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SUMMARY

Acyl lipids are important constituents of the plant cell. Depending on the cell type, requirements in acyl

lipids vary greatly, implying a tight regulation of fatty acid and lipid metabolism. The discovery of the

WRINKLED1 (WRI1) transcription factors, members of the AP2-EREBP (APETALA2-ethylene-responsive ele-

ment binding protein) family, has emphasized the importance of transcriptional regulation for adapting the

rate of acyl chain production to cell requirements. Here, we describe the identification of another activator

of the fatty acid biosynthetic pathway, the Arabidopsis MYB92 transcription factor. This MYB and all

the members of the subgroups S10 and S24 of MYB transcription factors can directly activate the promoter

of BCCP2 that encodes a component of the fatty acid biosynthetic pathway. Two adjacent MYB cis-regula-

tory elements are essential for the binding and activation of the BCCP2 promoter by MYB92. Overexpression

of MYB92 or WRI1 in Nicotiana benthamiana induces the expression of fatty acid biosynthetic genes but

results in the accumulation of different types of acyl lipids. In the presence of WRI1, triacylglycerol biosyn-

thetic enzymes coded by constitutively expressed genes efficiently channel the excess fatty acids toward

reserve lipid accumulation. By contrast, MYB92 activates both fatty acid and suberin biosynthetic genes;

hence, the remarkable increase in suberin monomers measured in leaves expressing MYB92. These results

provide additional insight into the molecular mechanisms that control the biosynthesis of an important cell

wall-associated acylglycerol polymer playing critical roles in plants.
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INTRODUCTION

In plant cells, the biosynthesis of fatty acids (FAs) occurs in

plastids (Harwood, 1996). The building block used for FA

production, acetyl-CoA, is generated from end products of

the glycolysis by the pyruvate dehydrogenase complex.

Then, malonyl-CoA is formed from acetyl-CoA by hetero-

meric acetyl-CoA carboxylase (ACCase). The malonyl group

of malonyl-CoA is subsequently transferred to an acyl car-

rier protein (ACP). Production of saturated acyl chains is cat-

alyzed by the type II FA synthase, which uses acetyl-CoA as

a starting unit, whereas the two-carbon units required for

chain elongation are provided by malonyl-ACP. Thioes-

terases ultimately hydrolyze 16- or 18-carbon acyl chains,

releasing FAs. Acyl lipids are derived from FAs and fulfill

different roles in plant cells. As in other organisms, they are

the basic structural components of the cell membranes

(Mamode Cassim et al., 2019). Triacylglycerols, triesters of

FAs and glycerol, then represent a major form of carbon

and energy storage in most oleaginous species (Baud,

2018). In addition, cuticular lipids (suberin, cutin, cuticular

waxes) constitute lipophilic cell wall-associated barriers

that prevent water loss, entry of pathogenic microorgan-

isms and organ adherence (Kunst and Samuels, 2009;

Delude et al., 2016). Finally, a minor fraction of acyl lipids

and their derivatives (e.g. jasmonate) participate in signal-

ing pathways (Wasternack, 2007).

It was estimated that mesophyll cells contain 5–10% acyl

lipids by dry weight, mostly in the form of membrane

lipids (Ohlrogge and Browse, 1995). By contrast, in the

seeds and in the fruit mesocarp of certain oleaginous spe-

cies, cells can accumulate up to 90% triacylglycerols by dry

weight (Bourgis et al., 2011). The rate of acyl chain produc-

tion thus varies considerably from one cell type to another,

allowing the balancing of carbon supply and demand for
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acyl chains to meet their specific requirements (Ohlrogge

and Jaworski, 1997). The question of the nature of the

molecular mechanisms underpinning the regulation of FA

metabolism follows logically. Post-translational regulation

targeting enzymes of the pathway such as heteromeric

ACCase has been documented (Feria Bourrellier et al.,

2010; Andre et al., 2012; Salie et al., 2016). They allow sub-

tle and rapid modifications of the rate of FA biosynthesis

in response to varying environmental or physiological con-

ditions (Salie and Thelen, 2016; Troncoso-Ponce et al.,

2016). Aside from such regulation, extensive transcrip-

tomic analyses have revealed a strong correlation between

transcript levels of genes encoding core FA biosynthetic

enzymes and the rate of acyl chain production (Girke et al.,

2000; Troncoso-Ponce et al., 2011). These studies have

emphasized the key role played by transcriptional regula-

tion in the developmental control of FA biosynthesis, par-

ticularly in oleaginous seeds and fruits. They have also

outlined the coexpression cluster made of FA biosynthetic

genes (Baud and Lepiniec, 2009; Peng and Weselake, 2011;

Guerin et al., 2016).

Arabidopsis thaliana WRINKLED1 (WRI1), the first tran-

scriptional activator of FA biosynthesis identified in plants,

is a member of the APETALA2-ethylene-responsive ele-

ment binding protein (AP2-EREBP) family of transcription

factors (TFs) (Cernac and Benning, 2004). Upon binding to

AW cis-regulatory elements (CnTnG[n]7CG) conserved

among proximal upstream regions of several late gly-

colytic and FA biosynthetic genes (Maeo et al., 2009), WRI1

recruits the Mediator complex and, in turn, the Pol II com-

plex to initiate their transcription (Kim et al., 2016). WRI1

TFs and AW cis-regulatory elements have been described

in a range of plant species, where their function appears to

be well conserved (Shen et al., 2010; Marchive et al., 2014).

The genomes of land plants usually code for several

related WRI1-like TFs that define a family of transcriptional

regulators capable of triggering sustained rates of acyl

chain synthesis. Contrasting expression patterns of the

genes encoding these TFs usually contribute to specify

their functions in planta (To et al., 2012; Dussert et al.,

2013).

The observation that the Arabidopsis wri1 wri3 wri4 tri-

ple knockout mutants maintain a basal level of FA biosyn-

thetic gene expression suggests that the transcriptional

machinery governing FA biosynthesis may include addi-

tional regulatory proteins. Furthermore, putative cis-regu-

latory elements distinct from the AW-box are over-

represented in the promoter regions of FA biosynthetic

genes (Peng and Weselake, 2011) and some of these were

shown to be essential for transcriptional activation of the

corresponding genes (Baud et al., 2009b). This further sug-

gests that TFs not related to the WRIs and belonging to

redundant regulatory pathways play a meaningful role in

the transcriptional activation of FA biosynthesis. Besides,

two members of the DNA-binding-with-one-finger (DOF)

family of TFs have been proposed to activate the transcrip-

tion of some FA biosynthetic genes in soybean (Wang

et al., 2007).

To isolate other regulators involved in the transcriptional

regulation of the FA biosynthetic pathway, complementary

screening procedures were undertaken. In the present

study, we report the identification and functional character-

ization of the Arabidopsis MYB92 (At5g10280) TF and of

close homologs of the MYB family. Yeast one-hybrid

experiments and electrophoretic mobility shift assays

show that MYB92 is able to interact with the promoter of

BIOTIN CARBOXYL CARRIER PROTEIN2 (BCCP2), a gene

coding for a subunit of heteromeric ACCase. The binding

of MYB92 to ProBCCP2 requires two adjacent MYB cis-ele-

ments and is independent of the binding of WRI1 to the

same promoter. It is then demonstrated that MYB92 acti-

vates in planta the BCCP2 promoter, as well as other pro-

moters of FA biosynthetic genes. By overexpressing

MYB92 in leaves of Nicotiana benthamiana, we further

demonstrate its ability to enhance expression of not only

FA, but also aliphatic suberin biosynthetic genes; hence,

the remarkable deposition of suberin measured in this

system.

