showed a statistically significant de-
crease in susceptibility to H. schachtii relative to the
wild-type control (Fig. 4D), thereby phenocopying the
miR396 overexpression lines.

Our expression data described above suggest that
GRF1 and GRF3 regulation by miR396 is important for
syncytium formation. Therefore, interfering with the
posttranscriptional regulation of GRF1 and GRF3 should
negatively influence syncytium formation and, thus, lead
to reduced susceptibility. In order to test this hypothesis,
we generated plants harboring miR396-resistant non-
cleavable variants of these two genes (P35S:rGRF1 and
P35S:rGRF3; Supplemental Figs. S2, C and D, and S5).
We tested homozygous T3 lines for each of these con-
structs in nematode susceptibility assays, and all tested
lines exhibited significantly reduced susceptibility rel-
ative to wild-type plants (Fig. 4, E and F). These results
strengthen our hypothesis and again firmly connect
GRF transcription factors, particularly GRF1 and GRF3,
to determining the outcome of the cyst nematode-
Arabidopsis interaction.

Coordinated miR396-GRF1/3 Expression Is Required for
Normal Root Development

Having identified that miR396 and GRF1 and GRF3
are highly expressed also in uninfected roots, it was of

Figure 3. Posttranscriptional regulation of GRF1 and GRF3 by miR396
in response to H. schachtii infection. A, Mapping of the cleavage sites
of GRF1 and GRF3 using 59 RLM-RACE. Arrows indicate the positions
of cleavage sites in the sequenced 59 RACE clones. The number of
clones corresponding to each cleavage site is indicated. Perfect base
pairing between miR396 and GRF1 and GRF3 mRNA is shown by
vertical lines, and G:U wobble pairing is indicated by a circle. B,
miR396 mediates the down-regulation of GRF1 and GRF3 expression
in response to H. schachtii infection. The expression level of pri-miR396a,
pri-miR396b, mature miR396, GRF1, and GRF3 was measured by
qPCR in wild-type (Col-0) root tissues. Infected and noninfected tissues
were collected at 1, 3, 8, and 14 dpi. Down-regulation of miR396 at
1 and 3 dpi was associated with up-regulation of both GRF1 and
GRF3. In contrast, up-regulation of miR396 at 8 and 14 dpi was as-
sociated with low transcript accumulation of GRF1 and GRF3. U6
small nuclear RNA was used as an internal control to normalize the
expression levels of miR396, whereas Actin8 was used to normalize
the expression levels of GRF1 and GRF3. The relative fold-change
values represent changes of the expression levels in infected tissues
relative to noninfected controls. Data are averages of three biologically
independent experiments 6 SE.
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Figure 4. Nematode susceptibility assays of miR396 overexpression lines and GRF mutants. A and B, Nematode susceptibility
assays of miR396 overexpression lines. Transgenic plants overexpressing miR396a (A) or miR396b (B) exhibited reduced
susceptibility to H. schachtii. Homozygous T3 lines overexpressing miR396a (lines 22-5, 13-10, and 10-12) or miR396b (lines
16-4, 15-1, and 8-16) were planted on modified Knop’s medium, and 10-d-old seedlings were inoculated with approximately
200 surface-sterilized J2 H. schachtii nematodes. Three weeks after inoculation, the number of J4 female nematodes per root
system was determined. Data are presented as means 6 SE (n = 20). Mean values significantly different from the wild type
(Col-0) were determined by unadjusted paired t tests (P , 0.05) and are indicated by asterisks. Identical results were obtained
from at least two independent experiments. The expression levels of miR396a and miR396b in the transgenic lines used in this
analysis are provided in Supplemental Figure S2. C, Nematode susceptibility is not significantly altered in the grf1 or grf3 single
mutant. The mutant alleles of grf1 (Salk_069339C and Salk_078547C) and gfr3 (Salk_116709 and Salk_026786) along with
wild-type Col-0 plants were planted on modified Knop’s medium and assayed for nematode susceptibility. No statistically
significant differences between these mutant lines and the wild type were observed. Data are presented as means 6 SE (n = 20).
Similar results were obtained from at least three independent experiments. D, The grf1/grf2/grf3 triple mutant exhibited reduced
susceptibility to H. schachtii. Seeds of the grf1/grf2/grf3 triple mutant and the wild type (Ws) were planted on modified Knop’s
medium and assayed for nematode susceptibility. Data are presented as means 6 SE (n = 20), and the statistically significant
difference between the grf1/grf2/grf3 mutant and the wild type (Ws) is denoted by the asterisk, as determined by unadjusted
paired t tests (P , 0.05). Identical results were obtained from two independent experiments. E and F, Transgenic plants over-
expressing rGRF1 (E) or rGRF3 (F) revealed reduced susceptibility to H. schachtii. Four independent homozygous T3 lines for
each construct were assayed for nematode susceptibility. All lines showed significantly reduced susceptibility compared with
wild-type plants. Data are presented as means 6 SE (n = 20). Mean values significantly different from the wild type (Col-0) were
determined by unadjusted paired t tests (P , 0.05) and are indicated by asterisks. Identical results were obtained from at least
two independent experiments. The expression levels of the GRF1 and GRF3 transgenes of all the transgenic lines used in this
analysis are provided in Supplemental Figure S2.
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interest to determine if a perturbation of the miR396-
GRF equilibrium also alters root development, as has
been documented for shoot tissues (Rodriguez et al.,
2010). We found that overexpression of miR396 or the
GRF1 and GRF3 variants described above resulted in
reproducible root length reductions (Fig. 5; Supplemental
Fig. S6). These data show that the miR396/GRF regula-
tory module functions to maintain the expression equi-
librium critical also for normal root development. Given
the fact that GRF1 and GRF3 are the most abundantly
expressed gene family members in roots, their roles ap-
pear most prominent in this developmental pathway.

