Dalman et al. BMC Plant Biology (2017)17:6

DOI 10.1186/512870-016-0952-8 BMC Plant BIOlogy

Overexpression of PaNACO03, a stress @
induced NAC gene family transcription

factor in Norway spruce leads to reduced

flavonol biosynthesis and aberrant embryo
development
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Abstract

Background: The NAC family of transcription factors is one of the largest gene families of transcription factors in
plants and the conifer NAC gene family is at least as large, or possibly larger, as in Arabidopsis. These transcription
factors control both developmental and stress induced processes in plants. Yet, conifer NACs controlling stress
induced processes has received relatively little attention. This study investigates NAC family transcription factors
involved in the responses to the pathogen Heterobasidion annosum (Fr.) Bref. sensu lato.

Results: The phylogeny and domain structure in the NAC proteins can be used to organize functional specificities,
several well characterized stress-related NAC proteins are found in Ill-3 in Arabidopsis (Jensen et al. Biochem J 426:
183-196, 2010). The Norway spruce genome contain seven genes with similarity to subgroup Ill-3 NACs. Based on
the expression pattern PaNACO3 was selected for detailed analyses. Norway spruce lines overexpressing PaNAC03
exhibited aberrant embryo development in response to maturation initiation and 482 misregulated genes were
identified in proliferating cultures. Three key genes in the flavonoid biosynthesis pathway: a CHS, a F3'H and PalAR3
were consistently down regulated in the overexpression lines. In accordance, the overexpression lines showed
reduced levels of specific flavonoids, suggesting that PaNACO3 act as a repressor of this pathway, possibly by
directly interacting with the promoter of the repressed genes. However, transactivation studies of PaNACO03 and
PalAR3 in Nicotiana benthamiana showed that PaNACO3 activated PalAR3A, suggesting that PaNACO03 does not act
as an independent negative regulator of flavan-3-ol production through direct interaction with the target flavonoid
biosynthetic genes.

Conclusions: PaNACO3 and its orthologs form a sister group to well characterized stress-related angiosperm NAC
genes and at least PaNACO3 is responsive to biotic stress and appear to act in the control of defence associated
secondary metabolite production.

Keywords: Bark, Picea, Transcriptome, NAC [for NAM (no apical meristem), ATAF (Arabidopsis transcription activation
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Background

In plants, the NAC [for NAM (no apical meristem),
ATAF (Arabidopsis transcription activation factor), CUC
(cup-shaped cotyledon)] family of transcription factors
(TFs) is one of the largest plant TF gene families. The
gene family is estimated to comprise 117 members in
Arabidopsis thaliana and 144 and 161 respectively in
rice and poplar [1, 2]. The NAC gene family in conifers
appears to be at least as large as in Arabidopsis and
might possibly even be expanded [3]. The boreal forest
in the Northern hemisphere is dominated by conifers,
many of which are economically and ecologically
important. Still, relatively little is known about how co-
nifers, and other gymnosperms, sense and respond to
abiotic and biotic stress. General knowledge about indu-
cible defence responses and their regulatory pathways
are primarily derived from studies in angiosperm model
plants, which in some cases can be extrapolated to
gymnosperm systems [4—9], despite their evolutionary
divergence [10]. A recent study showed that the accu-
mulation of flavonoids and the gene induction pattern in
the flavonoid pathway correlated to the level of resist-
ance in Norway spruce to the root rot fungus Heteroba-
sidion annosum (Fr.) Bref. sensu lato (hereafter referred
to as H. annosum s.) [9]. H. annosum s.l. is a complex
of five closely related species [11, 12] that have partly
overlapping host ranges. These results indicated a differ-
ential control of defence responses between resistant
and susceptible genotypes.

NAC TFs were first identified in forward genetic
screens as key regulators of developmental processes
[13-16]. NAC proteins have been shown to regulate
central developmental processes such as embryo pat-
terning and vascular patterning in both angiosperms and
gymnosperms [15-18]. However, NAC proteins are also
one of the most important groups of differentially regu-
lated TFs in plant defence [19-21]. NAC TFs commonly
possess a conserved DNA-binding NAC domain at the
N-terminus, which includes nearly 160 amino acids that
are divided into five subdomains (A-E) [22]. The C-
terminal regions of NAC proteins are highly divergent
[13, 22] and confer the regulatory specificity of tran-
scriptional activation [1]. Based on the phylogeny of and
domain structure in the NAC proteins it is possible to
structure and organize the functional specificities of the
conserved NAC domains and the divergent C-termini
[1, 17, 22]. The NAC subgroups, e.g. subgroup III-3 in
Arabidopsis, which contains the stress-related NAC
proteins, ANACO019, ANACO055, ANACO072, ATAF1 and
ATAF2, have common unique C-terminal motifs domi-
nated by a negatively charged matrix with a few con-
served bulky and hydrophobic amino acid residues that
form the transactivation domains [1]. This group of
paralogous Arabidopsis NAC genes show co-expression
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in response to stress hormones [20, 21, 23] and several
members are known to act as regulators of plant re-
sponses to abiotic [19, 20, 23] and biotic [20, 24, 25]
stressors. Transgenic plants overexpressing members of
this subgroup (ATAF1, ATAF2, ANACO019 or ANACO55)
show increased susceptibility to necrotrophic pathogens
such as Botrytis cinerea or Fusarium oxysporum [20, 21,
24, 25] while an anac019 anac055 double mutation [21]
or expression of an ATAF1 repressor construct [24] lead
to enhanced resistance against B. cinerea. Taken together,
this suggests that subgroup III-3 NAC transcription fac-
tors may be important transcriptional integrators between
biotic and abiotic stress. A number of NAC TFs with simi-
larity to Arabidopsis subgroup III-3 NACs among the dif-
ferentially regulated TFs in recent transcriptome studies
of spruce responses to biotic stress [9, 26] indicate that
spruce orthologs of well-characterized Arabidopsis NACs
control similar programmes in spruce and Arabidopsis
not only in plant development [17, 18] but also in plant
responses to stress.

The aims of this study were to: I) analyse the classifica-
tion and stress-induced expression pattern of H. annosum
s.l.-induced Norway spruce NAC TFs; II) investigate the
downstream target genes of PaNAC03 in Norway spruce;
III) investigate if PaNACO03 had the capacity to regulate
the promoter PuLAR3, a gene in the downstream regula-
tion module. To address the first aim we queried sequence
databases to identify homologous sequences, identified
the modular structure and phylogenetic placement of H.
annosum s.l.-induced Norway spruce NACs. We also de-
termined the expression patterns of the H. annosum s.l.-
induced NAC TFs in response to different stressors. To
investigate downstream target genes of PaNAC03 Norway
spruce cell lines overexpressing PaNACO03 were con-
structed and their transcriptome was compared with the
wild-type Norway spruce cell line to identify misregulated
genes. To address our last aim we isolated the promoter
of PaLAR3 and fused it to the GUS reporter gene and per-
formed transactivation studies of PaNACO03 and PaLAR3
in Nicotiana benthamiana.

