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The NAM, ATAF1/2, and CUC (NAC) are plant-specific transcription factors that regulate multiple aspects of plant growth and
development and plant response to environmental stimuli. We report here the identification of NTM1-LIKE8 (NTL8), a
membrane-associated NAC transcription factor, as a novel regulator of trichome formation in Arabidopsis (Arabidopsis thaliana).
From an activation-tagged Arabidopsis population, we identified a dominant, gain-of-function mutant with glabrous
inflorescence stem. By using plasmid rescue and RT-PCR analyses, we found that NTL8 was tagged; thus, the mutant was
named ntl8-1 Dominant (ntl8-1D). Recapitulation experiment further confirmed that the phenotype observed in the ntl8-1D
mutant was caused by elevated expression of NTL8. Quantitative RT-PCR results showed that the expression level of the
single-repeat R3 MYB genes TRIPTYCHON (TRY) and TRICHOMELESS1 (TCL1) was elevated in the ntl8-1D mutant. Genetic
analyses demonstrated that NTL8 acts upstream of TRY and TCL1 in the regulation of trichome formation. When recruited to the
promoter region of the reporter gene Gal4:GUS by a fused GAL4 DNA-binding domain, NTL8 activated the expression of the
reporter gene. Chromatin immunoprecipitation results indicated that TRY and TCL1 are direct targets of NTL8. However, NTL8
did not interact with SQUAMOSA PROMOTER BINDING PROTEIN LIKE9, another transcription factor that regulates the
expression of TRY and TCL1, in yeast and plant cells. Taken together, our results suggest that NTL8 negatively regulates
trichome formation in Arabidopsis by directly activating the expression of TRY and TCL1.

Trichomes are specialized epidermal cells (Johnson,
1975). Trichomes are important for plant growth and
development in many ways. For example, trichomes
can protect plants from ultraviolet irradiation, insect
predation, herbivores, and excessive transpiration
(Mauricio and Rausher, 1997; Wagner et al., 2004;
Schilmiller et al., 2008). The distribution of trichomes
is spatially and temporally controlled. During the
early vegetative stage, trichomes are only on the adaxial
side of the rosette leaves, but in the adult vegetative
stage, trichomes appear on both adaxial and abaxial
rosette leaves. After entering into the reproductive

stage, trichomes gradually decrease on the main in-
florescence stem (Telfer et al., 1997).

In Arabidopsis (Arabidopsis thaliana), trichome for-
mation has become one of the best models for studying
cell fate determination (Schiefelbein, 2003; Pesch and
Hülskamp, 2004; Serna, 2005; Schellmann et al., 2007;
Wang and Chen, 2014). Studies during the last several
decades have identified the key transcription factors
that involve in the regulation of trichome formation.
Based on their functions, these key transcription factors
can be divided into positive regulators and negative
regulators of trichome formation. The positive regula-
tors include the WD40-repeat protein TRANSPARENT
TESTA GLABRA1 (TTG1; Galway et al., 1994; Walker
et al., 1999; Bouyer et al., 2008), the R2R3 MYB tran-
scription factor GLABRA1 (GL1; Oppenheimer et al.,
1991), the basic helix-loop-helix (bHLH) transcription
factorsGLABRA3 (GL3), and ENHANCEROFGLABRA3
(EGL3; Payne et al., 2000; Zhang et al., 2003), and the
homeodomain protein GLABRA2 (GL2; Rerie et al., 1994;
Di Cristina et al., 1996). The negative regulators include a
group of seven single-repeat R3 MYB transcription fac-
tors; they are TRIPTYCHON (TRY; Schnittger et al., 1999;
Schellmann et al., 2002), CAPRICE (CPC; Wada et al.,
1997, 2002), TRICHOMELESS1 (TCL1; Wang et al.,
2007b), TCL2 (Gan et al., 2011), ENHANCER OF TRY
AND CPC1 (ETC1), ETC2, and ETC3 (Kirik et al., 2004a,
2004b; Wester et al., 2009; Wang et al., 2008).
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The positive regulators TTG1, GL1, and GL3 or EGL3
can form a MYB-bHLH-WDR (MBW) activator com-
plex to activate the expression of GL2 (Masucci et al.,
1996; Schiefelbein, 2003; Pesch and Hülskamp, 2004;
Ramsay and Glover, 2005), leading to the promotion of
trichome initiation. The same MBW complex can also
activate the expression of R3 MYB genes. R3 MYBs, in
turn, move to adjacent cells where they can compete
with GL1 for the binding site of GL3, thus preventing
the formation of activator complex, resulting in inhibi-
tion of trichome formation (Schellmann et al., 2002;
Schiefelbein, 2003; Digiuni et al., 2008; Lin andAoyama,
2012;Wang andChen, 2014). However, loss-of-function
of R3 MYB genes resulted in different phenotypes. The
try mutant produces a trichome-clustering phenotype
(Schnittger et al., 1999; Schellmann et al., 2002), trichome
number is increased in the cpcmutant (Wada et al., 1997,
2002), and ectopic trichomes on the inflorescence stems
and pedicels were observed in the tcl1 mutant (Wang
et al., 2007b). On the other hand, it has been reported that
the MBW complex can only activate the expression of
some of the R3MYBgenes (Wang et al., 2008) and that the
conserved motif required the interaction of GL1 and R3
MYBs with GL3/EGL3 may also involve binding of their
target genes (Dai et al., 2016). In addition to competing
with GL1 for binding GL3 or EGL3, TCL1 can directly
activate the expression of GL1 (Wang et al., 2007b). These
results suggest that the regulation of trichome formation
is far more complicated than previous thought.

Indeed, additional regulators and regulatory loops of
trichome formation have been reported in recent years.
The C2H2 transcription factors GLABROUS INFLORES-
CENCE STEMS (GIS), GIS2, andGIS3, the ZINCFINGER
transcription factors ZINC FINGER PROTEIN5 (ZFP5),
ZFP6, and ZFP8, and the plant-specific transcription
factor SQUAMOSA PROMOTER BINDING PROTEIN
LIKE9 (SPL9) have been identified as regulators of tri-
chome formation (Gan et al., 2006, 2007; Yu et al., 2010;
Zhou et al., 2011, 2013; An et al., 2012; Sun et al., 2015).
Most of these transcription factors regulate trichome for-
mation via regulating, directly or indirectly, the expres-
sion of the key transcription factor genes. For example,
GIS, GIS3, ZFP5, and ZFP8 can regulate the expression of
the MBW complex component genes (Gan et al., 2006,
2007; Zhou et al., 2011, 2013; Sun et al., 2015), whereas
SPL9 can directly regulate the expression of the R3 MYB
transcription factor genes TRY and TCL1 (Yu et al., 2010).