miR396 and Its Target Genes GRF1 and GRF3 Control
Syncytium Size and Nematode Development

In addition to merely determining the number of
females that mature on the different Arabidopsis
genotypes, it is of particular interest to elucidate when
and how altered susceptibility phenotypes are estab-
lished. Also, it was of interest to determine if the re-
duced root size that we observed for the transgenic
lines was responsible for lower female counts. For this
purpose, we determined the number of penetrating J2
nematodes at 4 dpi in the transgenic plants over-
expressing miR396b or the resistant versions of GRF1
or GRF3 as well as in wild-type Arabidopsis. As
shown in Figure 6A, the number of penetrating nem-
atodes in the transgenic lines was not different from
that of the wild type, indicating that the mode of action
responsible for the reduced nematode susceptibility in
these transgenic lines is post penetration and, thus,
independent of root length/size.
Second, we measured syncytium size and quantified

different nematode developmental stages at different
assessment times. Two weeks post inoculation, we
measured the size of fully formed syncytia in the
transgenic plants mentioned above as well as in wild-
type Arabidopsis. Interestingly, the syncytia formed
in the transgenic lines were significantly smaller than
those in the wild-type control (Fig. 6B). The average
reduction in syncytium size was up to 33% in miR396
overexpression plants and 19% and 14% in the trans-
genic plants expressing rGRF1 and rGRF3, respectively.

These results indicate that the mode of action respon-
sible for the reduced susceptibility in the transgenic
lines overexpressing miR396 or the target genes rGRF1
and rGRF3 is manifested during the formation phase of
the syncytium (i.e. at early stages of parasitism).

To investigate whether the activity of miR396 and its
target genes GRF1 and GRF3 have an effect on nema-
tode development, we counted the number of parasitic
J2/J3 nematodes at 7 dpi in the transgenic lines over-
expressing miR396 or the target genes rGRF1 and
rGRF3. The number of developing (i.e. already swol-
len) J2 and J3 nematodes was significantly reduced in
these transgenic plants relative to the wild-type control
(Fig. 6C), and the reduction ranged between 42% for
miR396-overexpressing plants and 20% and 39% for
the transgenic plants expressing rGRF1 and rGRF3, re-
spectively. These reductions in nematode numbers
were also evident when the number of J4 nematodes
was counted at 21 dpi in the same plants (Fig. 6D). In
fact, the reduction percentages of these nematode stages
were not significantly changed from the 7-dpi assess-
ment. These data indicate that the reduced suscepti-
bility of these transgenic lines is associated with early
arrested nematode development before the J2/J3 stages,
which again points to a mode of action during the
early stages of parasitism when the syncytium is being
formed.

Identification of Genes Regulated by GRF1 and GRF3
Using Microarray Analysis

Because both GRF1 and GRF3 function as tran-
scription factors, identifying the genes regulated by
these transcription factors will elucidate the pathways
in which GRF1 and GRF3 function. To this end, we
used Arabidopsis Affymetrix ATH1 GeneChips to
compare the mRNA profiles of root tissues of the grf1/
grf2/grf3 triple mutant and transgenic plants express-
ing rGRF1 (line 18-2) or rGRF3 (line 12-5) with those of
the corresponding wild type (Col-0 or Wassilewskija
[Ws]). We identified 3,944, 2,293, and 2,410 genes as
differentially expressed in the grf1/grf2/grf3 triple mu-
tant and rGRF1 and rGRF3 plants, respectively, at a
false discovery rate of less than 5% and P , 0.05 (Fig.

Figure 5. Overexpression of miR396 and the tar-
get genes GRF1 and GRF3 negatively impacts
root development. A and B, Transgenic plants
overexpressing miR396a (line 22-5; A) or miR396b
(line 15-1; B) develop shorter roots than the wild
type (Col-0). C, Transgenic plants overexpress-
ing rGRF1 (line 18-2) or rGRF3 (line 11-15) de-
velop shorter roots than the wild type (Col-0).
Homozygous T3 plants were planted on modified
Knop’s medium along with the wild type, and 10-
d-old seedlings were photographed. Root length
measurements are provided in Supplemental
Figure S6.
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7A; Supplemental Tables S1–S3). After eliminating
duplicates among these three cohorts of differentially
expressed genes, a total of 6,385 Arabidopsis genes
changed expression as a result of our manipulations of
GRFs.