Methods

Sequence search and phylogeny

Six putatively unique transcripts (PUT) with similarity
to angiosperm NAC transcription factors (Table 1) iden-
tified in previous RNAseq experiments [9, 26] were used
to query the Norway spruce genome portal (http://con
genie.org/) using Blastn [27] and TAIR (https://www.ara
bidopsis.org/) and Genbank using Blastx. The significant
hits were downloaded and nucleotide and amino acid
sequence alignments were made with Picea sequences
from Genbank and P. abies 1.0 [3]. For phylogenetic
analysis of the identified Norway spruce NAC genes
additional Norway spruce gene models were downloaded
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Table 1 Norway spruce subgroup Ill-3 NAC genes and their closest homolog in Arabidopsis thaliana

TAIR

Isogroup Gene Congenie (BlastN) E-value Best hit in NCBI E-value Locus Annotation
isogroup00240° PaNAC03 MA_8980g0010 0 ABK26029 0 AT1G01720.1 ATAF1
isogroup0081 2P PaNAC04 MA_264971g0010 0 AAC32123 0 AT1G77450.1 ANACO032
isogroup02038° PaNACO05 MA_5115g0010 0 ABK26029 1.00E-99 AT1G77450.1 ANAC032
isogroup05528° MA_86256g0010 2.32E-144 ABK26029 2.00E-145 AT1G01720.1 ATAF1

MA_64687g0010 ABK26029 2.00E-127 AT1G01720.1 ATAF1

MA_75192g0010 ABK22535 0 AT4G27410.2 RD26

MA_103386g0010 ABK26029 9.00E-145 AT1G01720.1 ATAF1
isogroup02925b MA_8533126g0010 2.19E-111 ABR16510 5.00E-82 AT1G25580.1 SOG1
isogroup05889IO MA_23113g0010 1.83E-18 no hit No hit

finduced in both wounding and inoculation treatments
Pinduced only in response to inoculation treatment

from the Norway spruce genome portal and subgroup
II-1, III-2 and II-3 Arabidopsis NAC amino acid
sequences were downloaded from TAIR. The sequences
were trimmed to the conserved N-terminal region and
aligned with the Clustal W algorithm in MEGA 5.0 [28].
Phylogenetic trees were created using the Neighbor-
joining algorithm in the same program with 1000 boot-
strap values, p-distance estimations as a statistical
model, uniform substitution rates and an estimation
based on partial sequences with a cutoff value of 95%.

Predicted subgroup III-3 Norway spruce NAC protein
sequences were inspected for presence of a conserved
N-terminal [22] and C-terminal domains [1]. The charge
and hydrophobicity of the predicted proteins were esti-
mated with EMBOSS Pepinfo software [29], the hydro-
phobicity of the predicted amino acid sequences was
plotted using Kyte & Doolittles hydrophobicity index
with a window of 11 amino acids. Sequence identity and
similarity analysis of the full length and C-terminal
regions of the identified Norway spruce NAC proteins
was performed with the ident and sim functions of the
Sequence manipulation suite [30].

Determination of gene expression patterns

Biotic and abiotic stress

Thirty-year-old trees of eight independent Norway
spruce genotypes which are part of a Swedish clonal for-
estry program and grow in a stand situated at Ardala,
Sweden, (59°01’ N, 16°49’ E) [31] were inoculated with
H. annosum sl. The inoculation and sampling proce-
dures are described in detail in Danielsson et al. [9]:
Briefly, three ramets per genotype and two roots per ra-
met were used in the experiment. On one root, a
wooden plug colonized by H. annosum s.s. (Si 16-4)
[32] was attached to an artificial wound on the root sur-
face with Parafilm; the other root was wounded only and
sealed with Parafilm. Phloem samples (ca 90 mm?
pieces) for RNA extraction were harvested at the start of

the experiment (0 days post inoculation) and at 5 and
15 days post inoculation (dpi) and preserved in RNAla-
ter (Ambion) for subsequent RNA extraction.

Total RNA was isolated according to Chang et al.
[33]. Poly (A) + RNA was purified and amplified using
MessageAmplIl (Ambion). Purified amplified RNA
(aRNA, 1 pg) from each genotype were reverse
transcribed with the iScript™ cDNA synthesis kit (Bio-
Rad). The ¢cDNA synthesis was diluted 1:1 in deion-
ized water. Each genotype was used as an independent
biological replicate.

Plant stress hormone treatments

To analyse the response of candidate genes to stress hor-
mones and compare it to the response to H. annosum s.l.,
two-week-old Norway spruce seedlings (Rorby FP-65,
09 L022-1001) were transferred under axenic conditions
to Petri plates with filter paper (five seedlings/plate),
moistened with fertilized liquid media [34] and treated ho-
mogenized Heterobasidion parviporum (Rb175). For treat-
ments with methyl jasmonate (MeJA) or methyl salicylate
(MeSA) as previously described by Arnerup et al. [7].
Every treatment was performed in triplicate. After 72 h,
seedlings were immediately frozen in liquid nitrogen and
stored at —80 °C until further use. Total RNA was isolated
according to Chang et al. [33] after DNAse I treatment
one pg of total RNA was reverse transcribed with the
iScript™ cDNA synthesis kit (Bio-Rad).

Somatic embryo maturation treatment

Samples for analysis of PaNACO3 expression levels during
embryo development, was a generous gift from Drs. Irena
Molina and Malin Abrahamsson. Briefly, samples were
collected from five sequential developmental stages (clas-
sification based on Zhu et al. [35]): +PGR (Proliferating
cultures + Plant growth regulators (PGR) five days after
subculture), —PGR (Proliferating cultures —PGR five days
after subculture), EE (Early embryos differentiated after
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one week on maturation medium); LE1 and LE2 (late early
embryos developed after two and three weeks on matur-
ation medium, respectively). Three independent samples
were collected for every stage and frozen in liquid nitro-
gen and stored at —80 °C until extraction. Total RNA were
extracted with the Spectrum Plant Total RNA kit (Sigma
Aldrich) after DNAse I treatment one pg of total RNA
was reverse transcribed with the Quanta cDNA synthesis
kit (Quanta Biosciences).

Quantitative reverse-transcribed PCR (qPCR)

For analyses of gene expression levels an aliquot of cDNA
equivalent to 25 ng of RNA was used per 20 pL of PCR re-
action using SSoFast EVAGreen Supermix (Bio-Rad) and
a final concentration of 0.5 uM of each primer. Primers
were designed using Primer3 software (http://primer3.
wi.mit.edu/) with a melting temperature (Tm) between
58 °C and 60 °C, and amplicon length between 95 and
183 bp (Additional file 1). The thermal-cycling condi-
tion parameters, run on an iQ™5 Multicolor Real-Time
PCR Detection System (Bio-Rad), were as follows: 95 °C
for 30 s; 40 cycles of 95 °C for 5 s, 58 or 60 °C for 20 s.
Each run was followed by a melt curve analysis to validate
the specificity of the reaction. A linear plasmid standard
curve was used to measure the PCR efficiency in each of
the experiments, and primer pairs with efficiency lower
than 95% were discarded. Two technical replicates were
prepared for each sample.