The NAM, ATAF1/2, and CUC (NAC) transcription
factor family is one of the largest plant-specific tran-
scription factor families (Olsen et al., 2005; Yao et al.,
2012). NAC transcription factors regulate multiple as-
pects of plant growth and development, including flo-
ral development (Sablowski and Meyerowitz, 1998),
apical meristem formation (Hibara et al., 2003), cell
cycle control (Kim et al., 2006), and secondary cell wall
formation (Dong et al., 2014). NAC transcription factors
are also involved in the regulation of plant hormone
signaling (Fujita et al., 2004), aswell as plant response to
biotic and abiotic stresses (Tran et al., 2004; Shao et al.,
2015). There are a total of 117 genes in the Arabidopsis

genome encoding NAC transcription factors, but none
of them had been reported to be involved in the regu-
lation of trichome formation. Fourteen of the NAC
transcription factors in Arabidopsis are membrane-
bound transcription factors with transmembrane do-
mains (Kim et al., 2007a; Liang et al., 2015). Among
them, NAC with Transmembrane Motif1 (NTM1) has
been reported to participate in the regulation of cell
division (Kim et al., 2006), NTM1-like6 (NTL6) is in-
volved in the regulation of pathogen resistance re-
sponse (Seo et al., 2010), NTL14/ANAC089 controls
ER-stress-induced programmed cell death (Yang et al.,
2014), NTL4 participates in heat-stress response (Lee
et al., 2014), NTL1/ANAC013 is involved in oxidative
stress response (De Clercq et al., 2013), and NTL8 reg-
ulates salt-responsive flowering and seed germination
(Kim et al., 2007b, 2008).

Here, we report the identification of NTL8 as a novel
regulator of trichome formation. We show that NTL8 is
a transcription activator and that it negatively regulates
trichome formation in Arabidopsis by directly activat-
ing the expression of R3 MYB genes TRY and TCL1.

RESULTS

Trichome Formation Is Reduced in the ntl8-1D/gpa1-2Mutant

In an attempt to identify novel regulators of trichome
formation, we screened an activation-tagged muta-
genized Arabidopsis population we had for plants with
defects in trichome formation. The population was
generated by transforming the activation-tagged
pSKI015 to the gpa1-2 mutant (Ullah et al., 2001). In
addition to the glabrous trichomeless 1-1 Dominant
(tcl1-1D; Wang et al., 2007b), we identified another tri-
chome mutant (Fig. 1). Plasmid rescue and RT-PCR
experiments indicated that NTM1-LIKE8 (NTL8), a
membrane-associated NAC transcription factor gene
(Kim et al., 2007a; Liang et al., 2015), was activated in
themutant (see next section for details), thus themutant
was named ntl8-1 Dominant (ntl8-1D/gpa1-2).

Unlike the Ws wild-type and gpa1-2 mutant plants,
the ntl8-1D/gpa1-2mutant had a glabrous inflorescence
stem (Fig. 1A) and reduced trichome formation on ro-
sette leaves (Fig. 1B). Statistical analysis results showed
that the trichome number on the first two rosette leaves
of the ntl8-1D/gpa1-2 mutant seedlings was about two-
thirds of that in the Ws wild-type and gpa1-2 mutant
seedlings (Fig. 1C).

Identification of the T-DNA Insertion Site and
Recapitulation of the ntl8-1D Mutant Phenotypes

By using plasmid rescue, a procedure for identifying
T-DNA insertion sites in activation-tagged mutants
(Weigel et al., 2000), we found that the T-DNA in the
ntl8-1D mutant was inserted in the chromosome 2 at a
position that is 101 bp upstream of the start codon of the
NTL8 gene, and 1898 bp downstream of the stop codon
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of the At2g27310 gene, with the four outward-facing
35S enhancers facing the NTL8 gene (Fig. 2A).
RT-PCR results showed that the expression of NTL8
gene, but not At2g27310, was elevated in the mutant
(Fig. 2B). Thus, the mutant was named ntl8-1D/gpa1-2.
To examine whether the phenotypes observed in

ntl8-1D/gpa1-2 mutant is related to the gpa1-2 mutant
background, we crossed homozygous ntl8-1D/gpa1-2
mutant with Col wild type and examined the pheno-
types in the F1 and F2 populations. We found that all
the F1 plants were resistant to Basta treatment and had
a trichome phenotype similar to that of the ntl8-1D/
gpa1-2 mutant. The F2 seedlings had a 3:1 segregation
ratio of the trichome phenotypes, and all the plants with
defect on trichome formation were resistant to Basta
treatment. These results suggested that the trichome
phenotype observed in the ntl8-1D/gpa1-2 mutant was
caused by a single T-DNA insertion that was indepen-
dent of the gpa1-2 mutant background.

To further confirm that the phenotype in the ntl8-1D/
gpa1-2 mutant was caused by elevated expression of
NTL8 and was independent of the gpa1-2 mutant
background,we generated transgenic plants expressing
NTL8 under the control of the 35S promoter into the
Col background. We found that the transgenic plants
overexpressing NTL8 showed a phenotype similar to
that of the ntl8-1D/gpa1-2 mutant (Fig. 2, C–E).

Previously, results have shown that NTL8 is
expressed in all the tissues and organs as examined by
GUS staining in the NTL8p:GUS transgenic plants (Kim
et al., 2007b). Our qRT-PCR results also show NTL8 is
expressed in all the tissues and organs (Supplemental
Fig. S1A), and a close view show thatNTL8 is expressed
in the basal of trichomes on rosette leaves and stems
of the NTL8p:GUS transgenic plants (Supplemental
Fig. S1, B and C), consistent with the observation that
NTL8 plays a role in regulating trichome formation in
Arabidopsis.

Because NTL8 has been shown to be a membrane-
associated NAC transcription factor, but a nuclear
protein if released from the membranes (Kim et al.,
2007a; Liang et al., 2015), and relocation of NTL8 to the
nucleus was shown to be required for its functions in
the regulation of plant growth and development (Kim
et al., 2007b, 2008), we examined whether NTL8 with-
out its C-terminal transmembrane domain (NTL8DC;
Kim et al., 2007b) can regulate trichome formation in
Arabidopsis by generating transgenic plants over-
expressing NTL8DC. As shown in Figure 2, C–E, the
35S:HA-NTL8ΔC plants are similar to the 35S:HA-NTL8
plants in trichome formation, implying the C-terminal
transmembrane domain is not required for NTL8’s
function in regulating trichome formation.