GRF1 and GRF3 Regulate Genes with Similar Functions

In addition to apparently targeting identical genes,
careful examination of the putative function/annota-
tion of the GRF1- and GRF3-regulated genes revealed
that both transcription factors target genes with similar
function or different members belonging to the same
gene family. When classifying GRF-regulated genes
into different groups by molecular function using the
Gene Ontology categorization from The Arabidopsis
Information Resource (http://www.Arabidopsis.org),
we discovered a high proportion of genes associated
with other enzyme activity, binding activity, hydrolase
activity, transferase activity, and transcription factor

activity (Fig. 7B) for both GRF1 and GRF3. When these
genes were grouped by associated biological pro-
cesses, the most abundant groups corresponded to
metabolism and other cellular processes, while protein
metabolism, response to stress, response to abiotic or
biotic stimuli, and developmental processes also repre-
sented significant groups (Fig. 7C). When scrutinizing
the GRF-regulated genes for gene family member-
ship, different members coding for NAC (for NAM,
ATAF1,2, CUC2) domain-containing proteins, AP2
domain-containing transcription factors, auxin-responsive
proteins, MYB transcription factors, zinc finger family
proteins, cytochrome P450 family proteins, glycosyl
hydrolase family proteins, invertases, oxidoreductases,
pectin esterase family proteins, peroxidases, nodulin
family proteins, UDP-glucosyl transferase family pro-
teins, ubiquitination-related proteins, Cys proteinases,
and expansins were found to be similarly regulated by
GRF1 and GRF3 (Supplemental Tables S2 and S3).
These data provide strong evidence for a functional
overlap between GRF1 and GRF3 in the regulation of

Figure 6. Overexpression of miR396, GRF1, or GRF3 negatively impacts syncytium size and nematode development. A,
Reduced nematode susceptibility in transgenic plants overexpressing miR396, rGRF1, or rGRF3 is independent of root length.
Three homozygous T3 lines overexpressing miR396b (line 16-4), rGRF1 (line 12-3), or rGRF3 (line 12-5) and showing sig-
nificant decreases in root length were inoculated with J2 H. schachtii nematodes, and at 4 dpi the total number of penetrated
nematodes was counted. Data obtained from two independent experiments showed no statistically significant differences
between the transgenic lines and the wild-type control. Data are presented as means 6 SE (n = 20). B, Transgenic plants
overexpressing miR396, rGRF1, or rGRF3 developed smaller syncytia than the wild type. Seedlings of the above-indicated lines
along with the wild type (Col-0) were inoculated with J2 H. schachtii nematodes, and 2 weeks post inoculation at least 20
single nematode syncytia were randomly selected and measured. Data are presented as means 6 SE. Asterisks indicate sta-
tistically significance differences from wild-type plants at P , 0.05. C and D, Overexpression of miR396, rGRF1, or rGRF3
negatively impacts nematode development. Seeds of the above-indicated lines along with the wild type (Col-0) were planted,
and seedlings were inoculated with J2 H. schachtii nematodes. After inoculation, the number of parasitic J2/J3 (C) and J4 (D)
females was counted in the same plants. Data are presented as means 6 SE (n = 20). Asterisks indicate statistically significance
differences from wild-type plants at P , 0.05.
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Figure 7. Functional classification of the differentially expressed genes identified in P35S:rGRF1, P35S:rGRF3, and grf1/grf2/
grf3 mutants. A, Venn diagram showing overlaps between differentially expressed genes in P35S:rGRF1, P35S:rGRF3, and grf1/
grf2/grf3mutants when compared with the wild type. The total number of differentially expressed genes in each set is shown in
parentheses. Gene identities are listed in Supplemental Tables S1 to S3. B and C, Gene Ontology categorization of the mo-
lecular functions (B) or the biological processes (C) of the genes regulated by GRF1 or GRF3. Gene identities used for this
categorization are listed in Supplemental Tables S2 and S3. D, Venn diagrams showing overlaps between differentially
expressed genes in the syncytium and those identified in P35S:rGRF1, P35S:rGRF3, and grf1/grf2/grf3 mutants. The total
number of differentially expressed genes in each set is shown in parentheses. Gene identities are listed in Supplemental Table
S4.

Plant Physiol. Vol. 159, 2012 329

miR396: A Key Regulator in Syncytium Formation

http://www.plantphysiol.org/cgi/content/full/pp.112.193649/DC1
http://www.plantphysiol.org/cgi/content/full/pp.112.193649/DC1
http://www.plantphysiol.org/cgi/content/full/pp.112.193649/DC1
http://www.plantphysiol.org/cgi/content/full/pp.112.193649/DC1


gene expression. Furthermore, these data provide
valuable insight into the molecular functions of GRF1
and GRF3 as transcriptional regulators.