The relative expression was calculated using the
2AACT-method [36, 37], transcript abundance was nor-
malized to the reference genes phosphoglucomutase [38],
eukaryotic translation initiation factor 4A (elF4A) [39]
and elongation factor 1-a (ELFla) [5]. The stability of
reference gene expression was assessed with the Best-
keeper tool separately for every experiment [40]. Differ-
ential expression between treatments were tested with
Kruskal-Wallis- and Mann—Whitney U-tests using the
GraphPad Prism5 software (GraphPad Inc.).

Transformation of Norway spruce

Full-length ¢cDNA sequences of PaNAC03 were obtained
by amplification with the specific primers PaNACO03FL
(Additional file 1), designed based on comparison of
full-length or partial sequences of P. abies, P. glauca and
P. sitchensis homologues, from a pool of cDNA from
Norway spruce bark inoculated with H. annosum s.. For
the PCR reaction we used Dream-Taq Polymerase (Fer-
mentas). AttBl and attB2 adapters were added to the
1148 bp product by PCR using Dream-Taq Polymerase.
The resulting PCR product was recombined into the
pDONR/Zeo (Thermofisher) vector followed by LR re-
combination into pMDC32 vector [41]. The resulting
vector was verified by test-digestion and sequencing.
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Cell lines constitutively expressing PaNACO03 were
established by Agrobacterium-mediated transformation
of Norway spruce somatic embryogenic cell line
95:61:21, as described by Minina et al. [42]. In brief,
pMDC32:: PaNACO03 and pMDC32: GUS [42] was
transformed into the Agrobacterium tumefaciens C58C1
strain with the additional virulence plasmid pTOK47.
Transformed bacteria were then grown overnight with
the appropriate selection and collected by centrifugation
and resuspended in infiltration buffer (10 mM MgCIl2,
10 mM MES, pH 5.5, and 150 uM acetosyringone) to an
ODgqo of 10. Seven days old Norway spruce suspension
cultures and Agrobacterium was mixed in a 5:1 ratio and
acetosyringone was added to a final concentration of
150 uM. The co-cultivation was allowed to proceed for
4 h. Thereafter the cells were plated on a filter paper
placed on the top of solidified proliferation medium with
PGR [43] and incubated at room temperature in the
darkness for 48 h. Then, filters were transferred on
solidified proliferation medium with PGR containing
400 pg ml™' timentin and 250 pg ml™' cefotaxime and
incubated under the same conditions for 5 days. Subse-
quently, filter papers were transferred onto fresh solidified
proliferation medium with PGR containing 20 pg ml™"
hygromycin, 400 pg ml™' timentin, and 250 pug ml™" cefo-
taxime and subcultured onto fresh medium every week.
The transgenic calli were picked from the plates after a
month and transferred to solidified proliferation medium
with PGR containing 20 pg ml™" hygromycin, 400 pg ml™*
timentin, and 250 pug ml™" cefotaxime. Transgenic lines
were maintained on proliferation medium with PGR and
20 pg ml™" hygromycin.

Nine transgenic lines were selected for DNA and RNA
extraction for verification of the insert and expression
levels respectively. To verify the transformation, DNA
was extracted by homogenizing and boiling a 3-5 mm
diameter callus in an Eppendorf tube in 20 pl 0.5 M so-
dium hydroxide at 95 °C, quickly centrifuging and dilut-
ing 5 pl of the supernatant in 495 pl 10 mM Tris—HCl
pH 8. Five pl of the dilution was used in a 25 ul PCR re-
action using DreamTaq (Thermo Scientific) and Hyg
primers (Additional file 1).

Total RNA was extracted by using a modified CTAB ex-
traction protocol [33]. After DNase I treatment (Sigma-Al-
drich) cDNA was synthesised from 1 pg of total RNA using
the iScript cDNA synthesis kit (BioRad). Expression levels
of PaNACO3 was tested by qRT-PCR by using an iQ5
Multicolor Real-Time PCR Detection System (BioRad) and
SsoFast EvaGreen Supermix (BioRad) as stated previously
and two independent lines (4.1 and 4.2) with expression
levels 1.7 times higher than the WT cell line were selected
for maturation initiation, RNA sequencing and chemical
analysis. The initiation of somatic embryo maturation in
the overexpression lines and the control line was done
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according to the protocol described by Filonova et al. [44],
briefly for each line pre-weighed pieces of callus was placed
on half strength LP medium for a week before the explants
were transferred onto the maturation medium, the matur-
ation response was scored after four and six weeks on mat-
uration medium, embryos resembling the LE2, ME1 and
ME2 stages [35] were noted.

Transcriptome profiling of PaNACO3 overexpression lines

RNA extraction and Illumina sequencing The two
selected overexpression (OE) lines, 4.1 and 4.2, along
with the WT line (95:61:21) were incubated on solidified
proliferation medium with PGR at room temperature in
the darkness for six days and approx. 7 mm diameter
large calli were picked from the lines and frozen in
liquid nitrogen. The samples were ground in a mortar in
liquid nitrogen and extracted by using the RNeasy Plant
Mini Kit (Qiagen) using the RLT buffer and following
the manufacturer’s instructions, thereafter the samples
were treated with DNase I (Sigma-Aldrich). Three bio-
logical replicates per line were used for Illumina sequen-
cing. The RNA integrity was analysed by using the
Agilent RNA 6000 Nano kit (Agilent Technologies Inc.).
Sequencing libraries were prepared at the SNP&SEQ
Technology Platform (SciLifeLab, Uppsala) using the
TruSeq stranded mRNA sample preparation kit accord-
ing to the manual TruSeq stranded mRNA sample prep-
aration guide. Sequencing was done using HiSeq 2500,
paired-end 125 bp read length, v4 sequencing chemistry.

Filtering, mapping and differential expression The
raw sequences were filtered by a nesoni clip for the read
pairs using Nesoni 0.128 (http://www.vicbioinformatics.-
com/nesoni-cookbook/index.html#) (See Additional file 2
for scripts used). To enable alignments to a reference
database we constructed a Bowtie reference from the
“Trinity contaminant free’ dataset downloaded from the
Norway spruce genome portal (http://congenie.org/) using
Bowtie2 version 2.2.4 (http://bowtie-bio.sourceforge.net/
bowtie2/index.shtml). The clipped read pairs were aligned
to Trinity using Tophat version 2.0.13 [45]. The resulting
alignment files from Tophat were provided to cufflinks
version 2.2.1 to produce an assembly for each sample.
The assemblies were then merged using cuffinerge (in-
cluded in the cufflinks package). We then applied the
newer workflow by running cuffquant (http://cole-
trapnell-lab.github.io/cufflinks/manual/) that calculates
transcript abundances from the single assembly file and
the aligned read files produced by the Tophat run which
was run separately for each sample. Differential expression
analysis was performed with cuffdiff 45, 46].
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Chemical analysis of Norway spruce overexpression lines

Norway spruce OE lines (4.1 and 4.2) overexpressing the
PaNACO03 gene and the wild-type cell line 95:61:21 were
grown in liquid proliferation medium without PGR for
two weeks. Thereafter, the cells were collected and flash
frozen in liquid nitrogen after which the samples were
freeze-dried. The freeze-dried samples were ground
using a ball mill. Once pulverized, the sample-weight
was noted. Specialised metabolite content was assessed
with the method described by Hammerbacher et al. [47].