RESULTS

Isolation of transcription factors binding ProBCCP2

A yeast one-hybrid screening procedure was implemented

to isolate transcriptional regulators of the FA biosynthetic

pathway. As bait, we employed a 180-bp DNA fragment

located immediately upstream of the translational start

codon of the Arabidopsis BCCP2 gene, referred to as

ProBCCP2. BCCP2, for which the expression profile is rep-

resentative of FA biosynthetic genes (Baud and Lepiniec,

2009), codes for a subunit of heteromeric ACCase. Func-

tional analyses previously established that the 180-bp DNA

fragment used, which is part of the 5’-UTR of BCCP2, con-

tained information required for the proper regulation of

BCCP2 expression in planta (Baud et al., 2009b). The REGIA

library, an ordered cDNA expression library for a set of

Arabidopsis TFs (Paz-Arez, 2002), was screened by mating

with a yeast strain containing the ProBCCP2:HIS3 reporter

construct. Among the 926 open reading frames of the

library, two candidates were isolated. As reported previ-

ously, one of the candidates encoded WRI3, a member of

the AP2-EREBP family (To et al., 2012). The second

encoded MYB92, the function of which was investigated

further.

MYB92 interacts with ProBCCP2 through adjacent MYB

elements

Confirmation of the interaction between MYB92 and the

BCCP2 promoter was first performed using a yeast one-

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd,
The Plant Journal, (2020), 103, 660–676

AtMYB92 enhances fatty acid and suberin synthesis 661

 1365313x, 2020, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/tpj.14759, W

iley O
nline L

ibrary on [30/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



hybrid approach. Yeast strains that presented the HIS3

reporter gene under the control of a BANYULS (BAN, used

as a negative control) or BCCP2 promoter were constructed

and transformed with different plasmids allowing the

expression of MYB92 or WRI1 (positive control) as GAL4

activating domain (AD) fusions. A transformation of the

strain presenting the HIS3 reporter gene under the control

of BAN promoter gave no positive interaction results,

showing that MYB92 and WRI1 were unable to interact

with this promoter (Figure 1a). By contrast, the expression

of MYB92 or WRI1 in the strain presenting the HIS3 repor-

ter gene under the control of the BCCP2 promoter resulted

in the specific growth of the strain on medium lacking his-

tidine, demonstrating the interaction between the TFs and

this promoter sequence. To compare the strength of these

interactions, quantitative ß-galactosidase assays were per-

formed in yeast containing the lacZ reporter gene cloned

downstream of ProBCCP2. Both MYB92 and WRI1 could

activate the reporter gene and the reporter activity mea-

sured in the presence of WRI1 was higher (Figure 1b).

The binding of MYB92 to the BCCP2 promoter sequence

was further examined in vitro by electrophoretic mobility

shift assay (EMSA). Purified recombinant MYB92 was pro-

duced and incubated with a 79-bp DNA fragment from the

BCCP2 promoter containing three putative MYB-core cis-

elements (according to AthaMap; Steffens et al., 2004) plus

an AW-box (Maeo et al., 2009) (Figure 2a). Binding was

determined using biotin-labeled DNA probes. The addition

of MYB92 to the DNA fragment yielded gel retardation (Fig-

ure 1c). The signal intensity increased with the concentra-

tion of the protein in the assay. The binding appeared to

be specific because the addition of recombinant LEAFY

COTYLEDON2 (LEC2) used as a negative control did not
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Figure 1. Interaction of MYB92 with the promoter of the BCCP2 gene. (a)

Analysis of MYB92 binding to the promoter of BCCP2 in yeast one-hybrid

experiments. Yeast strains containing the HIS3 reporter gene under the con-

trol of either the BANYULS (BAN, negative control) or BCCP2 promoter

were transformed with either the empty pDEST22 expression vector or with

a version of this vector allowing the expression of MYB92 or WRI1 before

being plated on appropriate media to maintain the expression of the vectors

(SD-UW) and to test the activation of the HIS3 reporter gene (SD-UWH). The

data presented are representative of the results obtained for five indepen-

dent colonies. SD, synthetic drop-out medium. (b) Quantification of MYB92

binding to the promoter of BCCP2 in yeast one-hybrid experiments. Yeast

strains containing the LacZ reporter gene under the control of the BCCP2

promoter were transformed with either the empty pDEST22 expression vec-

tor or with a version of this vector allowing the expression of MYB92 or

WRI1 before being plated on appropriate media to maintain the expression

of the vectors. ß-galactosidase activity was then measured to test the activa-

tion of the LacZ reporter gene. Values are the mean � SE of 15 measure-

ments carried out on five independent colonies. Asterisks indicate

significant difference from the control according to a t-test (***P < 0.001).

(c) Binding of MYB92 to the proximal upstream region of BCCP2. Elec-

trophoretic mobility shift assay (EMSA) of a probe covering a region from

�188 to �110 bp upstream from the ATG codon of BCCP2 with increasing

amounts of MYB92 (‘+’ = 0.4 µg, ‘++’ = 0.8 µg). LEC2 was used as a negative

control. Competition of MYB92 binding was carried out in the presence of

10-, 20- and 100-fold amounts of the unlabeled ProBCCP2 fragment. Posi-

tion of free probe (open arrowhead) and the shifted bands (closed arrow-

heads) are indicated. (d) Concomitant binding of MYB92 and WRI1 to the

proximal upstream region of BCCP2. EMSA was carried in the same condi-

tions as set out above. s, supershifted band.

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd,
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result in the apparition of shifted bands. This specificity

was confirmed by competition experiments with increasing

amounts of unlabeled oligonucleotides that suppressed

the binding of MYB92 to the labeled probe. The addition of

WRI1 also led the formation of a shifted band of lower

molecular weight (Figure 1d). The supershifted band

observed upon addition of both MYB92 and WRI1 sug-

gested that the two TFs could bind simultaneously to the

BCCP2 promoter (Figure 1d).

The 79-bp BCCP2 promoter fragment used for EMSA

was divided into five partially overlapping fragments con-

taining one to three of the putative MYB-core cis-element

each. MYB92 was able to bind only the fragments

harboring both MYB elements 1 and 2 (Figure 2b). By

means of nucleotide substitutions targeting one or several

MYB-core cis-elements, mutagenized versions of the 79-bp

BCCP2 promoter sequence were then prepared. Mutations

of the MYB boxes 1 or 2 impaired MYB92 binding, whereas

the TF was still able to bind the BCCP2 promoter contain-

ing a mutagenized version of MYB box 3 (Figure 2b). To

precisely examine the specificity of the MYB92 binding

sequence, we prepared various mutant forms of the sites

surrounding the MYB-core elements 1 and 2 with single-

base substitutions. Considering the high number of pro-

moter versions to be assayed in this experiment, we

decided to test them as unlabeled oligonucleotides in a
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Figure 2. Interaction of MYB92 with two

adjacent MYB cis-regulatory elements in

the promoter of BCCP2. (a) Representation

of the wild-type DNA probe covering a 79-

bp region of the promoter of BCCP2 (from

�188 to �110 bp upstream from the ATG

codon) and of mutagenized versions of

this DNA probe used for electrophoretic

mobility shift assay (EMSA). Positions of

the AW (green box) and MYB cis-regula-

tory elements identified (blue boxes) are

presented. Mutations are indicated in red.

(b) Identification of the binding sites of

MYB92 in the proximal upstream region

of BCCP2. The EMSA of truncated and

partially overlapping wild-type sequences

(WT; lanes 1–5) and of mutagenized ver-

sions of the full-length probe (lanes 7–10)
is presented. Position of free probe (open

arrowhead) and the shifted bands (closed

arrowheads) are indicated. (c) Binding site

sequence specificity of MYB92. A competi-

tion of MYB92 binding to ProBCCP2 (�188

to �110 bp) probe was carried out in the

presence of unlabeled ProBCCP2 frag-

ments containing single mutations near

the MYB elements 1 and 2. Mutations that

affected MYB92 binding are indicated in

red, whereas mutations that did not affect

MYB92 binding are indicated in blue. The

position of free probe (open arrowhead)

and the shifted bands (closed arrowheads)

are indicated. WT, wild-type.
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competition assay. Mutations in five out of the seven

nucleotides composing the MYB element 1 and in four out

of the seven nucleotides composing the MYB element 2

resulted in a loss of MYB92 binding, whereas mutations

outside of the motif showed no effect on MYB92 binding

(Figure 2c). Altogether, these results established the

importance of two adjacent MYB-core elements in the pro-

moter sequence of BCCP2 for MYB92 binding.