A Key Role for GRF1 and GRF3 in Regulating
Syncytial Gene Expression

Considering the fact that GRF1 and GRF3 change
expression in the H. schachtii syncytium as a result of
miR396 expression dynamics, one can postulate that a
certain proportion of the differentially expressed genes
identified in our microarray experiments should
change expression actually in the syncytium and, in
fact, be involved in syncytium induction/formation.
Identifying such genes has been attempted in several
research approaches, and the study of Szakasits et al.
(2009) represents the most comprehensive such anal-
yses in Arabidopsis infected with H. schachtii. There-
fore, we next compared the GRF-regulated genes
identified by us with the 7,225 genes differentially ex-
pressed in Arabidopsis syncytia reported by Szakasits
et al. (2009). We found for rGRF1 1,131 genes (49.32%,
x2 = 346.13, P = 2.95E-77) and for rGRF3 1,165 genes
(48.34%, x2 = 325.27, P = 1.03E-72) as overlapping
with the 7,225 syncytium-regulated genes (Fig. 7D).
After eliminating duplicates between these two pools
of regulated genes, a unique set of 1,965 genes remained,
and these genes represent 27.2% (x2 = 605.47, P =
1.08E-133) of the total number of syncytium-regulated
genes (Fig. 7D). Furthermore, 2,073 genes overlapped
between syncytium-regulated genes and those found
to be differentially regulated in the grf1/grf2/grf3 triple
mutant (Fig. 7D), which means that 28.7% (x2 =
916.26, P = 2.87E-201) of the total number of syncy-
tium-regulated genes change expression in the triple
mutant. The 1,965 unique syncytial genes identified in
rGRF1 and rGRF3 overexpression lines along with the
2,073 syncytial genes identified in the triple mutant
make up a unigene set of 3,160 syncytial genes that
change expression as a result of altered GRF expression
(Fig. 7D; Supplemental Table S4). This number repre-
sents an astonishing 44% (x2 = 1,234.13, P = 2.33E-270)
of all syncytial genes reported by Szakasits et al. (2009).
In other words, the modulations of GRFs performed
by us account for almost half of the reported syncytial
gene expression changes in Arabidopsis. Thus, GRFs
play important roles in syncytium induction/formation.
Considering that the GRFs in question change ex-
pression in the syncytium as a function of miR396,
as we have shown above, this regulatory module rep-
resents a key regulator of syncytial gene expression
changes.

DISCUSSION

The formation of functional syncytia must require a
tightly fine-tuned coordination of multiple developmen-
tal and cellular processes to achieve the redifferentiation
and fusion of hundreds of root cells into a functional

new organ. The mechanisms and underlying regula-
tory networks that control the integration of these
processes remain poorly understood. In this paper, we
report on the biological role of miR396 in syncytium
formation and function. In response to H. schachtii,
both miR396a and miR396b genes are transcriptionally
regulated in the syncytium. Similarly, we determined
the expression characteristics of the seven GRF genes
that are targeted by miR396 and established that, of
these, only GRF1 and GRF3 can be considered major
contributors to the outcome of the plant-cyst nem-
atode interaction. Interestingly, miR396 and its target
genes GRF1 and GRF3 showed opposite steady-state
mRNA abundance patterns at the time of early-
developing syncytia during the parasitic J2 and early
J3 stages, when miR396 was down-regulated and
GRF1 and GRF3 showed up-regulation. At later stages,
we established that up-regulation of miR396 at 8 and
14 dpi causes a posttranscriptional down-regulation
of GRF1 and GRF3 (Fig. 3B). miR396, therefore, has
a stage-specific function in the spatial activation/
restriction of GRF1 and GRF3 expression in the syn-
cytium. The fact that miR396 up-regulation and GRF
modulations lead to smaller syncytia and reduced
susceptibilities shows that the coordinated regulation
of miR396 and GRF1 and GRF3 is required for correct
cell fate specification and differentiation in the devel-
oping syncytium. Our data suggest that maintenance
of the homeostasis of miR396 and the target genes at
specific threshold levels is critical for syncytium de-
velopment. This suggestion is supported by our finding
that down-regulation of GRFs through overexpression
of miR396a/b, or overexpression of miR396-resistant
versions of GRF1/GRF3, resulted in reduced nematode
susceptibility.

The implication of miRNA/target gene regulatory
mechanisms in the control of plant growth and dif-
ferentiation has been explored for plant organs (Gutierrez
et al., 2009; Wu et al., 2009; Marin et al., 2010). Here,
we show that the miR396/GRF1 and GRF3 regulatory
module is involved in the control of syncytium size
and development. We established that transgenic
plants overexpressing miR396b, rGRF1, or rGRF3 de-
veloped smaller feeding sites than those of the wild
type. Our experiments determining penetration rates
and assessing nematode development document that
the reduced nematode susceptibility is manifested post
penetration and is independent of root size. Further-
more, we document that a certain proportion of pen-
etrated nematodes fail to develop and that this arrested
development occurs very early on (i.e. when the re-
programming of root cells into syncytial cells is initi-
ated). Together, these observations strongly suggest
that the reduced susceptibilities of plants with altered
miR396-GRF expression are due to an inability to de-
velop mature and fully functional syncytia.