Transactivation of pPaLAR3 by PaNAC03

PalAR3 transactivation by PaNACO03

The PaLAR3 promoter has two allelic forms, PaLAR3A
and PaLAR3B. Both were amplified from genomic DNA
using pPaLAR3A and pPaLAR3B primer sets (Additional
files 1 and Additional file 3). After amplification, they
were cloned into pJET1.2 plasmids using the CloneJET
PCR cloning kit (Thermo scientific). From this plasmid,
PCR products were amplified with the pPaLAR3A_2 and
pPaLAR3B_2 primer sets (Additional file 1). These two
PCR products were subsequently cloned into the destin-
ation plasmid pCF201 which was adapted from the
pGA580 vector used for Agrobacterium transformation
[48] by overlap extension PCR. To be able to do so, the
destination plasmid was amplified into two separate
PCR products. For the first PCR fragment the primers
TetA2 forward and PUV5 reverse were used and for the
second PCR fragment GUS forward and TetA2 reverse
were used (Additional file 1). All the PCR product frag-
ments were purified with the GeneJet PCR purification
kit (Thermo Scientific) as instructed by the manufac-
turer’s protocol. The promoter fragments were separ-
ately combined with these destination fragments and
amplified in a three fragment overlap extension PCR
using the method from (Bryksin and Matsumura 2010)
with the adaptation PCR protocol: Initial denaturation at
98 °C for 2 min, followed by three cycles of denaturation
at 98 °C for 15 s, annealing at 60 °C for 2 min and elong-
ation at 72 °C for 5 min, then 14 cycles of denaturation
at 98 °C for 15 s, annealing at 60 °C for 30 s, elongation
at 72 °C for 5 min, then the final elongation at 72 °C for
10 min. Single mutations (Additional file 3) in the
Pal AR3A promoter were created by two fragment over-
lap extension PCR. Mut_Xbal_F or Mut_Kpnl_F were
combined with the TETA2_reverse primer to make the
first fragment and Mut_Xbal_R or Mut_Kpnl_R were
combined with TetA2 forward for the second fragment.
The two corresponding fragments were combined in an
OEPCR with the same PCR conditions as described
above. A double mutation was created by using Mut_X-
bal_Kpnl primers with the corresponding TETA2
primers and the same method was repeated.
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The newly formed plasmids were isolated with Dpnl
restriction endonuclease [49]. The restriction mix was
incubated at 37 °C for 15 min and deactivated at 80 °C
for 5 min. 1 pl of Dpnl treated OE-PCR product was
transformed into chemically component E. coli cells
(One Shot® TOP10 Competent Cells, Invitrogen) and
shake incubated for a minimum of 3 h at 37 °C. Colony
PCR screen was performed with screening primers
(Additional file 1). Positive clones were selected on agar
plates with tetracycline (5 pg ml™), and plasmids were
isolated with the GeneJet Plamid Miniprep Kit (Thermo
Scientific). Transformation of Agrobacterium tumefa-
ciens (strain C58C1-RS with the helper plasmid pCH32)
was done with the heat-thaw method as described [50].
Cells were plated on agar plates with tetracycline
(5 pg ml™), kanamycin (5 pg ml™) and rifampicin
(50 ul ml™") and transformants were selected with col-
ony PCR using the same primers as for E.coli.

The transactivation experiment is an adapted version
of the one described in (Leborgne-Castel et al. 1999).
Four to six weeks old Nicotiana bethaminiana plants
were grown under a 16-h photoperiod at 23 °C. Infiltra-
tion occurred as described in (Voinnet et al. 2003). The
following 1:1 mixes of A. tumefaciens harboring the dif-
ferent effector and reporter constructs were prepared.
After 72 h, leaf disks were taken and GUS expression
and total protein were measured. The GUS colorimetric
assay was described in a protocol in Wilson et. al. [51]
where 20 pl of cleared extract were added to 250 pl GUS
assay buffer as well as to GUS assay buffer with 6 mM
4-Nitrophenyl B-D-glucuronide (PNPG). The reaction
was incubated overnight covered in aluminum foil.
ODyosnm was measured in a microplate reader of the
type Fluostar Optima. The GUS activity was determined
in mol PNP per minute and gram protein. The protein
concentration was determined by the Bio-Rad protein
assay [52]. Student t-tests were performed to calculate
significant changes based on 6—12 biological replicates
per measurement.

Results

Norway spruce contain multiple clade llI-3NAC transcription
factor gene family members

The RNAseq dataset from the time course study of H.
annosum s.s. inoculated Norway spruce [9, 26] contained
six putatively unique transcripts (PUTs) with similarity
to NAC TFs, all PUTs had at least one blastn hit in the
P. abies genome v1.0 high confidence gene catalogue.
Three of the PUTs, named PaNACO03, PaNAC04 and
PaNACOS5, all had highly significant blastn hits to unique
gene models in the P. abies v1.0 gene catalogue and sig-
nificant blastx hits to Arabidopsis NACs (Table 1).
PaNAC03, PaNAC04 and PaNACOS all had homologs
among clade III-3 NACs in Arabidopsis. A query of the
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P. abies genome v1.0 gene catalogue and a phylogenetic
analysis of Norway spruce, rice, poplar and Arabidopsis
protein sequences show that the Norway spruce genome
has at least seven NAC gene models (Fig. 1) which fall
within subgroup III-3 described by Jensen et al. [1]. We es-
sentially see four clades within subgroup III-3, the predicted
amino acid sequence of six of these genes, including
PaNACO03- PaNACO5, form a sister group to a clade with
members from all angiosperm species including ANAC032,
ATAF1, ATAF2, ANAC102. The Norway spruce clade and
two other clades, one of them specific to rice, are distinctly
separated from the ANACO019, ANACO055, ANAC072,
PNACI118 and PNACI20 protein sequences (Fig. 1). The
six sequences in the Norway spruce clade share a higher
amino acid similarity with each other than with MA_75192
p0010, which clusters closer to the ANAC019, ANACO55,
ANACO072, PNAC118 and PNAC120 branch (Additional
file 4 and Additional file 5).

PaNAC03 (MA_8980g0010), PaNAC04 (MA_264971¢g
0010), and PaNACO05 (MA_5115g0010) correspond to
isogroup00240, isogroup00812 and isogroup02038
respectively (Table 1) identified in the time course study
of the Norway spruce’s transcriptional responses to H.
annosum s.s. [9, 26]. The predicted proteins from PaNACO03
and PaNAC04 share a maximum of 81% identity and 90%
similarity in the conserved N- terminal domains and 59%
similarity over the complete predicted protein sequence
(Additional file 5). The two sequences cluster closely in the
phylogeny together with three other potential NAC genes,
all highly similar (Additional file 5). The third expressed
Norway spruce clade III-3 like NAC, PaNACO5, clusters
outside this group of highly similar NAC sequences (Fig. 1)
and the protein share approximately 40% identity on amino
acid level with the PANACO03 and PaNACO04 proteins.