MYB92 is a transcriptional regulator able to activate

expression of the uidA reporter gene cloned downstream

of ProBCCP2

To demonstrate that MYB92 is a functional TF, we first

investigated the in vivo subcellular localization of the pro-

tein with mGFP6, a derivative of green fluorescent protein

(GFP). This derivative was fused to MYB92 cDNA and

placed under the control of the CaMV dual35S promoter

for high and ubiquitous expression. The resulting construct

was transfected into leaves of N. benthamiana stably trans-

formed with a cassette coding for red fluorescent protein

(RFP) fused to histone 2B, used as a nuclear marker (Martin

et al., 2009). Confocal imaging of transfected cells showed

a co-localization of the GFP and RFP signals, establishing

the nuclear targeting of the MYB92-GFP fusion (Figure 3a).

To determine whether MYB92 possesses transcriptional

activity, the coding region of the TF was cloned in frame

with the GAL4 DNA-binding domain (DBD). The construct

obtained was introduced into a yeast strain (AH109) carry-

ing the ADE2 and HIS3 reporter genes under the control of

heterologous GAL4-responsive upstream activating

sequences and promoter elements. The expression of the

two reporters could be activated in the presence of MYB92

fused to GAL4-DBD, thus establishing the transcriptional

activity of the TF (Figure 3b).

To test the ability of MYB92 to directly activate

ProBCCP2, we used a ProBCCP2:uidA reporter construct in

transactivation assays in N. benthamiana. The promoter of

the 2-OXOGLUTARATE-DEPENDENT DIOXYGENASE

(ODD) gene cloned upstream of the uidA reporter gene

was used as a negative control. Reporter constructs were

infiltrated alone or in combination with a vector allowing

the expression of MYB92, WRI1 (positive control; Baud
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Figure 3. Transcriptional activation of the BCCP2 promoter by MYB92. (a)

Confocal micrographs showing localization of MYB92:GFP fusion proteins

in Nicotiana benthamiana plants stably transformed with a construct coding

for RFP:H2B fusion proteins (Martin et al., 2009). Plants were co-infiltrated

with the Pro35Sdual:MYB92:GFP construct and a vector encoding the p19

protein of tomato bushy stunt virus (TBSV) that prevents the onset of post-

transcriptional gene silencing (Shamloul et al., 2014). GFP was observed

4 days after infiltration. Scale bar = 50 µm. (b) Transcriptional activity of

MYB92. MYB92 coding sequence was cloned in frame with the GAL4 DNA-

binding domain (DBD). The fusion construct was introduced into reporter

yeast containing the HIS3 and ADE2 reporter genes before being plated on

appropriate media to maintain the expression of the vectors (SD-L) and to

test the activation of the HIS3 (SD-LH) or HIS3 and ADE2 reporter genes

(SD-LHA). The data presented are representative of the results obtained for

six independent colonies. SD, synthetic drop-out medium. (c) Transactiva-

tion assay in leaves of Nicotiana benthamiana. Pro:uidA reporter constructs

alone or in combination with a vector allowing the expression of MYB92,

WRI1 or MYB118 (negative control) were co-infiltrated in young leaves of

N. benthamiana with a vector coding for the p19 protein. Leaf discs were

assayed for GUS activity 4 days after infiltration. Tissues were incubated for

4.5 h in a buffer containing potassium ferrocyanide and potassium ferri-

cyanide (each 2 mM). Representative discs (diameter 0.8 cm) are presented.

(d) Transactivation assay in leaves of Nicotiana benthamiana with reporter

constructs comprising mutagenized versions of the BCCP2 promoter. Sche-

matic representations of the reporter constructs used are presented. Blue

squares and green circles denote wild-type cis-regulatory elements, and

asterisks indicate that the MYB-core element was modified as follows:

GTTTGGT ? GCCTAGC (MYB-box 1), GTTAGTT ? GCCATTC (MYB-box 2)

and GTTGGGT ? GCCATTC (Myb-box 3). Leaf discs harvested for GUS

activity 4 days after infiltration were incubated for 2.5 h in a buffer contain-

ing potassium ferrocyanide and potassium ferricyanide (each 2 mM). Repre-

sentative discs (diameter 0.8 cm) are presented.
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et al., 2009b) or MYB118 (negative control; Barthole et al.,

2014) in young leaves of N. benthamiana. MYB92, similar

to WRI1, was able to activate the ProBCCP2:uidA reporter

construct, showing a strong increase in GUS activity com-

pared to the reporter alone (Figure 3c).

Transient activation assays were repeated with mutage-

nized versions of the BCCP2 promoter (Figure 3d). Muta-

tions in the MYB-core cis-elements did not affect the ability

of WRI1 to activate the promoter. By contrast, MYB92 was

no longer able to activate mutagenized versions of the

BCCP2 promoter comprising a mutagenized version of

MYB box 1 or 2, confirming the importance of these two

adjacent cis-regulatory elements for transcriptional activa-

tion of ProBCCP2 by the MYB TF.

All members of the subgroups S10 and S24 of MYB

transcription factors activate ProBCCP2:uidA in

transactivation assays

MYB92 belongs to subgroup S24 of MYB TFs (Dubos et al.,

2010) (Figure 4a). Because several members of this and

related S10 subgroups were absent from the REGIA library,

the six full-length cDNAs (MYB93, MYB92, MYB53, MYB39,

MYB107 and MYB9) were systematically cloned in the

pDEST22 vector allowing expression of GAL4-AD-MYB
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Figure 4. Activation of the BCCP2 promoter by the MYB transcription fac-

tors comprising subgroups S10 and S24. (a) Phylogram, with branch

lengths in arbitrary units, using the alignment generated by MAFFT. Full-

length sequences of the MYB transcription factors (with gaps) were used

for the distance analyses. (b) Analysis of MYB binding to the promoter of

BCCP2 in yeast one-hybrid experiments. Yeast strains containing the HIS3

reporter gene under the control of either the BANYULS (BAN, negative con-

trol) or BCCP2 promoter were transformed with either the empty pDEST22

expression vector or with a version of this vector allowing the expression of

the MYBs before being plated on appropriate media to maintain the expres-

sion of the vectors (SD-UW) and to test the activation of the HIS3 reporter

gene (SD-UWH). The data presented are representative of the results

obtained for five independent colonies. SD, synthetic drop-out medium. (c)

Quantification of MYB binding to the promoter of BCCP2 in yeast one-hy-

brid experiments. Yeast strains containing the LacZ reporter gene under the

control of the BCCP2 promoter were transformed with either the empty

pDEST22 expression vector or with a version of this vector allowing the

expression of the MYBs before being plated on appropriate media to main-

tain the expression of the vectors. ß-galactosidase activity was then mea-

sured to test the activation of the LacZ reporter gene. Values are the

mean � SE of 18 measurements carried out on six independent colonies.