We propose that during the early stage of syncytium
development, inactivation of miR396 activity in the
syncytium increases GRF1 and GRF3 mRNA abun-
dance to a threshold that enables these transcription
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factors to regulate gene expression reprogramming
events that direct the differentiation and formation of
the nematode feeding site (Fig. 8). Once the syncytium
is established, the cyst nematode infection-mediated
miR396 repression is removed. The resultant miR396
induction in the feeding site posttranscriptionally
reduces the mRNA abundance of GRF1 and GRF3,
thereby ending the induction/formation phase of the
syncytium and leading syncytial cells to enter the
maintenance phase (Fig. 8). In other words, the tran-
scriptional regulation of miR396 controls a phase
transition from a low-miR396/high-GRF1/3 expression
during syncytium initiation to a high-miR396/low-
GRF1/3 expression state leading the cells to enter the
maintenance phase after the differentiation events have
been completed. The opposite expression patterns of
miR396 during the syncytium initiation/formation and
maintenance stages are similar to those of Arabidopsis
miR156 and miR172 during the juvenile-to-adult phase
transition, where miR156 is expressed at high levels
during shoot development and then decreases with
time, while miR172 has an inverse expression pattern
(Aukerman and Sakai, 2003; Wu and Poethig, 2006;
Jung et al., 2007).

The Roles of GRF1 and GRF3 in Mediating Gene
Expression in the Syncytium

Despite ongoing efforts to identify the biological
processes regulated by GRFs during plant development,
only a very limited number of target genes have been
identified and characterized to date (Kim and Kende,
2004); thus, our microarray study addresses an impor-
tant area. Functional classification of the differentially

expressed genes identified in P35S:rGRF1 and P35S:
rGRF3 plants revealed that genes coding for tran-
scription factors or proteins with binding activity
represent 43.3% and 40%, respectively (Fig. 7B), which
documents a continuous amplification of the GRF re-
sponse by targeting regulatory genes. Therefore, the
enrichment of transcription factors belonging to zinc
finger, Myb, WRKY, bHLH, AP2 domain-containing,
CCAAT-binding, or NAC domain transcription factor
families among the GRF1- or GRF3-regulated genes
represents a powerful mechanism to trigger a massive
signaling response to GRF1 or GRF3 expression. As a
case in point, syncytium formation has to be associated
with a modulation of host defense responses (Gheysen
and Fenoll, 2002; Davis et al., 2004; Williamson and
Kumar, 2006), and we found a number of genes in-
volved in different aspects of plant defenses among the
genes regulated by GRF1 or GRF3. Similarly, plant
hormones, including auxin, have been implicated in
syncytium development (Grunewald et al., 2009),
and GRF1 or GRF3 appears to regulate a set of genes
involved in hormone biosynthesis or the signaling
pathways of auxin, brassinosteroids, cytokinins, eth-
ylene, gibberellins, and jasmonates. Furthermore, cell
wall modifications are obvious mechanisms of syncy-
tium formation, and a high proportion of genes with
cell wall-related functions also are enriched among the
GRF-regulated target genes. In other words, GRF1 and
GRF3 likely impact a wide spectrum of physiological
processes associated with syncytium formation. This
assessment becomes even more concrete when con-
sidering our finding that almost half of the GRF1- and
GRF3-regulated genes were previously identified as
changing expression in the syncytium (Szakasits et al.,

Figure 8. The miR396-GRF1/3 regulatory module likely controls the phase transition from syncytium initiation/formation to
maintenance stages. Under noninfected conditions, miR396 is highly expressed in vascular root tissues (highlighted in blue).
Upon H. schachtii infection, miR396 is strongly down-regulated during syncytium initiation/formation phases, and this down-
regulation increases GRF1 and GRF3 expression (highlighted in red) to a specific threshold that allows these transcription
factors to regulate gene expression reprogramming events that could be required for the redifferentiation of mature root cells to
form a very specialized and novel syncytial cell type. Once syncytium formation is completed, miR396 expression increases to
high levels in the feeding site, which posttranscriptionally silences the expression ofGRF1 andGRF3. Down-regulation ofGRF1
and GRF3 effectively ends the induction/formation phase of the syncytium and conditions syncytial cells to enter the main-
tenance phase.
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2009). Collectively, these data provide the mechanistic
basis for GRF1 and GRF3 to directly influence a variety
of signaling and developmental pathways required to
govern the redifferentiation of nematode-parasitized
root cells into a functional new organ.

While it is remarkable to consider that a large per-
centage of the genes identified in our microarray experi-
ments also change expression in the syncytium, as we
would have surmised from the syncytium-localized
GRF expression characteristics uncovered in this pa-
per, the truly interesting finding is made when per-
forming this analysis in the opposite direction. Not
only are more than 49% of the GRF-regulated genes
implicated in syncytium events, but more importantly,
the expression of 44% of the 7,225 genes reported by
Szakasits et al. (2009) to change expression in the
Arabidopsis syncytium is altered by our GRF manip-
ulations and, thus, by miR396. Consequently, almost
half of the known syncytial gene expression events in
Arabidopsis can be modulated by the miR396/GRF
module as a single regulatory unit. No other known
mechanism is able to exert the same powerful control
over syncytial gene expression events.