The conserved N-terminal A-E motifs [22] were
present in all the identified Norway spruce NACs
(Additional file 4). The C- terminal region is highly
conserved between PaNAC04, MA_103386p0010 and
MA_86256p0010 and is dominated by polar and
charged amino acids (Additional file 4). PaNACO3 share
a common C-terminal motif (SEKEE (V/I) QSSFRLE,
Additional file 4) with all Norway spruce clade III-3
NACs except PaNACO05. The C- terminal motifs in
Norway spruce subgroup III-3 NACs are different from
the negatively charged matrix with a few conserved
bulky and hydrophobic amino acid residues in Arabi-
dopsis subgroup I1I-3 NACs [1].

Pathogen-induced expression of clade Ill-3-like Norway
spruce NACs

We selected PaNACO3 and PaNAC04 for expression
analysis as representatives of NACs responding to both
wounding and inoculation (PaNACO03) and of NACs pri-
marily responding to inoculation (PaNACO04) in the time
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(See figure on previous page.)

Fig. 1 Neighbour-joining tree of subgroup Ill-1, 2 and 3 NAC family transcription factors in Norway spruce and Arabidopsis. Neighbour-joining tree
based on the predicted amino acid sequence of the identified clade Ill-1, 2 and 3 NAC family transcription factors in Norway spruce gene models in
P.abies 1.0 and the lll-1, 2 and 3 NAC family transcription factors reported by Jensen and co-workers [1] namely AT1G77450.1 (ANAC032), AT1G01720.1
(ATAFT1), AT5G63790 (ANAC102), ATSG08790 (ATAF2), AT4G27410.2 (RD26), AT1G52890 (ANACO19), AT3G15500 (ANACO55), AT1G61110 (ANACO25),
AT3G15510 (ANACO56), AT1G52880 (ANACO18), AT2G33480 (ANACO41) and AT5G13180 (ANACO83). Poplar and rice sequences producing significant
hits to Norway spruce clade l-3 NAC proteins: XP_002306280.1 (PNAC005), XP_002309945.1 (PNAC007), XP_002307447.1 (PNAC004), XP_002300972.1
(PaNAC006), XP_002305109.1 (PNAC043), XP_002305677.1 (PNAC048), XP_002316635.1 (PNAC047), XP_002319143.2 (PNAC090), XP_002325400.1
(PNACQ91), XP_006387160.1 (PNAC120), XP_002316917.1 (PNAC118), XP_015645677.1 (ONAC010), XP_015630558.1 (OsNACT9/SNACT), XP_015615093.1
(OsNAC29), XP_015620920.1 (OsNAC48), XP_015645028.1 (OsNAC67), XP_015623706.1 (OsNAC68) and XP_015617286.1 (OsNAC71). The Norway spruce
sequences are represented by their gene model number. Black filled circles indicate subgroup IlIl-3 Norway spruce genes for which there are both a
gene model and a stress induced PUT available as indicated in the tree, grey filled circles indicate genes for which there exist only a partial PUT. Open
squares indicate subgroup Ill-3 Norway spruce gene models for which there is no stress induced PUT available. Bootstrap values (1000 replications) are

presented on the relevant nodes

course study of Norway spruce transcriptional responses
to H. annosum s.s. [9, 26], as these PUTs were the most
highly expressed in either category. The qRT-PCR ana-
lysis showed that PaNACO3 is significantly induced in
response to both inoculation and wounding treatments
(P <0.05 for both treatments) compared to the control
although the induction level was significantly higher after
inoculation compared to wounding at 5 dpi (P=0.01)
(Fig. 2a). PaNAC04 was significantly induced at 5 dpi both
after wounding and inoculation with H. annosum s.s.
(P =0.008 and P =0.004 respectively) compared to the
control. The qRT-PCR data also showed that PaNAC04
transcript levels were significantly higher after inoculation
compared to the wounding treatment at 15 dpi (P =0.02)
(Fig. 2b). The responsiveness of PaNAC03 and PaNACO04
to H. parviporum inoculation or to plant defence hor-
mones (MeJA and MeSA) was tested in young seedlings.
Both genes were significantly induced in response to
MeJA and MeSA treatments (Figs. 3a and b) but only
PaNACO03 was significantly induced in response to fungal
inoculation (Fig. 3a).

PaNACO03 overexpression in Norway spruce leads to
altered developmental and metabolite profiles

PaNACO3 overexpression lines show abnormal embryo
development

Eight selected hygromycin-resistant lines were verified
to be transformed with pMDC32:: PaNACO03. Five of
these lines were shown to moderately overexpress
PaNACO03, 1.2-2.2 times the WT line (Additional file 6).
In the WT line, PaNACO03 expression is at, or below, the
detection limit during early embryo development and no
truly quantifiable expression was detected until LE2
(3 weeks after ABA treatment) (Additional file 7). Two
OE lines, 4.1 and 4.2, expressing PaNAC03 at equal
levels (1.7 times compared to WT) were tested for mat-
uration capacity with a standard maturation protocol
[44] (Filonova et al. 2000). Both lines formed distinct
embryonal masses in response to ABA treatment albeit
at a lower frequency than the WT line (t-test, P = 0.095
and P=0.048 for OE line 4.1 and 4.2 respectively,
Fig. 4a). However, the embryonal masses appeared to
lack a normal protoderm and rarely developed into
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Fig. 2 Expression pattern of NAC genes in bark of mature Norway spruce trees. The relative expression levels over the control, determined with
gRT-PCR, of (a) PaNACO3 (isotig01210) and (b) PaNACO4 (isotig02452) in response to wounding and inoculation with H. annosum s.s. at 5 and
15 days after inoculation. The standard error (SE) is shown for time point and treatment. Superscript letters indicate significant differences be-
tween treatments (One-way ANOVA, Tukey's post test) (N =7)
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normal mature embryos (Fig. 4b). Thus, the proliferating
OE lines 4.1 and 4.2 and the WT, were selected for tran-
scriptome and metabolite profiling (Additional file 6). A
small number of mature embryos with a reduced num-
ber of/or fused cotyledons, were obtained from the OE
lines (Fig. 4c). The embryos from the OE lines showed a
normal germination response after a standard desicca-
tion treatment [44], but a significantly smaller fraction
of the germinated embryos showed epicotyl formation
and growth (Fig. 4c).