Trichome Formation in the ntl8 Mutants Is
Largely Unaffected

To further analyze the function of NTL8, we took a
reverse genetics approach to seek and characterize loss-
of-function mutants ofNTL8. From the T-DNA Express
Database (http://signal.salk.edu/cgi-bin/tdnaexpress),
we identified two T-DNA insertion alleles ofNTL8 gene,
WiscDsLoxHs159_07E and SM_3_16309,with the T-DNA
inserted in the third and second exon of the NTL8, re-
spectively (Fig. 3A). The presence of the T-DNA at the
expected positions was verified by sequencing. Plants
homozygous for the T-DNA insertions were isolated by
PCR-based screening and named ntl8-1 and ntl8-2, re-
spectively (Fig. 3A). The loss-of-function status of the ntl8
mutants was then confirmed by RT-PCR using primers
amplifying the full-length coding sequence of NTL8.

We examined the phenotypes of the ntl8 mutants
in trichome formation by directly comparing them
side-by-side with the Col wild-type plants and the
ntl8-1D mutant plants obtained by crossing homozy-
gous ntl8-1D/gpa1-2 mutant with the Col wild-type
plant. As shown in Figure 3, B to D, no defects on tri-
chome formation in the ntl8 mutants were observed.

Figure 1. ntl8-1D/gpa1-2 is a gain-of-function, dominant mutant with
glabrous inflorescence stems. A, Trichomes on the main inflorescence
stems of the Ws wild-type plant (left) and the gpa1-2 mutant (middle),
and glabrous stem of the ntl8-1D/gpa1-2 dominant mutant (right).
Photographs were taken from the first internodes of 1-month-old soil-
grown plants. B, Trichomes on the first two rosette leaves of theWswild-
type plant (top), the gpa1-2 mutant (middle), and the ntl8-1D/gpa1-2
dominant mutant (bottom). Photographs were taken from 10-d-old soil-
grown seedlings. C, Trichome density on the first two rosette leaves of
the Ws wild-type plant, the gpa1-2 mutant and the ntl8-1D/gpa1-2
dominant mutant. Data represent the mean 6 SD of 18 plants.

Plant Physiol. Vol. 174, 2017 2365

NTL8 Regulates Trichome Formation in Arabidopsis

http://www.plantphysiol.org/cgi/content/full/pp.17.00510/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.00510/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.00510/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.00510/DC1
http://signal.salk.edu/cgi-bin/tdnaexpress


By examining protein homologs of NTL8 on Phyto-
zome (https://phytozome.jgi.doe.gov/pz/portal.html),
we found NTL5 and NTL14 have higher amino acid
similarities with NTL8, followed by NTL2. Phylogenetic
analysis further confirmed thatNTL8 is closely related to
NTL5 and NTL14 (Fig. 3E). However, these three NTLs
are more closely related to two membrane-associated
NAC transcription factors from soybean (Li et al., 2016)
and two from tomato, rather than NTL2 (Fig. 3E). These
results suggested that NTL8, NTL5, and NTL14 may
have redundant functions.

From the T-DNA Express Database, we identified
two T-DNA insertion alleles of NTL5 gene, SALK-
012154 and SAIL_172_A04, with the T-DNA inserted
immediately after and before the second exon of the
NTL5, respectively (Fig. 3A). After confirmed the
presence of the T-DNA insertion, isolated homozygous
plants for the T-DNA insertions, and confirmed the
loss-of-function status of the alleles, we named them

ntl5-1 and ntl5-2, respectively (Fig. 3A). Similar to that
in the ntl8 mutants, trichome formation on rosette
leaves in ntl5 single mutants and ntl5 ntl8 double mu-
tant remained largely unaffected (Fig. 3D). However,
more branched trichomes were observed on stems of
the ntl5 ntl8 double mutant (Fig. 3, B and C).

Expression of R3 MYB Genes TRY and TCL1 Is Elevated in
the ntl8-1D Mutants

Trichome formation is largely controlled by a MBW
transcription activator complex and their target genes
(Wang and Chen, 2014). All other identified trichome
formation-regulating transcription factors, including
SPLs, C2H2, and zinc finger-homeobox transcription
factors, have been reported to regulate trichome for-
mation by regulating the expression the MBW complex
component genes and/or their target genes (Gan et al.,

Figure 2. Identification of the T-DNA insertion
site in the ntl8-1D/gpa1-2 mutant and recapi-
tulation of the mutant phenotypes. A, Diagram
illustrating the activation-tagged T-DNA inser-
tion site in the ntl8-1D/gpa1-2 mutant. Arrow-
heads indicate the orientation of the 4X35S
enhancer repeats in the T-DNA situated 101 bp
upstream of the start codon of NTL8, and
1898 bp downstream of the stop codon of
At2g27310. B, Expression level of NTL8 and
At2g27310 in the Ws wild-type, the gpa1-2
mutant, and the ntl8-1D/gpa1-2 mutant seed-
lings. Total RNA was isolated from 10-d-old
seedlings grown on 0.53 MS plates, and
RT-PCR was used to examine the expression of
NTL8 and At2g27310. ACTIN2 (ACT2) was
used as a control. C, Trichomes on the main
inflorescence stems of the Col wild-type (left),
the 35S:NTL8 (middle), and 35S:NTL8DC
transgenic plants (right). Photographs were
taken from the first internodes of 1-month-old
soil-grown plants. D, Trichomes on the first two
rosette leaves of the Col wild-type (left), the
35S:NTL8 (middle), and 35S:NTL8DC trans-
genic plants (right). Photographs were taken
from 10-d-old soil-grown seedlings. E, Tri-
chome density on the first two rosette leaves of
the Col wild-type plant, the 35S:HA-NTL8 and
35S:HANTL8DC transgenic plants. Data rep-
resent the mean 6 SD of 18 plants.
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2006, 2007; Yu et al., 2010; Zhou et al., 2011, 2013; An
et al., 2012; Sun et al., 2015). To examine if this is the case
for NTL8, we tested, by using qRT-PCR, the expression
of the MBW complex component genes TTG1, GL1,

GL3, and EGL3, and their target genes GL2 and single-
repeat R3 MYB genes TRY, CPC, ETC1, ETC2, ETC3,
TCL1, and TCL2 in the ntl8-1D mutant seedlings. As
shown in Figure 4A, the expression level of R3 MYB