When observing the complexity of cyst nematode-
plant interactions, particularly the concerted regula-
tion of syncytium formation, it always is fascinating to
wonder how such complex events can be regulated by
the parasite. How can the nematode possibly change
so many aspects of cell biology at once? Here, we have
shown that the exploitation of miR396 as a key regu-
lator is one mechanism employed by the nematode. In
other words, miR396 provides the nematode with a
single molecular target to wield power over a sub-
stantial proportion of syncytium developmental events.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) wild-type Col-0 was used in all experi-
ments except for the grf1/grf2/grf3 triple knockout mutant, which is in the Ws
background (Kim et al., 2003). Plants were grown in long days (16 h of light/
8 h of dark) at 23°C.

Plasmid Construction and Generation of Transgenic
Arabidopsis Plants

For the miR396a and miR396b overexpression constructs, 205- and 189-bp
genomic sequences containing the precursors of miR396a and miR396b, re-
spectively, were amplified fromArabidopsis genomic DNA using gene-specific
primers designed to create the BamHI and SacI restriction sites in the forward
and reverse primers, respectively. For overexpression of the miR396-resistant
forms of GRF1 and GRF3, we introduced mutations in the miR396-binding
sites by three sequential PCR cycles using oligonucleotides containing mis-
matches in the miR396-binding site. The first round of PCR was performed to
amplify the 59 region containing the mutated miR396-binding site using GRF1-
XbaI_F1 and GRF1_R1 primers for GRF1 or GRF3-XbaI_F1 and GRF3_R1 for
GRF3. The second round of PCR was performed to amplify the 39 region con-
taining the mutated miR396-binding site using GRF1_F2 and GRF1-SacI_R2
primers for GRF1 or GRF3_F2 and GRF3-SalI_R2 for GRF3. The purified PCR
products from the first and second reactions were used as a template to am-
plify the full length of GRF1 or GRF3 containing the mutated miR396-binding
site using GRF1-XbaI_F1 and GRF1-SacI_R2 for GRF1 or GRF3-XbaI_F1 and

GRF3-SalI_R2 for GRF3. PCR amplification was performed using the Expand
High Fidelity plus PCR System (Roche) according to the manufacturer’s in-
structions. The PCR products were digested, gel purified, ligated into the bi-
nary vector pBI121, and verified by sequencing.

For the miR396a and miR396b promoter constructs, 2.245- and 2.307-kb
fragments upstream of the precursor sequence of miR396a and miR396b, re-
spectively, were amplified from Arabidopsis genomic DNA using PmiR396a-
XbaI_F/PmiR396a-BamHI_R and PmiR396b-XbaI_F/PmiR396b-BamHI_R. For
the promoter constructs of GRF1, GRF3, GRF4, GRF7, GRF8, and GRF9, 2.0-,
1,960-, 2,403-, 2,181-, 1,993-, and 1,471-kb fragments, respectively, upstream of
the start codon were amplified from Arabidopsis genomic DNA using the
primers listed in Supplemental Table S5. The purified PCR products were
digested, gel purified, cloned into the corresponding restriction sites of binary
vector pBI101, and confirmed by sequencing. Agrobacterium tumefaciens strain
C58 was transformed with the binary plasmids by the freeze-thaw method
and used to transform Arabidopsis wild-type Col-0 as described previously by
Clough and Bent (1998). Transformed T1 plants were screened on Murashige
and Skoog medium containing 50 mg L–1 kanamycin, and transgenic plants
were identified. Homozygous T3 seeds were harvested from T2 lines after
segregation analysis on Murashige and Skoog medium containing kanamycin.
The primer sequences used for plasmid construction are listed in Supplemental
Table S5.

Identification of T-DNA Mutants of GRF1 and GRF3

Two independent T-DNA insertional alleles of GRF1 (Salk_069339C and
Salk_078547C) or GRF3 (Salk_026786 and Salk_116709) in the Col-0 back-
ground were obtained from the Salk T-DNA insertional mutant collection
(Alonso et al., 2003). For details, see Supplemental Figure S4.

Histochemical Analysis of GUS Activities

The histochemical staining of GUS enzyme activity was performed
according to Jefferson et al. (1987). Tissue samples were viewed using a Zeiss
SV-11 microscope, and the images were captured using a Zeiss AxioCam
MRc5 digital camera and then processed using Zeiss Axiovision software
(release 4.8).

Nematode Infection Assay

Arabidopsis seeds were surface sterilized and planted in a random-block
design on 12-well Falcon tissue culture plates (BD Biosciences) containing
modified Knop’s medium (Sijmons et al., 1991) solidified with 0.8% Daishin
agar (Research Products International Corp.). Plants were grown at 24°C
under 16-h-light/8-h-dark conditions. Ten-day-old seedlings were inoculated
with approximately 200 surface-sterilized J2 Heterodera schachtii nematodes per
plant, as described previously by Baum et al. (2000). The inoculated plants
were maintained under the same conditions described above for an additional
3 weeks before counting the early adult females. Mean values significantly
different from that of the wild type were determined in a modified t test using
the statistical software package SAS (P , 0.05).