A limited number of consistently misregulated genes are
found in the overexpression lines

The transcriptomes of the PaNAC03 OE lines and the
WT line were sequenced with Illumina HiSeq sequencing
generating 15.6-17.9 M reads per sample that passed Illu-
mina’s chastity filter and between 15.4 and 17.8 M read
pairs were kept after Nesoni filtering (Additional file 8).
The overall read mapping rate from Tophat was 28—

Fig. 4 PaNACO3 overexpression lines lack normal protoderm and display
a disturbed maturation response. Embryonal mass formation per
gram of proliferating tissue, the asterisk indicate significantly differences
in embryonal mass formation between control (P <0.05 t-test) (a). Photos
taken after six and eight weeks (b) on maturation medium for the
overexpression lines PaNAC03_4.1 and PaNAC03_4.2, expressing
PaNACO3 at equal levels (1.7 times the WT), and the wild type
represented by the pMDC32-GUS transformed WT line 95:61:21. Scale bar
corresponds to 2 mm. Black arrowheads indicate developing
embryos. Germination (open bars) and epicotyl growth (grey bars)
one and two months after transfer to germination medium (c) in WT
and the two OE lines, superscript letters indicate significant differences
between treatments (One-way ANOVA, Tukey's post test)

63% where most samples had around 60% mapping
(Additional file 9).

The analysis of the RNA-seq data-set showed that
compared to the WT line 4.1 and 4.2 had 1683 and 740
differentially regulated genes respectively, and 482 genes
were consistently misregulated in both OE-lines (Fig. 5).
Of these, 153 were consistently up-regulated in both 4.1
and 4.2 and 329 were consistently down-regulated in
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Fig. 5 Venn diagram identifying the 482 consistently misregulated
Norway spruce gene models in PaNAC03 OE-lines. Up 4.2 (yellow
line) are the upregulated genes in PaNACO3 OE-line 4.2, Up 4.1 (blue
line) are the upregulated genes in PaNACO3 OE-line 4.1 and the
intercept between them comprises the 153 consistently upregulated
genes. Similarly Down 4.2 (red line) are the downregulated genes in
OFE-line 4.2 and Down 4.1 (green line) are the downregulated genes
in OE-line 4.1 and the intercept between them comprises the 329
consistently downregulated genes

both OE lines (Fig. 5). The down-stream analyses of the
transcriptome data focussed on these consistently misre-
gulated genes to understand the impact of PaNAC03 OE
on Norway spruce gene expression patterns.

A Fischer exact test (FDR <0.05) of the GO terms associ-
ated with the genes consistently upregulated in PaNAC03
OE lines indicated that genes associated with the gene
ontology (GO) categories such as cell wall macromolecule
biosynthetic process (GO:0044038), carbohydrate metabolic
process (GO:0005975), hemicellulose metabolic process
(GO:0010410) and developmental process (GO:0032502)
were overrepresented among the consistently up-regulated
genes (Additional file 10) compared to the dataset as a
whole. Two of the five most highly upregulated gene
models encode homeodomain proteins, MA_122121g0010
and MA_114226g0010, which are potentially connected to
developmental patterning in Norway spruce (Additional
file 11) a third homeodomain protein, MA_10427484¢g
0010, was also found among the consistently upregu-
lated genes. MA_122121p0010 is related to PaHB2 and
the Arabidopsis gene GLABRA2 [53-55] and was the
most strongly and consistently upregulated gene model,
as it was upregulated approximately 45 times compared
to wild type. MA_114226g0010 encodes a protein with
very high similarity to PaKN4 (AAV64000).

The consistently down regulated genes in PaNAC03 OE
lines associated with the GO categories: protein folding
(GO:0006457), metabolic process (GO:0008152), response
to light stimulus (GO:0009416), response to abiotic stimu-
lus (GO:0009628), response to stress (GO:0006950) and
response to hydrogen peroxide (GO:0042542) (Fischer
exact test FDR <0.05; Additional file 10). Again, the most
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strongly regulated gene in the consistently down regulated
domain was a gene model, MA_10251997g0010, with
similarity to the Arabidopsis transcription factor KANADI
(AT5G16560.1) (Additional file 12). Four peroxidases
associated with the GO term GO:0042542 were down
regulated in the OE lines, three of these were class III per-
oxidases MA_195910g0010 (PabPrx132), MA_195775g0
010 (PabPrx131) and MA_185755g0010 (PabPrx01)
(Additional file 11).

PaNACO3 overexpression lines show reduced levels of
flavanoids
Interestingly, three key genes in the flavonoid biosyn-
thesis pathway were concomitantly down-regulated in
the PaNAC03 OE-lines: a chalcone synthase, MA_1035
9605g0010, homologous to the Arabidopsis gene trans-
parent testa 4 (TT4, AT5G13930), a flavonoid 3-hydrox-
ylase (F3’H, MA_10434709g0010) a possible homologue
to the Arabidopsis gene transparent testa 7 (TT7,
AT5G07990) and the previously described PaLAR3 gene
(MA_10001337g0010) [47, 56] (Additional file 12). We only
detected one consistently induced gene associated within
the phenylpropanoid pathway, MA_10429470g0020, which
encodes an isoflavone reductase with similarity to
AT4G39230 which might be involved in lignin biosynthesis.
Given the concomitant down-regulation of Norway
spruce homologs to key genes in the flavonoid pathway,
we analysed the levels of specific specialized metabolites
in the PaNACO03 OE-lines namely of the major stilbenes,
the immediate catalytic products of PalLLAR3, catechin
and gallocatechin, and finally a number of flavonoids.
The major stilbene in Norway spruce, astringin, showed
no significant differences between the WT and the
PaNACO03 OE-lines, neither did the flavonoids kaemp-
ferol or isorhamnetin (Fig. 6). However the levels of nar-
ingenin, apigenin, eriodictyol and catechin, gallocatechin
and their dimers were all lower in OE-line 4.2 (P < 0.05,
One way-ANOVA) and line 4.1 (0.1 > P > 0.05, One-way
ANOVA) (Fig. 6).

PaNACO3 does not suppress the activity of the PaLAR3
promoter

One of the consistently down regulated genes (PaLAR3,
MA_10001337g0010) has been thoroughly studied
before [47, 56] and the promoters from two different
alleles, PaLAR3A and PaLAR3B, have been isolated, the
promoters show a high over all similarity and they differ
primarily by two indel-regions present in the PaLAR3A
promoter only, containing two putative NAC binding
sites (Nemesio-Gorriz 2016). The WT line, 95:61:21,
used in this experiment is homozygous for the PaLAR3A
allele (data not shown), thus we hypothesized that
PaNACO03 repressed PalLAR3A (MA_10001337g0010),
and possibly also MA_10359605g0010 and MA_104347
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09g0010, by direct interaction with the promoter of
these genes. To test this hypothesis, the PaLAR3A and
PalLAR3B promoters were cloned into a GUS reporter
vector and were used in a transactivation experiment in
N. bethamiana leaves with and without PaNACO03, the
basal activity of the promoters and effect of PaNACO03 on
these promoters were quantified. The basal expression of
the PaLAR3A and PaLAR3B promoters was similar
(Figure7a). However, co-expression of PaNACO03
strongly activated the PaLAR3A promoter (P < 0.05)
but did not affect the activity of the PaLAR3B promoter
(Fig. 7a), showing a different interaction of PaNACO03
with the two promoters.