Asterisks indicate a significant difference from the control according to a t-

test (***P < 0.001). (d) Transcriptional activity of the MYB transcription fac-

tors. MYB coding sequences were cloned in frame with the GAL4 DNA-bind-

ing domain (DBD). The fusion constructs were introduced into reporter

yeast containing the HIS3 and ADE2 reporter genes before being plated on

appropriate media to maintain the expression of the vectors (SD-L) and to

test the activation of the HIS3 (SD-LH) or HIS3 and ADE2 reporter genes

(SD-LHA). The data presented are representative of the results obtained for

six independent colonies. (e) Transactivation assay in leaves of Nicotiana

benthamiana. Pro:uidA reporter constructs alone or in combination with a

vector allowing the expression of the MYBs were co-infiltrated in young

leaves of N. benthamiana with a vector coding for the p19 protein. Leaf

discs were assayed for GUS activity 4 days after infiltration. Tissues were

incubated 3 h in a buffer containing potassium ferrocyanide and potassium

ferricyanide (each 2 mM). Representative discs (diameter 0.8 cm) are pre-

sented.
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fusion proteins in yeast cells carrying the HIS3 reporter

gene under the control of the BCCP2 promoter. The corre-

sponding fusion proteins were all able to induce yeast

growth on selective medium, demonstrating their interac-

tion with ProBCCP2 (Figure 4b). Quantitative ß-galactosi-

dase assays performed in yeast cells containing the lacZ

reporter gene cloned downstream of ProBCCP2 confirmed

these interactions. In these quantitative assays, the repor-

ter activity measured in the presence of MYB118 (Barthole

et al., 2014), a member of subgroup S25, was similar to the

control, demonstrating a lack of interaction with ProBCCP2

and establishing the specificity of the interactions observed

with the six MYBs composing subgroups S10 and S24 (Fig-

ure 4c). Additional experiments carried out with yeast

strain AH109 established that all six TFs possessed tran-

scriptional activity (Figure 4d). Finally, transactivation

assays in N. benthamiana established their ability to acti-

vate the ProBCCP2:uidA reporter construct, whereas

MYB118 (used as a negative control) was not (Figure 4e).

MYB92 activates expression of the uidA reporter gene

cloned downstream of promoters of various lipogenic

genes

As a first approach to evaluate whether MYB92 could acti-

vate expression of other lipogenic genes, we considered

two Arabidopsis genes for which the expression profiles

closely resembled that of BCCP2 according to Expression

Angler 2016 (developmental map; http://bar.utoronto.ca/

ExpressionAngler) (Austin et al., 2016) (Figure 5a). These

genes coded for the acyl carrier protein 1 (ACP1;

At3g05020) and the lipoamide dehydrogenase 1 (LPD1;

At3g16950), two components of the FA biosynthetic net-

work. A close examination of proximal upstream regions

of these genes allowed identifying AW-boxes and adjacent

MYB-core elements that were reminiscent of the structure

of ProBCCP2 (Figure S1). Reporter constructs containing

600 and 515 bp, respectively, of upstream sequences from

these genes fused to GUS were used in transactivation

assays in N. benthamiana leaves. MYB92 was able to

specifically activate ProACP1:uidA and ProLPD1:uidA

reporter constructs, showing an important increase in GUS

activity compared to the reporters alone or the reporters

co-transfected with MYB118 (negative control) (Figure 5b).

Transient expression of MYB92 in leaves of

N. benthamiana affects lipid homeostasis and yields a 50-

fold increase in suberin deposition

A previous study has described the transcriptional transi-

tions occurring in N. benthamiana leaves upon induction

of FA synthesis by WRI1 homologs from diverse species

(Grimberg et al., 2015). A similar experiment was set up to

evaluate the impact of a transient expression of MYB92,

WRI1 (positive control) and MYB118 (negative control) on

FA metabolism in N. benthamiana leaves. Expression vec-

tors obtained by placing the corresponding cDNAs under

the control of the CaMV dual35S promoter were used. Effi-

cient overexpression of the transgenes was checked by a

quantitative reverse transcriptase-polymerase chain reac-

tion (qRT-PCR), 5 days after leaf agro-infiltration (Figure 6).

Then, the expression levels of several N. benthamiana

lipogenic genes were quantified. All the glycolytic and FA

biosynthetic genes assayed appeared to be upregulated in

leaves expressing WRI1 or MYB92 with respect to controls.

These included the enolase-encoding ENO1, the 3-ketoa-

cyl-acyl carrier protein synthase I-encoding KAS1, the

enoyl-acyl carrier protein reductase-encoding MOD1, the

lipoamide dehydrogenase-encoding LPD1, the acyl carrier

protein-encoding ACP5 and the biotin carboxyl carrier pro-

tein subunit-encoding BCCP2. For all these genes,

increases in transcript levels measured in leaves express-

ing WRI1 were two- to five-fold higher than the increases

observed in leaves expressing MYB92. This induction of

lipogenic genes was specific because the relative mRNA

(a)

Heatmap of all samples

Distribution of r-values for the queried expression pattern:
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Figure 5. Activation of the promoters of fatty acid biosynthetic genes by

MYB92. (a) Genes coexpressed with MYB92 in Arabidopsis. Output of a

query on Expression Angler 2016 (developmental map; with default values)

displaying an eFP image depicting the expression data and correlation coef-

ficients for the two genes exhibiting the most similar expression patterns

with MYB92. (b) Transactivation assay in leaves of Nicotiana benthamiana.

Pro:uidA reporter constructs alone or in combination with a vector allowing

the expression of MYB92, WRI1 or MYB118 (negative control) were co-infil-

trated in young leaves of N. benthamiana with a vector coding for the p19

protein. Leaf discs were assayed for GUS activity 4 days after infiltration.

Tissues were incubated 2 h in a buffer containing 2 mM each of potassium

ferrocyanide and potassium ferricyanide. Representative discs (diame-

ter 0.8 cm) are presented.
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levels of genes participating in other cellular processes,

such as the xyloglucan endotransglucosylase/hydrolase

protein 9-encoding NbXTH, the dicarboxylate transporter-

encoding NbATTDT or the beta-carbonic anhydrase-encod-

ing NbBCA1, did not display the same pattern (Figure 6).

To evaluate the impact of these transcriptional transi-

tions on lipid homeostasis in transformed leaves, total

lipids were extracted from a first set of samples and sub-

jected to thin-layer chromatography to separate polar

lipids from triacylglycerols. The two lipid fractions were

analyzed separately by gas chromatography (GC) (Fig-

ure 7a and Figure S2). In parallel, a second set of leaf sam-

ples was subjected to extensive delipidation, and both the

amount and composition of residual bound lipids were

analyzed by GC-mass spectrometry (MS) (Figure 7b).

Expression of MYB118 in leaves of N. benthamiana did not

affect lipid homeostasis, Whereas WRI1 induced triacyl-

glycerol accumulation, as reported previously (Vanhercke

et al., 2013; Grimberg et al., 2015). By contrast, expression

of MYB92 yielded a 50-fold increase in the production of

surface lipid polyesters. Analysis of the leaf polyester com-

position revealed aliphatic monomers typical of suberin.

Particularly diagnostic of suberin aliphatics were the 223-

and 152-fold increases in dicarboxylic C16:0 and C18:1 FA

content, respectively, as well as the 130- and 110-fold

increases in C22:0 and x-hydroxy C22:0 FA content, respec-

tively, accompanied by a 17-fold increase in ferulic acid

content. The important accumulation of saturated and

monounsaturated alcohols and the large proportion of very

long-chain monomers (C ≥ 20) were also strongly indica-

tive of suberin deposition. Importantly, enhancement of

polyester production in leaves of N. benthamiana by

MYB92 had only limited effects, if any, on polar lipid and

TAG contents (Figure 7a and Figure S2), suggesting an effi-

cient channeling of the excess FAs produced in the polye-

ster biosynthesis pathway.