Nematode Penetration Assay

The penetration rate ofH. schachtii second-stage juveniles (J2) was performed
in homozygous T3 lines overexpressing miR396b (line 16-4), rGRF1 (line 12-3),
or rGRF3 (line 12-5) as well as the wild type (Col-0). The four lines were planted
in a random-block design on modified Knop’s medium on 12-well culture
plates as described above. Ten days after planting, each plant was inoculated
with approximately 200 surface-sterilized J2 H. schachtii nematodes. Four days
post inoculation, the number of penetrating nematodes in each root system was
counted as described previously by Hewezi et al. (2008b). Each line was rep-
licated 12 times, and two independent experiments were carried out. Average
numbers of penetrating J2 nematodes were calculated, and statistically signif-
icant differences between the transgenic plants and the wild type were deter-
mined in a modified t test using the statistical software package SAS.

Nematode Development Assay

The development of H. schachtii parasitic-stage juveniles at 5 d post in-
fection was compared with that of early adult females at 21 d post infection.
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The transgenic plants overexpressing miR396b (line 16-4), the resistant ver-
sions of GRF1 (line 12-3) and GRF3 (line 12-5), as well as wild-type Col-0 were
planted in a random-block design on modified Knop’s medium on 12-well
culture plates as described above. At 10 d, each plant was inoculated with 200
surface-sterilized J2 H. schachtii nematodes, and the plates were placed back in
the incubator for an additional 5 d. Then, each well was examined for de-
veloping parasitic-stage juveniles under bright-field illumination using a Zeiss
Axiovert 100 microscope. The number of parasitic-stage juveniles was counted
for each well of each line, and the plates were placed back in the incubator for
an additional 16 d. A 5-d time point was chosen so that a distinction could be
made between those nematodes that were actively feeding (swollen) and those
that were not feeding. At 21 d post infection, the plates were once again ex-
amined, this time with a Zeiss Stemi 2000 dissecting microscope, and the
number of early adult females that developed on each line was counted. Each
plant line was replicated 20 times, and two independent experiments were
conducted. Average numbers of developing nematodes were calculated for
each time point, and statistically significant differences were determined in a
modified t test using the statistical software package SAS.

Syncytial Measurements

Arabidopsis seeds were planted on modified Knop’s medium, and 10-d-old
seedlings were inoculated with approximately 200 surface-sterilized J2 H.
schachtii nematodes. For each line, at least 20 single female syncytia were
randomly selected, photographed, and measured as described previously by
Hewezi et al. (2008b).

Root Length Measurements

Arabidopsis plants were grown vertically on modified Knop’s medium for
10 d, and then the root length of at least 30 plants per line was measured as the
distance between the crown and the tip of the main root in three independent
experiments. Statistically significant differences between lines were deter-
mined by unadjusted paired t tests (P , 0.01).

RNA Isolation and qPCR

Total RNA was extracted from frozen ground root tissues using the TRIzol
reagent (Invitrogen) following the manufacturer’s instructions. DNase treat-
ment of total RNA was carried out using DNase I (Invitrogen). The treated
total RNA (5 mg) was polyadenylated and reverse transcribed using the Mir-X
miRNA First-Strand Synthesis Kit (Clontech) following the manufacturer’s
instructions. The synthesized cDNAs then were diluted to a concentration
equivalent to 10 ng total RNA mL21 and used as a template in real-time RT-
PCR to quantify both miRNA and GRF expression levels using the two-step
RT-PCR kit (Bio-Rad) according to the manufacturer’s protocol. Mature
miRNA quantification was performed using a universal reverse primer (mRQ;
supplied with the Mir-X miRNA First-Strand Synthesis Kit), complementary
to the poly(T) adapter along with miRNA-specific oligonucleotides as forward
primers, which were extended by two A residues on the 39 end to ensure the
binding of the primer to the poly(T) region of the mature miRNA cDNA and
to avoid its hybridization on the miRNA precursor cDNA, as recently de-
scribed by Gutierrez et al. (2009). Quantification of the primary transcripts of
miR396a and miR396b was performed using forward primers specific to
miRNA precursors and the universal mRQ reverse primer. The U6 small
nuclear RNA was used as an internal control to normalize the expression
levels of miRNA. The PCRs were run in an iCycler (Bio-Rad) using the fol-
lowing program: 50°C for 10 min, 95°C for 5 min, and 40 cycles of 95°C for 30 s
and 60°C for 30 s. Following PCR amplification, the reactions were subjected
to a temperature ramp to create the dissociation curve, determined as changes
in fluorescence measurements as a function of temperature, by which the
nonspecific products can be detected. The dissociation program was 95°C for
1 min, 55°C for 10 s, followed by a slow ramp from 55°C to 95°C. Note that the
annealing temperatures used to amplify the primary transcripts of miR396a
and miR396b are between 6°C and 7°C higher than the actual temperatures to
ensure specific annealing to the templates. The specificity of the amplification
products was verified by analyzing the melting curves and by agarose gel
electrophoresis. No amplification was obtained with the control reactions or
with primers designed to bind to the reverse complement strand of primary
miRNA transcripts.

