
In nature, plants are constantly affected by various

biotic and abiotic factors. When the action of stress fac-

tors ceases, the levels of mRNAs coding for defense pro-

teins drastically decrease. Stress-induced responses

including activation of transcription factors, chromatin

remodeling, and cytosine methylation in the promoter

regions of some genes have been extensively studied [1].

At the same time, it has become evident that the variety of

plant stress responses cannot be limited to the regulation

of gene transcription alone. Until recently it had been

believed that one RNA transcript codes for one protein.

However, latest proteogenomics studies encountered sev-

eral exceptions to this rule that have significantly changed

the traditional meaning of the term gene. The idea and the

topology of a gene with overlapping open reading frames

(ORFs) are well illustrated by a matryoshka toy (Russian

nesting dolls) [2]. There are two levels in the “matryosh-

ka” genetic system. The first one is the chromosomal

level, i.e., when a nested gene is located in exons and/or

introns of a bigger chromosomal gene in either sense or

antisense orientation relatively to the main gene. The sec-
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Abstract—The gene for Kunitz peptidase inhibitor-like protein (KPILP) contains nested alternative open reading frame

(aORF) that controls expression of the maternal mRNA. The content of NbKPILP mRNA in intact leaves of Nicotiana ben-

thamiana plant is low but increases significantly upon extended dark exposure or when foreign nucleic acid is overexpressed

in the cells. The NbKPILP gene promoter along with the expressed nested aORF are likely to play an important role in

maintaining the levels of NbKPILP mRNA. To elucidate the role of NbKPILP promoter, we isolated a fragment of N. ben-

thamiana chromosomal DNA upstream of the NbKPILP transcription start, sequenced it, and created constructs in which

reporter E. coli uidA gene coding for β-D-glucuronidase (GUS) was placed under control of the NbKPILP promoter. By

assessing the efficacy of uidA mRNA synthesis directed by the NbKPILP promoter and 35S promoter of the cauliflower

mosaic virus in a transient expression system, we showed that the levels of GUS accumulation were comparable for both pro-

moters. Prolonged incubation of the agroinjected plants in the darkness stimulated accumulation of the uidA mRNA direct-

ed by the NbKPILP promoter. Our experiments indicate that along with regulation at the transcriptional level, expression of

NbKPILP mRNA can be affected by expression of the nested aORF controlled by the polypurine block (PPB) located

upstream of its start codon, since introduction of mutations in the PPB resulted in significant accumulation of the NbKPILP

mRNA. Nucleotide replacement in the aORF start codon led to the drastic increase in the amounts of NbKPILP mRNA

and its protein product.
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ond level is a mature mRNA molecule containing over-

lapping ORFs or ORFs with alternative start codons

(aORFs). Functional matryoshka genes can be identified,

first of all, by analysis of ORFs coding for short peptides

(sPEPs). Short ORFs (sORFs) are a common feature of

all genomes. The coding potential of such ORFs in most

cases disregarded due to the lack of information on the

synthesis of corresponding sPEPs in the cell [3]. Plant

mRNAs contain many sORFs located in the 5′-untrans-

lated region (5′-UTR), as well as sORFs overlapping with

the main ORF [4-6]. About ~20% leader sequences of

protein-encoding genes in A. thaliana contain overlap-

ping sORFs [7]. Similar to animal sORFs, sORFs located

in 5′-UTRs of plant mRNAs are involved in the regula-

tion of the main ORF translation. An important role of

such sORFs in the stress response in plant cells has been

confirmed by transcriptome-wide ribosome profiling

under normal and stress conditions [8-14]. On the con-

trary, expression of aORFs located in the gene coding

region was shown only for the Zm908 gene in maize [15,

16].

Until recently, the influence of aORFs located with-

in or upstream of the main ORF on gene expression,

including mRNA stability under stress, had not been

studied. Recently, we discovered a gene coding for Kunitz

peptidase inhibitor-like protein (NbKPILP) in the

Nicotiana benthamiana genome and in other representa-

tives of Solanaceae family (potato, tomato, and tobacco)

[17]. Unlike genes coding for Kunitz peptidase inhibitors

(KPI) in animals, NbKPILP has no introns, thereby

excluding the possibility of the regulation of its expression

by alternative splicing [18]. The level of NbKPILP mRNA

in leaves of intact N. benthamiana plants is low; however,

it rapidly increases in the darkness or in the presence of

foreign nucleic acid. Our studies of the mechanism of

NbKPILP gene regulation showed that its mRNA con-

tains a nested aORF encoding a 53-amino acid polypep-

tide (53-a.a. aORF) within the main ORF coding for

NbKPILP. In order to demonstrate expression of the

53-a.a. aORF, we inserted into its reading frame a gene

coding for the green fluorescent protein (GFP).

Detection of the 53-a.a. polypeptide/GFP fusion protein

in the cell membranes with anti-GFP antibodies proved

the presence of the predicted transmembrane domain in

the synthesized polypeptide [17].