Overexpression of MYB92 in leaves of N. benthamiana

increases the abundance of suberin biosynthetic gene

transcripts

These observations prompted us to analyze the expression

of several N. benthamiana genes homologous to Ara-

bidopsis genes encoding well-characterized actors of the

polyester biosynthetic pathway (Figure 8). In leaves

expressing MYB92, the 1075- and 75-fold increases in tran-

script abundance of the ferulate transferase-encoding

ASFT (Molina et al., 2009) and FA elongase-encoding KCS1

(Todd et al., 1999) were fully consistent with the accumula-

tion of ferulic acid and monomers with a chain length of

>20 carbons, respectively (Figure 7). CYPB86B1 transcripts

were elevated by more than 400-fold, in agreement with

the remarkable increase in x-hydroxy and dicarboxylic

FAs. Cytochrome P450 CYP86B1 is responsible for the x-
hydroxylation of very long-chain saturated FAs (Com-

pagnon et al., 2009). Induction of the glycerol-3-phosphate

dehydrogenase-encoding GPDHc1 probably contributed to

the production of glycerol backbones. The 120-fold induc-

tion of GPAT5 transcript abundance was probably critical

for the proper assembly of suberin considering the impor-

tance of glycerol-3-phosphate acyltransferase 5 in the syn-

thesis of sn-2 monoacylglycerol intermediates (Beisson
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Figure 6. Transcriptional activation of lipogenic genes by MYB92 in leaves

of Nicotiana benthamiana. A vector allowing the expression of MYB92,

WRI1 or MYB118 was co-infiltrated in young leaves of N. benthamiana with

a vector coding for the p19 protein. In control leaves, the vector coding for

the p19 protein was infiltrated alone. Leaf discs were harvested 4 days after

infiltration and cDNAs obtained from six independent mRNA extractions for

each vector studied were used for quantitative reverse transcriptase-poly-

merase chain reaction experiments. Analyses of transcript abundance are

presented for Arabidopsis transgenes (AtMYB92, AtWRI1 and AtMYB118)

and for N. benthamiana genes. Values are the means and SE of six or

twelve replicates. Statistical analyses of the data were performed using

one-way analysis of variance, followed by Tukey’s honestly significant dif-

ference and Holm–Bonferroni multiple comparison tests (P < 0.01).
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et al., 2007; Yang et al., 2010). In comparison with the

strong induction of GPAT5, the moderate 18-fold increase

in transcript abundance of GPAT4 measured in leaves

expressing MYB92 might be related to a limited involve-

ment of this acyltransferase in suberin assembly: GPAT4

would also participate in cutin biosynthesis (Kosma et al.,

2014). Taken together, these data indicate that overexpres-

sion of MYB92 in leaves of N. benthamiana also leads to

significant increases in the accumulation of suberin-related

biosynthetic gene transcripts. The ability of this TF to acti-

vate a wide array of genes involved in late glycolysis, FA

and polyester biosynthesis appears as a rare example of

transcriptional control able to trigger a whole biosynthetic

process, from primary metabolism to the final assembly of

a complex polymer made of specialized metabolites.

Effects of stable ectopic expression of MYB92 in leaves of

Arabidopsis

To test the effect of MYB92 overexpression in the native

system, stable Pro35Sdual:MYB92 lines were generated.

Three independent transformants with a single insertion

locus were characterized. Homozygous lines were grown

under controlled conditions and vegetative growth was not

affected in these lines. MYB92 mRNA level was quantified

in rosette leaves of the transgenic lines by qRT-PCR, con-

firming efficient overexpression of MYB92 (from 1900 to

2500-fold compared to expression in the wild-type) (Fig-

ure 9a). qRT-PCR analyses then established that BCCP2

and two genes coding for enzymes of the polyester biosyn-

thesis pathway, ASFT and CYP86B1, were significantly

upregulated in the transgenic lines. However, induction

levels measured in the native system for ASFT and

CYP86B1 were one order of magnitude lower than those

observed in N. benthamiana. To evaluate the impact of

these transcriptional modifications on leaf polyester

biosynthesis, delipidated leaf samples were subjected to

GC-MS analyses (Figure 9b and Figure S3). Consistent with

the upregulation of CYP86B1A in transgenic leaves, a lim-

ited but significant increase in dicarboxylic FA content

could be observed. Beyond these limited compositional

changes, polyester biosynthesis was not reoriented toward

massive suberin production as in leaves of N. benthamiana
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Figure 7. Lipid composition of leaves of Nicotiana benthamiana expressing MYB92, WRI1 or MYB118. A vector allowing the expression of transcription factors

was co-infiltrated in young leaves of N. benthamiana with a vector coding for the p19 protein. In control leaves, the vector coding for the p19 protein was infil-

trated alone. Leaf discs harvested 4 days after infiltration were used for lipid extractions. (a) Concentrations of polar lipids (PL) and triacylglycerols (TAG) sepa-

rated by thin-layer chromatography and expressed on a fresh weight (FW) basis. (b) Concentrations of suberin monomers expressed on a dry weight (DW) basis

of delipidated material. The detailed composition of leaves expressing MYB92 is presented: each constituent is designated by carbon chain length and labeled

by chemical class along the x-axis. Values are the mean � SE of four (a) or five (b) biological replicates. Statistical analyses of the data (PL, TAG and total polye-

sters) were performed using one-way analysis of variance, followed by Tukey’s honestly significant difference and Holm–Bonferroni multiple comparison tests

(P < 0.01). In the box presenting concentrations of suberin monomers, asterisks indicate significant difference from the control according to a t-test

(***P < 0.001 and **P < 0.01, respectively).
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though. The contrasted responses observed in these two

expression systems suggest a need to further examine the

post-transcriptional regulation affecting MYB92 activity in

Arabidopsis.

DISCUSSION

Regulatory mechanisms modulating the rate of FA biosyn-

thesis and integrating this biochemical process into a

developmental framework have long been ignored in

plants. Identification of the WRI1 TF was a first, significant

step towards the elucidation of the regulation of acyl chain

production (Cernac and Benning, 2004). This discovery has

emphasized the key role-played by transcriptional regula-

tion in the developmental activation of the FA biosynthetic

pathway (Maeo et al., 2009; Baud et al., 2009b). It was then

established that the regulatory mechanism involving WRI1

is well conserved among plant species and that plant gen-

omes usually encode several WRI-like TFs with partially

redundant functions (Pouvreau et al., 2011; Dussert et al.,

2013; Tang et al., 2018). In genetic backgrounds where

these WRI regulators are absent, several developmental

defects have been reported. In the Arabidopsis wri1 wri3

wri4 triple mutant, for example, a severe depletion in stor-

age lipid biosynthesis yields wrinkled seeds, whereas

defects in cutin deposition in floral tissues increase the

susceptibility of flowers to organ fusions, leading to semis-

terility (To et al., 2012). Yet, mutants deprived of WRI TFs

are not lethal and vegetative development of these plants

appears to be unmodified under controlled growth condi-

tions, suggesting that FA biosynthesis is not drastically

compromised during a large part of the plant life cycle.

What is more, the expression of WRI target genes is not

completely abolished in wri mutant backgrounds. Taken

together, these observations suggested that the transcrip-

tional machinery regulating FA biosynthesis might involve

additional TFs partially redundant with the WRIs. Accord-

ingly, different types of putative cis-acting regulatory ele-

ments were shown to be over-represented in FA

biosynthesis genes (Peng and Weselake, 2011). Aside from

the AW-box motif interacting with the WRIs, binding sites

for DOF, GATA and MYB TFs were thus predicted. The

functional importance of one of these elements was further

confirmed in planta by approaches of promoter dissection

coupled with site-directed mutagenesis (Baud et al.,

2009b).

The yeast one-hybrid screening reported in the present

study allowed the identification of MYB92, a TF able to

bind the promoter of BCCP2. Complementary analyses car-

ried out in yeast and in planta then established that the six

TFs comprising subgroups S10 (MYB9, MYB107 and

MYB30) and S24 (MYB92, MYB53 and MYB93), according

to the classification proposed by Dubos et al. (2010) for the

MYB family, could activate this promoter. These TFs share

a highly conserved DNA-binding domain called the MYB

domain, consisting of up to four amino acid sequence

repeats (R) of approximately 52 residues. MYB TFs from

subgroups S10 and S24 belong to the R2R3-MYB class,

which gathers most of the plant MYBs (126 out of 196 in

Arabidopsis) (Dubos et al., 2010).

Taken together, transactivation of the BCCP2 promoter

in leaves of N. benthamiana and in vitro binding of MYB92

to the corresponding nucleotidic sequence strongly sug-

gest that MYB92 directly binds to this promoter in planta.