For quantification of the expression levels of GRF1 to GRF9, gene-specific
primers were designed to discriminate between different gene family

members. To measure the levels of transgene mRNA of GRF1 and GRF3 in the
P35S:rGRF1 and P35S:rGRF3 transgenic plants, we designed primers corre-
sponding to the miRNA-binding site to distinguish between the endogenous
and transgene transcripts. Primer sequences containing the wild-type miR396-
binding site were used to quantify the endogenous transcripts, whereas
primer sequences containing the mutated miR396-binding site in which 10
mismatches were introduced were used to quantify the expression levels of the
transgenes. Arabidopsis Actin8, as a constitutively expressed gene, was used
as an internal control to normalize gene expression levels. In all cases, at least
three independent experiments, each with four technical replicates of each
reaction, were performed. Quantification of the relative changes in gene ex-
pression was performed using the 2-DDCT method (Livak and Schmittgen,
2001). The primer sequences used in qPCR analysis are listed in Supplemental
Table S5.

Mapping the Cleavage Sites of GRF1 and GRF3

To map the cleavage sites of GRF1 and GRF3, a modified method for RLM
59-RACE was carried out using the FirstChoice RLM-RACE kit (Ambion)
following the manufacturer’s instructions. Total RNA was isolated from root
tissues of wild-type (Col-0) plants at 8 d post H. schachtii infection and ligated
to 59-RACE RNA adaptor without calf intestine alkaline phosphatase treat-
ment. The ligated RNA was subsequently used for cDNA synthesis using
GRF1 and GRF3 gene-specific outer primers (Supplemental Table S5). The
initial PCR amplification was performed using the 59-RACE outer primer
provided with the kit and GRF1 and GRF3 gene-specific outer primer. The
nested PCR amplification was performed using the 59-RACE inner primer in-
cluded in the kit and GRF1 and GRF3 gene-specific inner primer (Supplemental
Table S5). The PCR products were gel purified, cloned into pGEM-T Easy vector
(Promega), and sequenced.

Microarray Analysis

Wild-type Arabidopsis (ecotypes Col-0 and Ws), the triple mutant grf1/grf2/
grf3, and transgenic plants overexpressing rGRF1 (line 18-2) or rGRF3 (line 12-
5) were grown in vertical culture dishes on modified Knop’s medium for
2 weeks, and then root tissues were collected for RNA extraction using the
method described by Verwoerd et al. (1989). Affymetrix Arabidopsis Gen-
eChips (ATH1) were used to compare gene expression in the wild type with
that in the triple mutant and the rGRF1 or rGRF3 plants. Probe preparation
was performed as described in the GeneChip 39 IVT Express Kit (Affymetrix;
part no. 901229) technical manual. Hybridization and washes were performed
in the GeneChip facility at Iowa State University as described by Affymetrix.
Data were normalized using the robust multiarray average method (Irizarry
et al., 2003). The first of two experiments used a completely randomized de-
sign with three independent biological replications for each of the plant types,
Col-0, grf1/grf2/grf3, rGRF1, and rGRF3. A linear model analysis of the nor-
malized data was conducted for each gene using the empirical Bayes method
implemented in the Bioconductor R package limma (Smyth, 2004, 2005). Each
linear model included effects for the four plant types. As part of each linear
model analysis, tests for differential expression between Col-0 and rGRF1 and
between Col-0 and rGRF3 were conducted. The P values from each of these
tests were converted to q values using the method of Nettleton et al. (2006) and
used to control the false discovery rate at the 0.05 level as described by Storey
and Tibshirani (2003). The second experiment used a randomized complete-
block design with three independent biological replications of Ws and the
triple mutant grf1/grf2/grf3. A linear model analysis using fixed effects for
blocks and plant types was conducted for each gene using limma to identify
genes differentially expressed between Ws and the triple mutant. The resulting
P values were converted to q values to control the false discovery rate at the
0.05 level as described above.

Testing for the Significance of Gene List Overlaps

x2 tests of independence were used to evaluate the significance of overlaps
in gene lists. For example, consider a comparison of the 2,293 genes identified
as differentially expressed in rGRF1-overexpressing plants and the 7,225
syncytium-regulated genes identified by Szakasits et al. (2009). The overlap
between these two gene lists was 1,131. Given that the ATH1 gene chips have
22,500 probe sets, the expected overlap is only 22,500 3 (2,293/22,500) 3
(7,225/22,500) = 736.3 under the assumption of independence among genes
and independence between membership on one gene list and membership on
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the other. The discrepancy between the observed and expected overlap is
highly significant (x2 = 346.1, P , 0.0001). Analogous calculations indicate the
statistical significance of the overlaps reported in “Results.”

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the following accession num-
bers: miR396a (AT2G10606), miR396b (AT5G35407), GRF1 (At2g22840), GRF2
(At4g37740), GRF3 (At2g36400), GRF4 (At3g52910), GRF5 (At3g13960), GRF6
(At2g06200), GRF7 (At5g53660), GRF8 (At4g24150), GRF9 (At2g45480), and
Actin8 (AT1G49240).

The microarray data reported in this study were deposited at the National
Center for Biotechnology Information Gene Expression Omnibus (http://
www.ncbi.nlm.nih.gov/geo/) under accession number GSE31593 and at the
Plant Expression Database (http://www.plexdb.org//modules/PD_general/
publications.php#citeplex) under accession number AT109.
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