Figure 3. Phenotypes of the loss-of-function mutants of NTL8. A, Diagram showing the T-DNA insertion sites in ntl8 and ntl5 single
mutants. The T-DNA is inserted in the third and the second exon of NTL8, respectively, for the ntl8-1 and ntl8-2 mutants, and imme-
diately after and before the second exon ofNTL5, respectively, for the ntl5-1 and ntl5-2mutants. B, Trichomes on themain inflorescence
stems of the Col wild-type plant, the ntl8-1D dominant mutant, the ntl8 single mutants, the ntl5 singlemutants, and the ntl5 ntl8 double
mutant. Photographswere taken from the first internodes of 1-month-old soil-grown plants. C, Percentage of branched trichomes on the
inflorescence stemsof theColwild-typeplant, thentl8-1Ddominantmutant, thentl8 singlemutants, thentl5 singlemutants, and thentl5
ntl8 doublemutant. Data represent the mean6 SD of 11 or 12 plants. D, Trichomes on first two rosette leaves of the Col wild-type plant,
the ntl8-1D dominant mutant, the ntl8 singlemutants, the ntl5 singlemutants, and the ntl5 ntl8 doublemutant. Photographswere taken
from10-d-old soil-grown seedlings. E, Phylogenetic analysis ofNTL8 and its closely related proteins. The entire amino acid sequences of
the proteins were obtained from Phytozome (https://phytozome.jgi.doe.gov/pz/portal.html). “OneClick” mode with default settings on
Phylogeny (www.phylogeny.fr) was used to generate the phylogenetic tree. Branch support values are indicated above the branches.
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gene TRYwas elevated about 25-fold, and that of TCL1
about 10-fold in the ntl8-1D/gpa1-2 mutant seedlings
when compared with that in the Ws wild-type and
the gpa1-2 mutant seedlings, whereas the expression
level of all other genes examined had little if any change
(Fig. 4A).

We then examined the expression level of TRY and
TCL1 in the 35S:HA-NTL8 transgenic plant and ntl8
mutant seedlings using qRT-PCR. The results show
that, when compared with the Col wild-type seedlings,
the expression levels of both TRY and TCL1 were ele-
vated in the 35S:HA-NTL8 transgenic plant seedlings
(Fig. 4B), similar to that observed in the ntl8-1D/gpa1-2
mutant seedlings (Fig. 4A). We also noted that the ex-
pression of TRY was decreased about 2-fold, whereas
expression level of TCL1 remained largely unchanged
in the ntl8 mutant seedlings (Fig. 4B).

Previous studies have shown that the expression
level of TRY and TCL1 are increased on successive

inflorescence stem internodes (Yu et al., 2010). Our
qRT-PCR results showed that the expression level of
NTL8 was also increased on successive inflorescence
stem internodes (Fig. 4C).

NTL8 Functions Upstream of TRY and TCL1

The results described above suggested that NTL8
may inhibit trichome formation in Arabidopsis via acti-
vating R3 MYB genes TRY and TCL1; thus, we hypoth-
esized that loss-of-function mutants of TRY and TCL1 in
the ntl8-1Dmutant backgroundmay phenocopy try and
tcl1 mutants, respectively. To test this, we generated
double and triple mutants between the ntl8-1D mutant
and the try and tcl1mutants. By examining the mutants
generated, we found that the try ntl8-1D double mutant
is morphologically indistinguishable from the try single
mutant. Trichome clusters found in the try mutant

Figure 4. Expression of the known key trichome formation-regulating transcription factor genes in the wild type and gain- and
loss-of- function mutants ofNTL8. A, Expression of the known key trichome formation regulating transcription factor genes in the
Ws wild-type, the gpa1-2 mutant, and the ntl8-1D/gpa1-2 mutant seedlings. Total RNA was isolated from 10-d-old seedlings
grown on 0.53MS plates and qRT-PCR was used to examine the expression of the key transcription factor genes involved in the
regulation of trichome formation. ACT2 was used as reference gene, and expression of each gene in the Ws wild-type seedlings
was set as 1. Data represent the mean6 SD of three replicates. B, Expression of TRY and TCL1 in the Col wild type, the 35S:HA-
NTL8 transgenic plant, and the ntl8 loss-of-function mutants. Total RNAwas isolated from 10-d-old seedlings grown on 0.53MS
plates, and qRT-PCR was used to examine the expression of TRY and TCL1. ACT2was used as reference gene, and expression of
each gene in the Col wild-type seedlings was set as 1. Data represent the mean 6 SD of three replicates. C, Expression of NTL8,
TRY, and TCL1 in the internodes of the main inflorescence stem of Col wild-type plants. Total RNA was isolated from different
internodes of soil-grown Col wild-type plants, and qRT-PCR was used to examine the expression ofNTL8, TRY, and TCL1. ACT2
was used as reference gene, and expression of each gene in first internode was set as 1. Data represent the mean 6 SD of three
replicates.
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(Schnittger et al., 1999; Schellmann et al., 2002) were
observed on the rosette leaves and the inflorescence
stems in the try ntl8-1D double mutant (Fig. 5).
On the other hand, although trichome formation on

the inflorescence stems was restored in the tcl1 ntl8-1D
double mutant, ectopic trichome formation on the up-
per part of the inflorescence, including pedicels and
stem internodes, a phenotype of the tcl1mutant (Wang
et al., 2007b), was not observed in the tcl1 ntl8-1D
doublemutant (Fig. 5). However, trichome formation in
the tcl1 try ntl8-1D triple mutant largely phenocopied
the try tcl1 double mutant (Fig. 5).
To further examine the relationship between NTL8

and the single R3 MYB transcription factor TRY and
TCL1, we generated double and triple mutants be-
tween the ntl8-2 mutant and the try and tcl1 mutants.
Interestingly, we found that loss-of-function of NTL8
completely restored the ectopic trichome formation
phenotypes observed in the tcl1 mutant and partially
restored that observed in the try tcl1 double mutant
(Supplemental Fig. S2). It may seem difficult to judge,
based solely on this result, the relationship between
NTL8 and R3 MYB protein TRY and TCL1. However,
taking the results described above (Fig. 5) into consid-
eration, these genetic analyses suggested that NTL8
acts upstream of TRY and TCL1.

TRY and TCL1 Are Direct Target Genes of NTL8

Having shown thatNTL8 functions upstream of TRY
and TCL1 (Fig. 5), and expression of TRY and TCL1
is elevated in the ntl8-1D mutant and 35S:HA-NTL8
transgenic plants, we wanted to examine whether TRY
and TCL1 are direct target genes of NTL8.
Previous studies have shown that NTL8 is a

membrane-associated NAC transcription factor, and
that it can be relocated into the nucleus (Kim et al.,
2007b). However, it is still unclear if NTL8 can function
as a transcriptional activator or repressor. We thus first

examined the transcriptional activities of NTL8 by us-
ing protoplast transient transfection assays. Plasmids
of the reporter gene Gal4:GUS and the effector gene
GD-NTL8 or GD control were cotransfected into pro-
toplasts, and GUS activities were measured after the
transfected protoplasts had been incubated overnight
in the darkness. In this system, GD and GD-NTL8 is
recruited to the Gal4 DNA binding site in the Gal4:GUS
reporter gene. If NTL8 acts as a transcriptional activa-
tor, it would activate the expression of the reporter
gene. As this was indeed the case (Fig. 6A), we con-
cluded that NTL8 is a transcriptional activator.