To investigate if the two putative NAC binding sites in
the indel-region unique to the PaLAR3A promoter
(Additional file 3) were the targets for PaANACO3 causing
the specific activation of the PaLAR3A promoter we mu-
tated these sites constructing promoter pPalL AR3A_mut.
The mutated promoter was cloned into the GUS re-
porter vector. Thereafter PaNACO3 was co-expressed
with either pPalLAR3A_mut or the native pPalLAR3A in
N. bethamiana leaves. Interestingly the basal activity of
PpPalLAR3A mut was higher than that of the native
PalLAR3A promoter (Fig. 7b) showing that these putative
NAC binding sites can affect PaLAR3A expression, the
deletion of the NAC binding sites did however not affect
the transactivation of pPaLAR3A by PaNACO03, there
was no significant difference in relative activity of pPa
LAR3A_mut (1.5 +/- 0.8 times the promoter alone) or the
native pPaLAR3A (2.6 +/- 1.8 times the promoter alone).

Discussion

In this study we identified seven gene models in the
Norway spruce genome assembly v 1.0 that show hom-
ology to the stress-induced subgroup III-3 NACs in
Arabidopsis [1]. Generally, the Norway spruce subgroup
III-3 NAC gene family members are highly similar
displaying the conserved N-terminal A-E motifs charac-
terizing NAC domain proteins [22] and also a relatively
conserved C-terminal region including a conserved C-
terminal motif SEKEE (V/I) QSSFRLE, a motif present
also in most sequences amplified with the marker Sb29
[57]. The conserved C-terminal region in Norway
spruce subgroup III-3 members is different from the C-
terminal motifs Arabidopsis subgroup III-3 members
and likely the Norway spruce members do not have a
transactivation domain similar to the Arabidopsis mem-
bers [1], and it is unclear if the function of Norway
spruce subgroup III-3 NAC is similar to that of Arabi-
dopsis subgroup III-3 members. The Norway spruce
subgroup III-3 NACs share, at least partly, an element
of stress inducibility with the Arabidopsis members
based on the expression data available in the Norway
spruce genome portal. Three of the Norway spruce
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Fig. 7 Transactivation of PalLAR3 promoters by PaNACO3. Figure a,
transactivation of native PalAR3A (open and light grey bars) and
PalAR3B promoters (open and light grey hashed bars) by PaNACO03
in N. benthamiana, the figure shows the results from one of three
representative experiments (N = 12). Figure b shows one representative
transactivation experiment with native PalAR3A (open and light grey
bars) and PalLAR3A_mut promoters (open and light striped bars) by
PaNACO3 in N. benthamiana (N = 9). The mean +/— SE is indicated for
each measurement. Asterisks indicate significant differences * = P < 0.05;

=P <001, **=P <0001 (Mann-Whitney U-test)

subgroup III-3 gene models were identical to the PUTs
PaNACO03, PaNAC04 and PaNACOS from a de novo
transcriptome assembly of the interaction between
Norway spruce and H. annosum s.s. [9, 26]. A fourth gene



Dalman et al. BMC Plant Biology (2017)17:6

model, MA_86256p0010, showed similarity to another
PUT. Taken together, it shows that certain Norway spruce
subgroup III-3 NAGCs, like their Arabidopsis orthologs,
respond to biotic stress. Interestingly, the biotic stress re-
sponsive gene models to (PaNACO03, PaNAC04, PaNACO05
and MA_86256p0010) cluster together in the phylogeny
with MA_103386p0010 and MA_64687p0010, which do
not respond to H. annosum s.. inoculation, forming a sis-
ter group to the Arabidopsis ANACO032, ATAF1, ATAF2
and ANAC102 proteins and to a group of rice NAC genes
known to respond to abiotic stress [58]. This differenti-
ation in terms of expression pattern between Norway
spruce paralogs is consistent with the concept of subfunc-
tionalization [59].

To confirm the responsiveness to biotic and abiotic
stress, the expression of PaNAC03 and PaNAC04 was
analysed in response to H. annosum s.s. infection or
wounding in phloem of mature Norway spruce trees by
qRT-PCR. Both genes showed significant induction in
response to either treatment, but as previously reported
for other Norway spruce genes, [5, 7, 9, 60], the induc-
tion was higher after inoculation than after wounding.
However only PaNACO3 transcription was significantly
induced in response to H. parviporum treatment. This
discrepancy seen in the induction patterns of PaNACO04
between experiments could be an effect of several differ-
ent factors; obviously different organs of conifers show
different transcriptional responses to pathogens in seed-
lings, the responses appears to be more organ-specific
than pathogen-specific [4] suggesting that the organ ana-
lysed, phloem versus seedling roots, could explain the
differential induction between PaNAC03 and PaNACO4.
Furthermore, the age of the host is another factor which
may affect the manifested defence responses in conifers.
The two fungal species, H. annosum s.s. and H. parvi-
porum, are known to have different host preferences (as
reviewed in [11]) and different capacity to produce phy-
totoxins [61], suggesting that their interaction with the
host may differ and could lead to a differential regulation
of PaNACO04. However, in our previous studies confront-
ing Norway spruce plants of different ages with H. parvi-
porum and H. annosum s.s. [5, 7, 9, 60] we have seen
consistent induction of defence related genes with the
two different fungal species over different age classes
and tissues tested. Thus, the gene induction patterns
could indicate that PaNACO3 is likely to have a closer
association with the transcriptional responses to biotic
stress in Norway spruce than PaNAC04. Therefore we
selected PaNACO3 for functional analysis by overexpres-
sion in somatic embryogenic cultures.

The overall plan of embryo development is similar in
angiosperms and gymnosperms despite their separation
approximately 300 million years ago. There are, however,
several distinct differences in the embryo development
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programme between the two plant lineages. In angio-
sperms the first tissue to differentiate during embryogen-
esis is the protoderm which is formed by periclinal
divisions of cells of the early globular embryo [62]. The
formation of the protoderm, which restricts cell expan-
sion, is essential for the remaining developmental process
[63]. In contrast, in gymnosperms the surface layer of the
embryonal mass divides both periclinally and anticlinally.
Nevertheless, the outer cell layer in the embryonal mass
in Norway spruce embryos defines a functional protoderm
[63, 64]. The developing embryonal masses in the
PaNACO3 OE-lines masses appeared to lack the normal
conifer “protoderm” ie. a smooth outer surface, the rug-
gedness of the embryo surface were reminiscent of the
phenotype of other transgenic Norway spruce lines with a
disturbed protoderm formation [35, 63, 64]. The embry-
onal masses did generally not develop into mature cotely-
donary embryos. A small number of mature, but aberrant
looking, embryos were recovered from the OE-lines.
These embryos showed a normal germination response
but a significantly smaller fraction of the germinated
embryos showed epicotyl formation and growth. Based on
these observations we concluded that the embryo devel-
opment programme is disturbed at a very early stage in
the PaNACO03 OE-lines.