If many R2R3-MYBs usually recognize DNA motifs enriched

in adenosine and cytosine residues (called AC elements),

the range of their binding sites remains poorly described

in planta (Prouse and Campbell, 2012). Our data suggest

that the GTTTGGT and GTTAGTT elements can be part of

the in vivo MYB92 binding site(s). The reverse complement

of the first element identified (ACCAAAC) is also found in

the cis-element bound by MYB61 as defined by cyclic

amplification and selection of targets (Prouse and Camp-

bell, 2013). The sequence is also very similar to the sec-

ondary wall MYB-responsive element (SMRE) bound by

MYB46 and MYB83 (ACC[A/T]A[A/C][T/C]) and identified by

promoter deletion and EMSA (Zhong and Ye, 2012). The

second element is found in the consensus sequence of

MBSII (aaaAGTTAGTTA), a MYB DNA-binding site of
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Figure 8. Transcriptional activation of genes involved in suberin biosynthe-

sis by MYB92 in leaves of Nicotiana benthamiana. A vector allowing the

expression of MYB92, WRI1 or MYB118 was co-infiltrated in young leaves

of N. benthamiana with a vector coding for the p19 protein. In control

leaves, the vector coding for the p19 protein was infiltrated alone. Leaf discs

were harvested 4 days after infiltration and cDNAs obtained from six inde-

pendent mRNA extractions for each vector studied were used for quantita-

tive reverse transcriptase-polymerase chain reaction experiments. Values

are the mean � SE of six replicates. Statistical analyses of the data were

performed using one-way analysis of variance, followed by Tukey’s hon-

estly significant difference and Holm–Bonferroni multiple comparison tests

(P < 0.01).
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MYB.Ph3 from Petunia hybrida identified by EMSA (Solano

et al., 1995). This sequence also fits the position weight

matrices representing top-scoring 8-mers for MYB46,

MYB52, MYB55, MYB59 and MYB11 as defined by protein-

binding microarray approaches (Franco-Zorrilla et al.,

2014). If the two elements bound by MYB92 are not identi-

cal, site-directed mutagenesis experiments have high-

lighted common nucleotides within these two elements

that are critical for MYB92 binding (Figure 2c). Extensive

characterization of DNA-binding specificities of plant TFs

has revealed that an unexpectedly elevated number of TFs,

including members of the MYB family, can recognize sec-

ondary cis-acting regulatory elements with similar or

slightly lower affinities to their primary ones (Franco-Zor-

rilla et al., 2014). Secondary motifs usually represent

sequence variants of the primary elements. A more

detailed structure-function study using in vitro and in vivo

techniques such as SPR (surface plasmon resonance),

SELEX (systematic evolution of ligands by exponential

enrichment), protein-binding microarray or chromatin

immunoprecipitation will be necessary to comprehensively

characterize the MYB92 DNA-binding matrix(ces).

The data obtained both in vitro and in planta emphasize

the importance of the concomitant presence of two adja-

cent MYB cis-elements for the binding and transcriptional

activation of the promoter of BCCP2 by MYB92. It is possi-

ble that MYB92 proteins interact with the promoter as

dimers. If further studies are now required to test this

hypothesis, examples of MYB dimerization have already

been reported for MYB123 (TT2), involved in the produc-

tion of condensed tannins (Baudry et al., 2004), MYB21 and

MYB24, which regulate jasmonate-mediated stamen devel-

opment (Huang et al., 2017), or BpMYB46, involved in the

response to abiotic stresses in Betula platyphylla (Wang

et al., 2019). According to the supershifted bands observed

in EMSA experiments (Figure 1d), the 15 nucleotides sepa-

rating the MYB cis-elements bound by MYB92 from the

AW motif recognized by WRI1 allow the simultaneous

presence of the two types of TFs on the promoter of

BCCP2. The results obtained within the frame of the pre-

sent study show that they can bind and activate the pro-

moter of BCCP2 independently from each other and that
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Figure 9. Characterization of leaves of Arabidopsis thaliana stably overex-

pressing MYB92. (a) Quantitative reverse transcriptase-polymerase chain

reaction analysis of transcript abundance in cDNAs prepared from rosette

leaves. Values are the mean � SE of three to six replicates performed on

cDNA dilutions obtained from three independent RNA extractions. (b) Con-

tent of dicarboxylic fatty acid (DCA) monomers in leaf polyesters as deter-

mined by gas chromatography-mass spectrometry and expressed on a dry

weight of delipidated material. Values are the mean � SE of three to five

replicates. Asterisks indicate a significant difference from the wild-type (WT)

control according to a t-test (***P < 0.001, **P < 0.01 and *P < 0.05, respec-

tively).
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they do not activate the promoters of FA biosynthetic

genes with the same efficiency. Both in yeast one-hybrid

assays and in transient activation assays carried out in

leaves of N. benthamiana, expression of WRI1 yielded a

stronger activation of these target promoters. Considering

that wri1 myb92 mutant seeds exhibit the same phenotype

as wri1 seeds (Figure S4), it is unlikely that MYB92 and

WRI1 have redundant functions in the oil-accumulating tis-

sues of the seed.

The qRT-PCR approaches carried out in leaves of N. ben-

thamiana and Arabidopsis overexpressing MYB92 have

unraveled a second subset of target genes specifically acti-

vated by the TF. This subset comprises genes characteristic

of the suberin aliphatic polyester biosynthesis pathway

such as ASFT, CYP86B1 or GPAT5. Interestingly, increases

in the corresponding transcript levels upon MYB92 expres-

sion were at least one order of magnitude higher than the

increases in the accumulation of FA biosynthetic tran-

scripts measured in the same samples. It is tempting to

speculate that MYB92 regulates these different gene sub-

circuits by means of distinct regulatory mechanisms. Sec-

ondary cell wall synthesis (Zhong et al., 2010) and

triacylglycerol production in maturing seeds (Baud and

Lepiniec, 2009) were also shown to require the concerted

activation of different gene subcircuits through different

molecular mechanisms. Some of these mechanisms

involve indirect regulation by means of secondary TFs par-

ticipating in downstream cascades of transcriptional activa-

tion. Regarding the regulation of suberin biosynthesis, the

existence of such cascades cannot be completely ruled

out. However, the present study provides evidence that

MYB TFs comprising subgroups S10 and S24 directly acti-

vate the FA biosynthesis gene BCCP2, whereas Gou et al.

(2017) reported a direct transcriptional activation of suberin

biosynthesis genes by MYB107. Taken together, these

results invite us to consider other types of mechanisms

regulating the concerted activation of these pathways. For

example, differential protein–protein interactions could

specify the binding of the TFs to their target promoters or

modulate their transcriptional activity. Importantly, the reg-

ulatory cascades hypothesis and the occurrence of differ-

ential protein-protein interactions are not necessarily

mutually exclusive, considering that some TFs can directly

control the expression of genes coding for their own pro-

tein partners. This can be exemplified by the regulation of

the synergid gene regulatory network by MYB98 (Punwani

et al., 2008). Identification of interacting partners of the

MYB TFs considered in the present study, combined with

an in-depth characterization of the promoter sequences of

the suberin biosynthesis genes, will be essential for further

elucidating the complex regulatory network governing the

synthesis of these polyesters.

Suberin is an acylglycerol polymer deposited on the

inner surface of the cell wall of specific cell types forming

a secondary wall structure, in certain endodermal and peri-

dermal tissues (Kosma et al., 2014; Jenkin and Molina,

2015). Suberized tissues include seed coat layers, tree bark,

periderms of tubers and roots, root endodermis, and

abscission scars (Franke and Schreiber, 2007; Franke et al.,

2012). This polyester is also deposited in response to

wounding (Boher et al., 2013). Ectopic expression of

MYB92 in leaves of N. benthamiana is sufficient to trigger

the massive production and deposition of suberin-type

monomers such as 18:1 and very long-chain saturated x-
hydroxy and dicarboxylic FAs. Further studies are now

required for a comprehensive understanding of the physio-

logical functions and the regulation of this TF in Arabidop-

sis. Expression of MYB92 in the endodermis of the root of

Arabidopsis (Iyer-Pascuzzi et al., 2011) suggests a role in

the regulation of the biosynthesis of Casparian strips.