We then examined if NTL8 can bind to the promoter
regions of the TRY and TCL1 genes by using chromatin
immunoprecipitation (ChIP) assays. Previous studies
have indicated that the CACG/TACG sequence is a
NAC transcription factor binding site (Olsen et al., 2005;
Tran et al., 2004); thus, primers spanning the CACG/
TACG sequence in the promoter of TRY and TCL1were
used for qRT-PCR in the ChIP assays, and primers
amplifying a promoter fragment of the DFR gene
(Wang et al., 2015) were used as a control. Approxi-
mately 20-fold and 5-fold enrichment was detected in
the promoter region of TRY and TCL1, respectively, but
no enrichment was observed for the promoter of the
DFR gene (Fig. 6B).

To further confirm that TRY and TCL1 are target
genes of NTL8, we examined if mutation of the CACG/
TACG sequence could abolish NTL8’s binding to the
promoter of TRY and TCL1 genes in transfected pro-
toplasts. As shown in Figure 6C, transfection of NTL8
activated the wild type, but not the mutated TRY and
TCL1 reporter genes.

NTL8 May Function Independently of SPL9 in Regulating
Trichome Formation

We have previously showed that SPL9 negatively
regulates trichome formation by directly activating the

Figure 5. NTL8 functions upstream of TRYand
TCL1 in regulating trichome formation. Photo-
graphs of first two rosette leaves were taken
from 10-d-old soil-grown seedlings. Photo-
graphs of flowers and inflorescence stems were
taken from 5-week-old soil-grown plants of the
Col wild type, try, tcl1, and ntl8-1D single
mutants, try tcl1, try ntl8-1D, and tcl1 ntl8-1D
double mutants, and try tcl1 ntl8-1D triple
mutant plants.
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expression of TCL1 and TRY (Yu et al., 2010). However,
in transfected protoplasts, SPL9 failed to activate the
expression of the Gal4:GUS reporter gene when
recruited to the promoter of the reporter gene by a fused
GD domain (Fig. 6A), implying that a coactivator may
be required for the activation of TCL1 and TRY by SPL9.
The fact that NTL8 functions as a transcriptional acti-
vator (Fig. 6A) and that it directly regulates the ex-
pression of TRY and TCL1 (Fig. 6B and C) promoted us
to examine whether NTL8 may interact with SPL9 to
regulate the expression of TRY and TCL1.

We first used yeast two-hybrid assays to examine the
interaction between NTL8 and SPL9. Because nucleus lo-
calizationofNTL8 is required for its functions in regulating
trichome formation (Fig. 2), we used NTL8DC to examine
the interaction of NTL8 and SPL9. As shown in Figure
7A, as a positive control, yeast cells cotransformed
with pNubG-Fe65 and pOstI-NubI could grow on the
SD-try-leu-his-ade plate supplied with 15 mM 3-AT
(3-aminopropyltriethoxysilane; Gou et al., 2011), whereas
yeast cells cotransformed with empty bait vector pDHB1
and empty prey vector pPR3-N failed to do so. Yeast cells
cotransformedwith pHDB1-SPL9 bait and pPR3-N empty
prey vector, or pDHB1 empty bait vector with pPR3-N-

NTL8DCprey, orpHDB1-SPL9bait vectorpPR3-N-NTL8DC
prey vector all failed to grown on the selective plate
(Fig. 7A), suggesting that NTL8 and SPL9 do not in-
teract with each other in yeast cells.

We then used protoplasts transient transfection
assays to test the interaction between SPL9 and NTL8.
In these assays, effector plasmids GD-SPL9 and NTL8,
NTL8DC, or CAT control and reporter plasmids Gal4:
GUS were cotransfected into protoplasts isolated from
rosette leaves of Col wild-type plants. Because NTL8
functions as a transcriptional activator (Fig. 6A), if it
interacts with SPL9, cotransfection of effector plasmids
GD-SPL9 and NTL8 or NTL8DC will result in the acti-
vation of the Gal4:GUS reporter gene. However, no
activation was observed (Fig. 7B). As a positive control
of the transfection assays, cotransfection of effector
plasmids GD-VP and Gal4:GUS reporter plasmids
strongly activated the expression of the reporter gene
(Fig. 7B). These results suggested that NTL8 does not
interact with SPL9 in plant cells.

To further dissect the relationship between SPL9 and
NTL8 in the regulation of trichome formation, we
crossed the rSPL9 transgenic plant (Yu et al., 2010) with
the ntl8-1D mutants, and obtained the phenotypes of

Figure 6. TRY and TCL1 are direct target genes
of NTL8 transcriptional activator. A, NTL8 is a
transcriptional activator. Effectors and the
Gal4:GUS reporter plasmids were cotrans-
fected into protoplasts isolated from 3- to
4-week-old Col wild-type plants. The proto-
plasts were incubated in darkness at room
temperature for 20 to 22 h, and then GUS
activity was measured. Data represent the
mean 6 SD of three replicates. B, ChIP assay.
The 35S:HA-NTL8 transgenic plants were used
for ChIP assay with rabbit anti-HA antibodies.
Rabbit preimmune serum was used as mock
control. Primers spanning putative NAC tran-
scription factor binding sites in the promoters of
TRY and TCL1were used for qRT-PCR analysis.
ACT2was used as reference gene and DFR as a
negative control. Data represent the mean6 SD

of three replicates. C, Mutation of the NAC
transcription factor binding sites affects the
binding of NTL8 to the promoters of TRY and
TCL1. Plasmids of NTL8 and the wild-type or
mutated TRY or TCL1 promoter:GUS were
cotransfected into protoplasts isolated from 3-
to 4-week-old Col wild-type plants. The pro-
toplasts were incubated in darkness at room
temperature for 20 to 22 h, and then GUS ac-
tivity was measured. Cotransfection of CAT
(CHLORAMPHENICOL ACETYLTRANSFERASE)
was used as a negative control. Data repre-
sent the mean 6 SD of three replicates.
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the rSPL9 ntl8-1D plants. We found that trichome
numbers on rosette leaves were further reduced in the
rSPL9 ntl8-1D plants (Fig. 7C), suggesting that SPL9
and NTL8 may function independently in regulating
trichome formation.

DISCUSSION

Previously, we have shown that only some of the
seven R3MYB genes in Arabidopsis including TRY,CPC,
ETC1, and ETC3 are regulated by theMBW complex, and
ETC1 is the only one whose expression is dramatically
reduced in the gl3 egl3doublemutants (Wang et al., 2008).
These results suggested that the expression of TCL1 and
ETC2 is controlled by unknown mechanisms and that, in
addition to the MBW complex, the expression of TRY,
CPC, andETC3mayalso be controlled by other regulators
(Wang et al., 2008). Indeed, we found, later on, that the
miR156-directed SPL9 is involved in the regulation of
trichome formation in Arabidopsis by directly regulating
the expression of TRY and TCL1 (Yu et al., 2010). In this
study, we identified NTL8 as a novel regulator of tri-
chome formation in Arabidopsis, and found that NTL8
negatively regulates trichome formation by directly acti-
vating the expression of TRY and TCL1.