Among the 482 consistently misregulated gene models
identified by transcriptome sequencing of the two
PaNACO03 OE-lines we found a number of genes known to
control various aspects of patterning and embryo develop-
ment in Norway spruce. The most strongly induced gene
model is MA_122121g0010 which encodes a HD-ZIP IV
protein highly similar to PaHB2 [53] and the Arabidopsis
genes GLABRA 2 and ANTHOCYANINLESS?2 [54, 55, 65]
associated with patterning in Norway spruce and Arabidop-
sis while PaHBI, controlling protoderm formation [64],
was slightly down regulated in the OE lines. PaHB2 is not
expressed during early embryo development in WT-lines
[53] and neither is MA_122121g0010. Thus, the misregula-
tion of MA_122121g0010 may be the cause of the aberrant
embryo morphology in the OE-lines. Other strongly upreg-
ulated gene models in the OE-lines with potential to cause
of the aberrant embryo morphology encode HBK4
(MA_114226g0010), PaPIN1 (MA_100472g0010) and
PaACT4 (MA_135063g0010), which all have been shown
to control Norway spruce somatic embryo development
[18, 66—68], and specifically the differentiation of the shoot
apical meristem and cotyledons [18, 69] processes which
appears to be affected in the PaNACO3 OE lines. A gene
model (MA_10251997g0010) with similarity to the Arabi-
dopsis gene KANADII (AT5G16560.1) shows a three-fold
lower expression in the PaNAC03 OE-lines. In Arabidopsis
embryos KANADII is initially expressed in the central do-
main protoderm at the late globular embryo stage and ap-
pears to have a role in specifying the peripheral identity in
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the developing Arabidopsis embryo in interplay with HD-
ZIP 1II proteins [70-72]. It may be noteworthy that, as
mentioned before, PaPIN1 and also a Norway spruce HD-
Zip 1II gene model (MA_10427484g0010) with similarity to
ATHBI15 (AT1G52150) and appears to show contrasting
induction levels compared to the KANADI-like gene in
OE-lines; these expression patterns are reminiscent of the
interaction between the KANADI1, HD-ZIP III and PIN1
in Arabidopsis [71, 73]. Taken together the maturation
and RNA-seq data indicates that ectopic expression of
PaNACO3 interferes with the protoderm formation and
early embryo patterning through misregulation of tran-
scriptional modules controlling these processes. This
pleiotropic effect must be taken into consideration when
further examining the consistently misregulated genes in
PaNACO03 OE-lines as any gene misregulation may be an
effect of the aberrant early embryo development.

About two thirds of the consistently misregulated
genes were consistently repressed in the overexpression
lines. The consistently repressed genes more commonly
associated GO terms related to response to abiotic stim-
uli, stress responses and responses to hydrogen peroxide.
There were three consistently down regulated class III
peroxidases, including PaPrx01, among the consistently
misregulated genes. Previously, PaPrx01 has been shown
to respond to H. parviporum treatments in Norway
spruce cultures [74] and it is suggested to contribute to
H,0, production in suspension cultures of Norway
spruce, indicating a potential role of PaNACO03 in redox
homeostasis under stress in Norway spruce as H. parvi-
porum treatments in Norway spruce cultures appears to
repress several peroxidases [74].

We observed consistent misregulation of three key
genes in the flavonoid biosynthesis pathway in the overex-
pression lines, a CHS homologous to the Arabidopsis
thaliana gene transparent testa 4 (TT4, AT5G13930), one
F3’H homologus to the Arabidopsis gene transparent testa
7 (TT7, AT5G07990) and the previously described
Pal.AR3 gene [47]. Variation in the PaLAR3 locus associ-
ated with enhanced resistance to H. parviporum and with
increased accumulation of the catalytic product of the en-
zyme (+) catechin [56].

The concomitant misregulation of key genes in the
flavan-3-ol pathway is associated with reduced levels of
flavan-3-ols in the OE-lines; both naringenin and apigenin,
which are products formed downstream of CHS but be-
fore steps catalysed by either F3’'H or PaLLAR3 were down
regulated in the PaNACO03 overexpression lines (as indi-
cated in Fig. 6). Eriodictyol, a catalytic product of F3'H
was also reduced. The catalytic product of PalLAR3,
(+)-catechin, was also significantly reduced in the OE
lines. While other metabolites not directly associated with
flavan-3-ol production accumulated to the same levels
as in the WT line, showing that the down regulation of
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key members in the flavan-3-ol pathway lead to a spe-
cific reduction in these compounds. Although regula-
tion of anthocyanin or proanthocyanin pathways by
NAC TFs is not commonly reported in literature. The
NAC TFs BL, controlling the blood red flesh phenotype in
peach, and ANACO78 in Arabidopsis appear to control cer-
tain members of the anthocyanin or proanthocyanin path-
ways [75, 76]. The metabolite and transcriptome profiling
of the OE lines appeared to indicate that PaNACO03 could
act as a negative regulator of 3-flavanol production in
Norway spruce, possibly by acting directly on the misregu-
lated flavonoid biosynthesis genes. To test this possibility
we co-expressed PaNACO3 with the promoter of either of
the two alleles at the PaLAR3 locus [56] in N. bethamiana
leaves; hypothesising that PaNACO03 would reduce PaLAR3
promoter activity if it acts as a repressor. However, in this
system PaNACO03 strongly activated the promoter of the
PalAR3A allele suggesting that PaNACO03 does not act as
a negative regulator of flavan-3-ol production by direct
interaction with PaLAR3. However, the down-regulation of
CHS transcription, encoding the rate-limiting step in fla-
vonoid biosynthesis [77] might have had an effect on sub-
strate availability for downstream metabolite biosynthesis,
explaining the lower transcriptional and metabolite levels
observed in our study. Transcript profiling also showed an
up-regulation of an isoflavone reductase gene that could be
involved in lignin biosynthesis [78]. Lignan and lignin bio-
synthesis directly compete for substrates used in the
flavonoid pathway and might therefore also negatively
regulate flavonoid biosynthesis, as has been observed in
our PaNACO03 over-expressing lines. It is possible that the
down-regulation of CHS, F3’'H and PaLAR3 genes in
PaNACO03 overexpressing lines could be mediated by an-
other factor such as misregulation of an upstream regula-
tory gene or the interference of constitutive PaNACO03
expression with early embryo patterning. It should be
noted that flavanols and the transparent testa mutants has
been linked to auxin homeostasis and polar auxin trans-
port [79, 80] in plants. Another possible explanation to the
discrepancy between the overexpression and transactiva-
tion experiments is that PaNACO3 act in a heterodimer, as
has been shown for other stress-responsive NACs [81, 82],
with a currently unidentified TF to downregulate the CHS,
F3’H and PaLAR3 genes in the OE-lines. This possibility
could be tested by yeast two-hybrid screening of cDNA
libraries from embryogenic cultures using PaNACO03 as a
bait.

Conclusion

PaNACO3 and its orthologs form a sister group to well
characterized stress-related angiosperm NAC genes and at
least PaNACO3 is responsive to biotic stress and appear to
act in the control of defence associated secondary me-
tabolite production. However, the unexpected embryo
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phenotype of the PaNACO03 OE lines emphasizes the still
enigmatic connection between specialized metabolism
and patterning in plants, raising questions on the role of
subgroup III-3 NAC TFs in development and embryo
patterning.
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