Although seed expression of MYB92 (Figure S4) may coin-

cide with suberin deposition, a thorough characterization

of myb92 mutant seeds did not allow detecting any defect

in polyester accumulation in this organ (Figure S4). It is

likely that MYB92 and closely related MYB transcription

factors have partially redundant functions with respect to

polyester synthesis, and that functionally redundant and

coexpressed MYBs hamper approaches of reverse genet-

ics.

In agreement with this hypothesis, MYB9 and MYB107

were previously shown to regulate suberin deposition in

the integument of Arabidopsis seeds. Similarly, MYB TFs

homologous to Arabidopsis MYB factors from subgroups

S10 and S24 were also linked to suberin biosynthesis

across multiple plant species (Legay et al., 2016; Lash-

brooke et al., 2016; Gou et al., 2017). However, transcrip-

tional regulation of suberin deposition by MYB TFs

appears to involve an even wider array of MYB factors

because MYB41, a member of adjacent subgroup S11, can

activate suberin synthesis under conditions of abiotic

stress (Kosma et al., 2014). The reason why several related

TFs participate in the regulation of the same pathway in a

given plant species could be a result of the need to inte-

grate a variety of developmental and environmental sig-

nals; hence, the partially different expression patterns of

the genes encoding these factors (Winter et al., 2007;

Gibbs et al., 2014; Kosma et al., 2014; Gou et al., 2017).

It is tempting to propose that these factors do not acti-

vate the same array of targets in exactly the same manner,

allowing a modulation of the polyester composition as a

result of subtle variations in the activation of enzymes par-

ticipating in the biosynthesis pathway. In agreement with

this, analysis of the suberin monomers in different organs

of Arabidopsis (e.g. seed integuments and roots) reveals

strikingly different compositions (Li-Beisson et al., 2010).

This hypothesis is also supported by the occurrence of

cutin regulators (MYB16 and MYB106) in the adjacent sub-

group 9 of MYB TFs that induce the production of a
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glycerolipid polyester related to suberin, despite character-

istic differences in chemical composition (Oshima et al.,

2013; Jenkin and Molina, 2015).

The discovery that MYB93 expression in endodermal

cells also participates in the regulation of lateral root devel-

opment through interaction with ARABIDILLO proteins

(Gibbs et al., 2014) suggests another explanation for the

multiplication of MYB factors regulating polyester biosyn-

thesis. It could well be that some of these MYBs act as

master regulators governing the metabolic and develop-

mental processes required for the specialization of differ-

ent cell types producing suberin. Different MYB factors

interacting with distinct protein partners may lead to the

specification of different cell fates.

In conclusion, we have demonstrated that MYB92 is cap-

able of activating FA biosynthetic genes. Expression of

WRI1 in leaves of N. benthamiana stimulates FA synthesis

and promotes TAG accumulation, whereas expression of

MYB92 in the same system yields a remarkable accumula-

tion of suberin (Figure 10). This efficient channeling of FAs

in the polyester biosynthetic pathway relies on the strong

transcriptional activation of the actors of the pathway also

regulated by MYB92. The demonstration that MYB92, simi-

lar to MYB41 (Kosma et al., 2014), can stimulate the ectopic

deposition of suberin-type material provides an original

tool for the biotechnological design of crops with

improved agronomical properties linked to altered barrier

properties. This could also serve as a lever for the produc-

tion of renewable chemical feedstock, thus contributing to

replace fossil oil for some material and chemicals for the

industry (Gandini, 2008). Both basic and applied research

objectives now require an exhaustive characterization of

these closely related MYB TFs to elucidate their specifici-

ties and regulation.

EXPERIMENTAL PROCEDURES

Constructs

The sequences of primers used for DNA amplification are pro-
vided in Table S1.

For construction of the Pro35Sdual:MYB transgenes, MYB92
and MYB107 cDNAs were amplified with the proofreading Phusion
High-Fidelity DNA polymerase (Thermo Scientific, Waltham, MA,
USA) from a mixture of seed cDNAs (Col-0 accession). The PCR
products were introduced by BP recombination into the
pDONR207 entry vector (Invitrogen, Carlsbad, CA, USA). Kelemen
et al. (2015) previously reported the cloning of MYB9, MYB39,
MYB53 and MYB93 cDNAs into pDONR207. The cDNAs were then
transferred into the destination vector pMDC32 (Curtis and Gross-
niklaus, 2003) by LR recombination.

Construction of the Pro35Sdual:WRI1 transgene was described
previously by Baud et al. (2007a) in addition to that of the Pro35S-
dual:MYB118 transgene by Barthole et al. (2014).

For construction of the ProACP1:uidA and ProLPD1:uidA trans-
genes, regions �600 to �1 bp and �515 to �1 bp relative to the
translational start codon of the genes considered were amplified
with the proofreading Phusion High-Fidelity DNA polymerase
(Thermo Scientific) from Col-0 genomic DNA. The PCR products
were introduced by BP recombination into the pDONR207 entry
vector (Invitrogen) and transferred into the destination vector
pBI101-R1R2-GUS (Baud et al., 2007a) by LR recombination.

Construction of the ProBCCP2:uidA transgene was described
previously by Baud et al. (2009b) in addition to that of the
ProODD:uidA transgene by Barthole et al. (2014).

For construction of the Pro35Sdual:MYB92:mGFP6 transgene,
MYB92 cDNA without STOP codon was amplified with the proof-
reading Phusion High-Fidelity DNA polymerase (Thermo Scien-
tific) from a mixture of seed cDNAs (Col-0 accession). The PCR
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Figure 10. Model for the transcriptional regulation of lipid homeostasis in leaves of Nicotiana benthamiana. In wild-type leaves, fatty acids produced in the plas-

tids are mainly used for membrane lipid synthesis and, to a lesser extent, for the production of surface and storage lipids. Upon WRI1 expression, the fatty acid

biosynthetic pathway is upregulated. However, WRI1 does not dictate the use made of these excess fatty acids. It appears that triacylglycerol biosynthetic

enzymes coded by genes already expressed in untransformed leaves efficiently channel excess fatty acids toward triacylglycerol production, leading to a limited

but significant over accumulation of storage lipids. By contrast, MYB92 not only activates glycolytic and fatty acid biosynthetic genes, but also targets genes

coding for suberin biosynthetic enzymes. As a consequence, a remarkable increase in suberin monomers is measured in leaves expressing MYB92.
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product was introduced by BP recombination into the pDONR207
entry vector and transferred into the destination vector pMDC83
(Curtis and Grossniklaus, 2003) by LR recombination.

For construction of the ProADH1:GAL4-DBD:MYB transgenes,
cDNAs previously cloned into the pDONR207 entry vector were
transferred into the pDEST32 vector for GAL4-DBD fusion (Invit-
rogen).

RNA analysis

The material used for RNA extraction was frozen in liquid nitrogen
immediately after harvest, then stored at �80°C. RNA extraction
and reverse transcription were carried out as described previously
(Baud et al., 2004).

RT-PCR analyses were performed as described in Baud et al.
(2004). Primers used for RT-PCR (Figure S2) were: 5’-ATGGGAA-
GATCTCCTATCTC-3’ (MYB92_atg) and 5’-CTAAGGAATGTCGGA-
AAATA-3’ (MYB92_stop), 5’-ATGCCCCAGGACATCGTGATTTCAT-
3’ (EF_up) and 5’-TTGGCGGCACCCTTAGCTGGATCA-3’ (EF_low).

Real-time qRT-PCR reactions were performed in a CFX Connect
Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA),
using the SsoAdvanced PreAmp Supermix Bio-Rad kit in accor-
dance with the manufacturer’s instructions. Reactions used 5 µl of
1:50 diluted cDNAs in a total volume of 15 µl. Incubation of the
reactions comprised: a first step at 95°C for 8 min to activate the
hot start recombinant Taq DNA polymerase, followed by 40 cycles
of 95°C for 10 sec and 60°C for 10 sec. The specificity of the PCR
amplification was checked with a heat dissociation protocol (from
60 to 95°C with a temperature transition rate of 0.1°C sec�1) fol-
lowing the final cycle of the PCR. The efficiency of the primer sets
was calculated by performing a RT-PCR on several dilutions of
first strands. Efficiencies of the different primer sets used were
confirmed to be almost similar. The results obtained for the differ-
ent N. benthamiana samples analyzed were standardized to the
constitutive NbL23 gene (coding for a 60S ribosomal protein)
expression level (Liu et al., 2102). Those obtained for the A. thali-
ana samples analyzed were standardized to the constitutive
EF1aA4 gene (coding for a translation elongation factor) expres-
sion level (Nesi et al., 2000). The sequences of primers used for
real-time qRT-PCR are provided in Table S2.