NTL8 Is a Novel Negative Regulator of Trichome
Formation in Arabidopsis

The NAC transcription factors regulate multiple as-
pects of plant growth and development (Sablowski and

Meyerowitz, 1998; Hibara et al., 2003; Kim et al., 2006;
Dong et al., 2014) and plant response to environmental
stresses (Tran et al., 2004; Shao et al., 2015). There are
more than 100 genes in the Arabidopsis genome en-
coding NAC transcription factors, and 14 of them are
membrane-associated transcription factors (Olsen et al.,
2005; Kim et al., 2007a; Liang et al., 2015). NTL8, one of
the membrane-associated NAC transcription factors,
has been shown to regulate salt-regulated flowering via
FLOWERING LOCUS T and mediate salt-signaling in
seed germination (Kim et al., 2007b, 2008). In this study,
we provide evidence that NTL8 is a novel negative
regulator of trichome formation in Arabidopsis.

First, the phenotype observed in the gain-of-function
mutant ntl8-1D, including glabrous inflorescence stem
and reduced trichomes on the rosette leaves, was
caused by elevated expression ofNTL8 (Fig. 1). Second,
overexpression of NTL8 in the Col wild-type plants
resulted in the inhibition of trichome formation on in-
florescence stem and reduction in trichome formation
on the rosette leaves (Fig. 2). However, loss-of-function
mutants of NTL8 were morphologically similar to the
Col wild-type plants (Fig. 3). It is well known that
functional redundancy of transcription factor genes in
plant is a common phenomenon. For example, all single
mutants, and double or triple mutants of closely related
AUXIN/INDOLE-3-ACETIC ACID (Aux/IAA) genes
exhibit wild-type phenotypes (Overvoorde et al., 2005),
and this is also the case for Arabidopsis thaliana Ovate
Family Proteins (AtOFPs; Wang et al., 2007a, 2011).
Considering the fact that there are only 29 genes in

Figure 7. NTL8 may function independent of
SPL9 in regulating trichome formation. A, NTL8
does not interact with SPL9 in yeast cells. Bait
and prey plasmids were cotransformed into
NMY51 yeast cells and grown in SD-Trp-Leu
plate or SD-Trp-Leu-His-Ade plate containing
15 mM 3-AT for 2 to 4 d before photographs
were taken. Cotransformation of empty vector
pDHB1 and pPR3-N was used as negative
control, and cotransformation of pNubG-Fe56
and pOst1-Nub1 as positive control. B, NTL8
does not interact with SPL9 in Arabidopsis
protoplasts. Effectors and the Gal4:GUS reporter
plasmids were cotransfected into protoplasts iso-
lated from 3- to 4-week-old Col wild-type plants.
The protoplasts were incubated in darkness at
room temperature for 20 to 22 h, and then GUS
activity was measured. Cotransfection of CAT
was used as a negative control. Data represent
the mean 6 SD of three replicates. C, Trichomes
on the rosettes and main inflorescence stems of
the SPL9p:rSPL9 (left), the ntl8-1D (middle) and
SPL9p:rSPL9 ntl8-1D plants (right). Photographs
of rosettes were taken from 3-week-old and stems
from the first internodes of 1-month-old soil-
grown plants.
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Arabidopsis encoding Aux/IAA proteins, and 19 genes
encoding AtOFPs, whereas more than 100 genes en-
coding NAC transcription factors (Olsen et al., 2005;
Kim et al., 2007a; Liang et al., 2015), it is likely that
NTL8 may function redundantly with other NAC
transcription factors to regulate trichome formation in
Arabidopsis. The observation that more branched tri-
chomes were produced on stems of ntl5 ntl8 double
mutants (Fig. 3) suggests that this maybe the case.
Considering that NTL14 is also closely related to NTL8
(Fig. 3), it will be of great interest to examine if NTL14
and any of the other NAC transcription factors, espe-
cially the membrane-associated ones, is involved in the
regulation of trichome formation in Arabidopsis.

Mechanism for the Action of NTL8 in the Regulation of
Trichome Formation in Arabidopsis

So far, all the other identified trichome formation-
regulating transcription factors, including the C2H2
transcription factors GIS, GIS2, and GIS3, the ZINC
FINGER transcription factors ZFP5, ZFP6, and ZFP8,
and the miR156-directed transcription factor SPL9, are
reported to function through the regulation of, directly
or indirectly, the expression of the key transcription
factor genes in the trichome formation pathway (Gan
et al., 2006, 2007; Yu et al., 2010; Zhou et al., 2011, 2013;
An et al., 2012; Sun et al., 2015). Our experimental data
suggest that this is also the case with NTL8.

First, transgenic Arabidopsis plants overexpressing
NTL8DC showed a phenotype similar to the plants
overexpressing NTL8 (Fig. 2), indicating that the nu-
cleus localization, rather than the membrane-binding
function of NTL8, is critical for its function in regulat-
ing trichome formation. Second, expression of R3 MYB
genes TRY and TCL1 was elevated in the ntl8-1D and
the 35S:HA-NTL8 transgenic plants, the expression of
TRY was reduced in the ntl8 mutants, and the expres-
sion pattern of NTL8 in inflorescence stem internodes
was similar to that of TRY and TCL1 (Fig. 4), suggesting
that NTL8 may regulate the expression of TRY and
TCL1. Third, genetic analysis showed that trichome
formation in tcl1 try ntl8-1D triplemutantwas similar to
that in the try tcl1 double mutant (Fig. 5), and more
branched trichomes was observed on the stems of the
ntl5 ntl8 double mutants (Fig. 3), a phenotype similar to
the try tcl1 double mutant (Supplemental Fig. S2), im-
plying that NTL8 functioned upstream of TRY and
TCL1 in regulating trichome formation. Finally, proto-
plast transient transfection results showed that NTL8 is
a transcriptional activator, and ChIP assays and pro-
toplast transient transfection with mutated TRY and
TCL1 promoters indicated that NTL8 can bind to the
promoter region of TRY and TCL1 (Fig. 6). Collectively,
these results suggested that NTL8 can directly activate
the expression of TRY and TCL1. However, because
NTL8 also regulates other aspects of plant growth and
development (Kim et al., 2007b, 2008), it is likely that
NTL8 may regulate the expression of other genes.