Yeast one-hybrid experiments

Construction of the pHISi reporter plasmid containing a 180-bp
fragment of the BCCP2 promoter was described previously by
Baud et al. (2009b). Integration of the plasmid into the yeast strain
EGY48 and screening of the REGIA cDNA expression library were
described previously by To et al. (2012).

To validate the candidate genes isolated, MYB cDNAs were
cloned into the pDEST22 vector (Invitrogen) to be expressed in
yeast as GAL4 AD fusions. cDNAs previously cloned into the
pDONR207 were transferred into the pDEST22 expression vector
by LR recombination. YM4271 yeast cells presenting the HIS3
reporter gene under the control of a functional BCCP2 promoter
(To et al., 2012) were transformed with pDEST22 in accordance
with the AcLi/SSDNA/PEG method (Gietz and Woods, 2002).
Transformants were selected on appropriate media. Construction
of ProBAN:HIS was described previously (Baudry et al., 2004).

The reporter plasmid used for ß-galactosidase assays was con-
structed by insertion of a 180-bp fragment of the BCCP2 promoter
into the pLacZi vector (To et al., 2012). After digestion with ApaI,
this plasmid was integrated into the yeast strain YM4271 at the
URA3 locus. The resulting yeast strains were selected on a med-
ium lacking uracil and then co-transformed with the pDEST22

vector allowing expression of the MYBs using the AcLi/SSDNA/
PEG method (Gietz and Woods, 2002). Transformants were
selected on appropriate media and ß-galactosidase activity was
assayed on liquid cultures using o-nitrophenyl-ß-D-galactopyra-
noside as a substrate, as recommended by the constructor (Yeast
protocol handbook; Clontech, Palo Alto, CA, USA).

Electrophoretic mobility shift assays

The expression plasmid was constructed by transferring MYB92
cDNA from the pDONR207 to the expression vector pETG20A
(http://www/embl-hamburg.de). The resulting vector was electro-
porated into Escherichia coli RosettaBlue(DE3)pLysS strain (Nova-
gen, Madison, WI, USA) for expression. After induction by 0.5 mM

isopropyl b-D-1-thiogalactopyranoside in Luria Bertani buffer, cells
were grown overnight at 17°C. Cell lysis and protein purification
were adapted from Baud et al. (2009b). Briefly, cell pellet was soni-
cated in lysis buffer A (20 mM NaCl, 20 mM Tris-HCl, pH 8.0, 5 mM

imidazole, 5% glycerol) and centrifuged for 40 min at 21 000 g.
The clear supernatant was incubated for 4 h at 4°C with Ni-NTA
resin (Qiagen, Valencia, CA, USA). The resin was transferred into
a column, washed with 5 ml of buffer A plus 20 mM imidazole and
eluted with 5 ml of buffer A plus 300 mM imidazole. Recombinant
WRI1 and LEC2 proteins were obtained as described previously in
Baud et al. (2009b) and Baud et al. (2009a), respectively.

To prepare DNA probes, complementary biotin-labeled (at the
50 end) oligonucleotides (Eurofins MWG Operon, Louisville, KY,
USA) were annealed. The DNA-binding assays were performed as
described previously in Troncoso-Ponce et al. (2016).

Lipid analysis

To analyze polar lipids and triacylglycerols, 500 mg of leaves was
harvested and stored at �80°C prior to lipid extraction. Leaf sam-
ples were ground in 7.2 ml of pre-cooled chloroform/methanol/
formic acid (10:10:0.5, v/v/v) and incubated at �20°C overnight.
The mixture was centrifuged at 7500 g for 10 min at 4°C to pellet
the cell debris. Lipids of the pellet were reextracted in 2.64 ml of
pre-cooled chloroform/methanol/water (10:10:1, v/v/v). Then,
3.6 ml of cooled Hajra solution (KCl 2 M and H3PO4 0.2 M) were
added to the pooled supernatants. After shaking and centrifuga-
tion (7500 g for 10 min at 4°C), the lower phase containing lipids
was collected and evaporated with a stream of N2. Lipids were
finally resuspended in chloroform/methanol (2:1, v/v) and sepa-
rated on thin-layer chromatography plates developed with hex-
ane/diethylether/acetic acid (35:15:0.01, v/v/v). Polar lipids and
triacylglycerols were visualized under UV by staining with sprayed
primuline. Lipid spots were ultimately collected and analyzed by
GC as described previously (Baud et al., 2002).

To analyze suberin polyester composition in leaves, fresh mate-
rial was collected and immersed in hot isopropanol for 10 min at
80°C. For seed coat analyses, 50 mg of dry seeds was ground in
isopropanol, and then heated for 3 h at 85°C. After cooling, sam-
ples were extensively delipidated by extracting the soluble lipids,
then dried and depolymerized as described previously (Domergue
et al., 2010). Extraction, derivatization, and analysis by GC-MS
were performed as described previously (Domergue et al., 2010).

For determination of seed oil content, total fatty acid analyses
were performed on pools of 20 dry seeds as described previously
(Li et al., 2006).

Microscopy

Histochemical detection of GUS activity and bright-field micro-
scopy observations of leaf discs were performed as described by
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Baud et al. (2007b). MYB92-GFP fusion proteins were imaged in
leaves of N. benthamiana with a LSM710 confocal microscope
(Carl Zeiss, Oberkochen, Germany) as described by Miart et al.
(2014).

Molecular characterization of T-DNA mutants

Plant genomic DNA flanking the left T-DNA borders of the T-DNA
mutant lines ordered from the Salk Institute (La Jolla, CA, USA)
were amplified by PCR and sequenced to confirm the flanking
sequence tags identified. Molecular characterization of the wri1-4
allele was described previously (Baud et al., 2007a). In the myb92-
1 line (N116918), the T-DNA insertion was located in the third
exon of the MYB92 gene. To amplify the T-DNA left border,
pAt5g10280F (50-GCAAGCAACCAAATCTCAGAG-30) and JicSMLB2
(50- CGAATAAGAGCGTCCATTTTAGAG-30) were used. To amplify
the left T-DNA border in myb92-2 (N128394; insertion located in
the second exon of the MYB92 gene), pAt5g10280F and JicSMLB2
were used. In the myb107 line (N107792), the T-DNA insertion was
located in the second exon of the MYB107 gene. To amplify the T-
DNA left border, At3g02940R (50-ATGGCTGGTGATCTTGTGTA-30)
and JicSMLB2 were used.

Seed coat permeability test

Tetrazolium red assays used for seed coat permeability tests were
performed as described previously (Vishwanath et al., 2013). Dry
seeds were incubated in the dark in a solution of 1% (w/v) tetra-
zolium red (2,3,5-triphenyltetrazolium chloride) at 30°C for 48 h.
The seeds were observed for a change in color using a binocular
magnifier.

Phylogenetic analysis

To perform distance analysis among the MYB TFs, programs (with
default values) available via https://mafft.cbrc.jp/alignment/server
were used: MAFFT, version 7 for multiple alignments and NJ (neigh-
bor-joining, with 1000 bootstraps) for tree building (Kuraku et al.,
2013). Alignments are provided in Figure S5.

Materials described in this manuscript will be available on
request.
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Arabidopsis sequence data from the present study are

available in the EMBL/GenBank data libraries under acces-
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At1g04380; AtWRI1, At3g54320; AtWRI3, At1g16060. Nico-

tiana benthamiana sequence data are available in the Sol

Genomics Network data libraries under the accession num-

bers provided in Table S2.
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