Because SPL9 has been reported to regulate trichome
formation in Arabidopsis by directly activating the ex-
pression of TRY and TCL1 (Yu et al., 2010) and SPL9
does not function as a transcriptional activator in the
protoplast transfection assays (Fig. 6), we examined
whether SPL9 may interact with NTL8. Results from
two different interaction assays indicated that NTL8
and SPL9 do not directly interact with each other (Fig.
7). These results suggest that NTL8 may function in
parallel with SPL9 in regulating the expression of TRY
and TCL1. Crossing between rSPL9 transgenic plants
and ntl8-1D mutant suggested a syngenetic effect of
SPL9 and NTL8 on trichome formation. However, we
still could not rule out the possibility that NTL8, SPL9,
and other unknown transcription factors may form an
activator complex to regulate the expression of TRY and
TCL1.

As a membrane-associated NAC transcription factor,
relocation of NTL8 to the nucleus has been shown to be
required for its functions in the regulation of plant
growth and development (Kim et al., 2007b, 2008). We
show that NTL8 is involved in the regulation of tri-
chome formation in Arabidopsis (Figs. 1–3 and 5), that
NTL8ΔC have similar function as NTL8 in regulating
trichome formation (Fig. 2), and that NTL8 directly
regulates the expression of TRY and TCL1 (Figs. 4 and
6), suggesting that relocation of NTL8 to the nucleus is
required for its functions in the regulation of trichome
formation. However, it is unclear how NTL8 can be
released from membrane and relocated to the nucleus.
It is possible that some inner and/or environmental
cues may be involved in this process.

CONCLUSION

We identified NTL8 as a novel regulator of trichome
formation. We showed that NTL8 is a transcriptional
activator and that it negatively regulates trichome for-
mation in Arabidopsis by directly activating the ex-
pression of TRY and TCL1.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

The Arabidopsis (Arabidopsis thaliana) ecotype Columbia (Col-0) was
used for plant transformation and protoplast isolation. The ntl8-1
(WiscDsLoxHs159_07E), ntl8-2 (SM_3_16309), ntl5-1 (SALK-012154), and
ntl5-2 (SAIL_172_A04) mutants were obtained from the Arabidopsis Biological
Resource Center and are in the Col background. The try (try_2970), tcl1 (tcl1-1),
try tcl1 (try_2970 tcl1-1) mutants, and the rSPL9 transgenic plant are in the Col
background (Esch et al., 2003;Wang et al., 2007b, 2008; Yu et al., 2010). The gpa1-2
mutant is in the Wassilewskija (Ws) ecotype background (Ullah et al., 2001).

The ntl8-1D/gpa1-2 mutant was identified from an activation-tagged muta-
genized population of Arabidopsis plants in the gpa1-2 mutant background.
The ntl8-1D mutant was obtained by crossing the ntl8-1D/gpa1-2 with the Col
wild-type plant, examining the mutant phenotype in the F2 generation, and
confirming the homozygous status in the F3 to F4 generations. The ntl5 ntl8
double mutant was obtained by crossing ntl5-1 and ntl8-2. The try ntl8-1D and
tcl1 ntl8-1D double mutants were generated by crossing ntl8-1D with try and
tcl1, respectively. The try tcl1 ntl8-1D triple mutant was generated by crossing
doublemutant try ntl8-1Dwith tcl1 ntl8-1D. The try ntl8-2 and tcl1 ntl8-2 double
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mutants were generated by crossing ntl8-2 with try and tcl1, respectively. The
try tcl1 ntl8-2 triple mutant was generated by crossing double mutant try ntl8-2
with tcl1 ntl8-2. The rSPL9 ntl8-1D plants were generated by crossing ntl8-1D
with rSPL9 transgenic plant.

To obtain plants for plant transformation, protoplast isolation, and phe-
notypic analysis, Arabidopsis seeds were directly sown into soil in pots. To
obtain seedlings for DNA and RNA isolation, Arabidopsis seeds were sterilized
and sown on 0.53 Murashige and Skoog (MS) plates with vitamins (Plant-
Media) and 1% (w/v) Suc, solidified with 0.6% (w/v) phytoagar (PlantMedia).
The plates were kept in dark at 4°C for 2 d before transferred to a growth room.
All plants were grown in a growth room with a temperature at 22°C in a long
day (16 h light/8 h dark) conditions at approximately 120 mmol m22 s21.

Isolation of the ntl8-1D/gpa1-2 Mutant and Identification
of the T-DNA Insertion Site

The ntl8-1D/gpa1-2 dominant mutant was isolated from an activation-
tagged mutant population containing approximately 10,000 plants. The mu-
tant population was generated by transforming gpa1-2 mutant plants with the
activation tagging vector pSKI015.

The NTL8 gene locus was cloned by using plasmid rescue (Weigel et al.,
2000). Briefly, genomic DNA (;20 mg) was isolated from the ntl8-1D/gpa1-2
mutant and digested with PstI. The digested DNA was purified, ligated, and
transformed into E. coli DH5a, and the transformants were selected on LB plates
containing amplicillin. T-DNA left-boarder primer 59-TTGACAGTGACGA-
CAAATCG-39 was used to sequence plasmid DNA isolated from colonies
obtained, and to confirm the T-DNA insertion site in the ntl8-1D/gpa1-2mutant.

Plasmid Constructs

The effector constructs 35S:GD, 35S:GD-VP, 35S:CAT, and reporter construct
Gal4-GUS used for protoplast transfection have been described previously
(Tiwari et al., 2001, 2004; Wang et al., 2007a, 2007b).

To generate NTL8 and NTL8DC constructs for plant transformation and/or
protoplast transfection assays, the full-length open-reading frame (ORF) or
ORF encoding amino acid 1-309 of NTL8was amplified by RT-PCR and cloned
in frame with an N-terminal HA or GD tag into the pUC19 vector under the
control of the double 35S promoter (Tiwari et al., 2001; Wang et al., 2005).
HA-tagged NTL8 and NTL8DC constructs in pUC19were digested with proper
enzymes and subcloned into the binary vector pPZP211 (Hajdukiewicz et al.,
1994). To generate SPL9 construct for protoplast transfection assays, the full-
length ORF of SPL9 was amplified by RT-PCR and cloned in frame with an
N-terminal GD tag into the pUC19 vector under the control of the double 35S
promoter.

To generate pDHB1-SPL9 and pPR3-NTL8ΔC constructs for yeast two-
hybrid assays. The full-length ORF of SPL9 and ORF of NTL8ΔC was ampli-
fied and cloned into the pDHB1and the pPR3-N vector, respectively.

To generate the NTL8p:GUS, TRYp:GUS, and TCL1p:GUS constructs, the
1951-bp NTL8, 2138-bp TRY, and 1941-bp TCL1 promoters (Kim et al., 2007b;
Yu et al., 2010), were amplified and used to replace the OFP1 promoter in the
OFP1p:GUS construct in pUC19. The NTL8p:GUS construct in pUC19 was
digested with proper enzymes and subcloned into the binary vector pPZP211 for
plant transformation. TheTRYmp:GUS andTCL1mp:GUS constructswere generated
by fast mutagenesis using TRYp:GUS and TCL1p:GUS plasmid DNA as template.
The primers used to generate TRYmp:GUS are 59-ACATGACTCGCCTCAA-
GAAATGTCTTTCG-39 and 59-TTCTTGAGGCGAGTCATGTGATGTATATC-39,
and for TCL1mp:GUS are 59-AAATCAAATCGAGGGAACCAAAAAAAAGT-39
and 59-GGTTCCCTCGATTTGATTTCTCAAACCT-39.

Plant Transformation and Transgenic Plant Selection

About 5-week-old soil-grown Col wild type plants with several mature
flowers on the main inflorescence were used for plant transformation. The
transgenic plants were generated with the 35S:HA-NTL8 or 35S:HA-NTL8ΔC
construct via Agrobacterium tumefaciens GV3101 by using the floral-dip method
(Clough and Bent, 1998). Surface-sterilized T1 seeds were grown on 0.53 MS
medium containing 50 mg/mL Kanamycin and 100 mg/mL carbenicillin to
select transgenic plants, and ;10-d-old seedlings of the transgenic plants were
transferred into soil pots. Phenotypes of the transgenic plants were observed in
the T1 generation, and overexpression of NTL8 or NTL8ΔC in the transgenic
plants was confirmed by RT-PCR. For each construct, at least five transgenic
lines with similar phenotypes were observed, and two of them were used for

detailed analysis.NTL8p:GUS transgenic plants were generated as described by
Kim et al. (2007b).

DNA and RNA Isolation, RT-PCR, and qRT-PCR

DNAwas isolated from2-week-old seedlings usingNuCleanPlantGenDNA
Kit (CWBIO) according to the manufacturer’s instructions. Total RNA was
isolated from 10-d-old seedlings or different tissues and organs using EasyPure
Plant RNAKit (TransGen Biotech) according to themanufacturer’s instructions,
and 2 mg RNA was used for cDNA synthesized by oligo(dT)-primed reverse
transcription using the EasyScript First-Strand DNA Synthesis Super Mix
(TransGene Biotech). The primers used for RT-PCR examination of NTL8 are
59-ATGTCTAAAGAAGCTGAGATG-39 and 59-TTAGTTCCTAGCTATTAA-
TACAGTCC-39, for NTL5 59-are GCAGCTGCACCACCGATCGAG-39 and
59-TCACACTAAATAAAACACCAACAC-39, and for At2g27310 are 59-
ATGGCAACCG TCGATGTC-39 and 59-TTACCTTAACAAAATAAAAC-39.
Arabidopsis gene ACTIN2 (ACT2) were used as controls for RT-PCR and
qRT-PCR. The primers used for examining the expression of the MBW complex
component gene and their target genes have been described previously (Wang
et al., 2007b, 2008; Wang and Chen, 2008; Zheng et al., 2016).

Plasmid DNA Isolation, Protoplast Isolation, Transfection,
and GUS Activity Assays

Reporter and effector plasmid DNA were isolated using the GoldHi Endo
Free Plasmid MaxiKit (CWBIO) according to the manufacturer’s instructions.
Protoplast isolation, transfection, and GUS activity assay were performed as
described previously (Tiwari et al., 2003; Wang et al., 2005, 2007a, 2007b, 2015;
Wang and Chen, 2008; Tian et al., 2015; Dai et al.,2016; Zheng et al.,2016). In
brief, protoplasts were isolated from rosette leaves of 3- to 4-week-old soil-
grown Col wild-type plants, cotransfected with effector and reporter plas-
mids, incubated under darkness at room temperature for 20 to 22 h before GUS
activities were measured by using a Synergy HT microplate reader (BioTEK).

Microscopy

Photographs were taken under aMotic Kmicroscope equippedwith an EOS
1100D digital camera. The first two leaves of soil-grown plants were used for
observing leaf trichomes, and soil-grownadult plantswereused for observing of
stem and pedicel trichomes.

ChIP Assay

ChIP assay was performed as described previously (Wang et al., 2007a,
2007b, 2015). In brief, ;3-week-old 35S:HA-NTL8 transgenic seedlings were
cross linked using 1% formaldehyde solution, ground to powder with liquid
nitrogen, and sonificated using a sonifier. Soluble chromatin was precipitated
using anti-HA antibodies or rabbit preimmune sera, and collected by using
salmon sperm DNA/protein A-agarose. DNA-protein cross-links were re-
versed, and the DNAwas purified and used in qRT-PCR reactions. The primers
used for amplifying the promoter region of DRF have been described pre-
viously (Wang et al., 2015). The primers used for the promoter region of
TRY are 59-GCAATGAGGATGATGCGATATAC-39 and 59-GATTAAACG-
GAAGAAATCTGTAGTC-39, and for the promoter region of TCL1 are
59-GAAATCAAATCGAGGGCGTAAA-39 and 59-CCCAATGAACGGTA-
CATGATTC-39.

Yeast Two-Hybrid Assays

The split-ubiquitin system (Stagljar et al., 1998) was used to examine the
interaction between SPL9 and NTL8. SPL9 was cloned into the bait vector
pDHB1 andNTL8DC into the prey vector pPR3-N. Bait and prey constructs were
cotransformed into yeast strain NMY51. Cotransformation of empty bait and
prey vectors was used as a negative control, and cotransformation of pNubG-
Fe65 and pOst1-NubI constructs were used as a positive control. The yeast
transformants containing both prey and bait were able to grow on minimum
synthetic dextrose dropout medium lacking both Trp and Leu (SD-Trp-Leu). A
positive interaction between two proteins was indicated by the growth of yeast
colony on the minimum synthetic dextrose medium lacking Leu, Trp, His, and
Ade (SD-Trp-Leu-His-Ade) supplied with 15 mM 3-AT and a white color due to
the activation of Ade synthesis.
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Phylogenetic Analysis

Proteins with higher similarities with NTL8 were identified, and their entire
amino acid sequences were obtained from Phytozome (https://phytozome.jgi.
doe.gov/pz/portal.html). “OneClick” mode with default settings on Phylog-
eny (www.phylogeny.fr) was used to generate phylogenetic tree.

Histochemical Staining for GUS Activity

Histochemical stainingwasused to examine theGUS activity using substrate
5-bromo-4-chloro-3-indolyl-b-D-glucuronide (Kim et al., 2007b; Wang et al.,
2007a).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Expression pattern of NTL8.

Supplemental Figure S2. Loss of function of NTL8 affects ectopic trichome
formation in tcl1 and try tcl1 mutant.
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