It was found that the 53-a.a. polypeptide is synthe-

sized from the same mRNA as NbKPILP (and not from a

separate subgenomic mRNA directed by a cryptic pro-

moter). It was assumed that synthesis of the membrane

53-a.a. polypeptide can reduce the level of maternal

NbKPILP mRNA in intact leaves. Therefore, suppression

of the 53-a.a. polypeptide synthesis should upregulate the

level of maternal mRNA. To verify this hypothesis, the

start codon (AUG) of the 53-a.a. aORF was changed to

ACG leading, as expected, to a significant increase in the

content of maternal mRNA [17]. We suggested a hypo-

thetical scheme [17] that in intact leaves, ribosomes

“ignore” the start codon of the NbKPILP mRNA, which

is in an unfavorable Kozak’s context, and “prefer” the

start codon of the 53-a.a. aORF. The ribosomes recognize

this codon by the internal ribosomal entry mechanism,

while the polypurine block (PPB) upstream of the 53-a.a.

aORF plays a role of the internal ribosome entry site

(IRES) [19]. The synthesis of the 53-a.a. polypeptide is

suppressed under stress conditions, because translation

initiation switches to the first start codon of the maternal

mRNA, resulting in the upregulation of NbKPILP

mRNA in leaves. Each step of this proposed mechanism

still has to be proven experimentally. We wanted to answer

the following questions. (i) What is the role of NbKPILP

promoter in the gene regulation under stress conditions?

(ii) How will the removal of the PPB affect the level of

NbKPILP mRNA? (iii) Will the suppression of the 53-a.a.

aORF lead to the accumulation of maternal NbKPILP

mRNA and its protein product?

In this work, we studied the role of NbKPILP gene

promoter (proNbKPILP) in the accumulation of mRNA

under stress conditions. We found that prolonged dark

exposure of plants stimulates accumulation of the mRNA

for the reporter E. coli uidA gene, coding for β-D-glu-

curonidase (GUS), placed under control of

proNbKPILP. Besides, the content of NbKPILP mRNA

in the cell can be regulated by the PPB located upstream

of the aORF, that can potentially drive the aORF transla-

tion. Finally, it was shown that replacement of the aORF

start AUG codon with ACG significantly increases the

cellular levels of the maternal NbKPILP mRNA and its

protein product.

MATERIALS AND METHODS

Escherichia coli strain XL-1 and pCambia1300-based

binary expression vector, pCambia-35S, containing pro-

moter and terminator sequences of the cauliflower mosa-

ic virus (CaMV) 35S RNA as well as pBIN19 binary vec-

tor were used in this work. Restriction endonucleases and

other enzymes were from Evrogen (Russia), New

England Biolabs (USA) and Fermentas (USA). DNA

fragments were purified from agarose gel using commer-

cial kits from Evrogen and ZymoResearch (USA); plas-

mid DNA was purified by a standard alkaline lysis

method. Escherichia coli transformation, overnight culti-

vation, etc. were done according to standard techniques

[20]. Transformation of plant cells was carried out using

Agrobacterium tumefaciens (GV-3101 strain).

Oligonucleotides were synthesized by the CCU Genome

Company (Russia).

Chromosome walking for isolating and cloning

proNbKPILP. Nicotiana benthamiana genomic DNA was

isolated using Diatom™ DNA Prep set kit (Galart

Diagnosticum, Russia) as recommended by the manufac-
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turer. Cloning of the genome fragment adjacent to the 5′-

end of the KPILP gene region and its sequencing were

done according to the protocol from GenomeWalker™

Universal Kit (Clontech, USA) with modifications [21-

23]. First, genomic DNA (500 ng per reaction) was treat-

ed in separate reactions with seven rare-cutting restriction

endonucleases generating blunt ends: SmaI, PvuII,

EcoRV, DraI, SnaBI, ScaI, and HpaI. Adapters

(GenWal/Adapt and GenWal/supp primers mix;

Evrogen) were added to each of the restriction products

using T4 DNA ligase and the resulting DNA fragments

were amplified with the Adaptor/T7 (GTAATACGACT-

CACTATAGGGC) and KPILP-out (TAGTAGGTG-

TAACCTGGACGGA) primers. In the case of DraI and

SnaBI digestion products, well distinguished PCR prod-

ucts over 500 bp long were obtained. To enrich these PCR

products with the gene-specific sequences, the second

PCR was carried out using KPILP-in primer (GAACTG-

GTTCAGCTTTTACCTGG) and step-out primer mix

(Evrogen). The resulting products were cloned into

pAL2-T vector (Evrogen). Two variants of the NbKPILP

promoter region – DraI_proNbKPILP and

SnaBI_proNbKPILP – were obtained.

Genetic constructs. To generate the proNbKPILP-

GUS construct, PCR was carried out with the forward

primers AAGCTTAAATGAGAATTTACTTAAG or

AAGCTTGTACAAAATATTTAAGCACAAAG for both

promoter variants and reverse primer CCATGGTGT-

TAAGGATATGGTTAATG (sequences shown in bold in

the forward and reverse primers are recognition sites for

HindIII and NcoI restriction endonucleases, respective-

ly). Each PCR product was treated with HindIII and

NcoI endonucleases and cloned into the 35S-GUS con-

struct (earlier obtained in our laboratory) by replacing the

35S-promoter by the HindIII and NcoI sites. The result-

ing plasmids are referred to as DraI_proNbKPILP-GUS

and SnaBI_proNbKPILP-GUS.

To generate the 35S-NbKPILP-STOP_3xFLAG

construct, PCR was performed with the CCATGGAGAT-

CATATCAAGGA (forward) and TCTAGATTAAAC-

CTTCTTGAACAC (reverse) primers (NcoI and XbaI

sites are shown in bold, respectively). The resulting prod-

uct containing the NbKPILP gene with a stop codon was

treated with NcoI and XbaI endonucleases and cloned

into the 35S-GUS plasmid treated with NcoI and SalI

endonucleases together with a sequence coding for

3xFLAG generated by annealing of oligonucleotides (the

areas of complementation are highlighted by underlining)

TCTAGAGGAGACTATAAAGACGACGATGATAAA-

GACTACAAGGATGACGATAAG and GTCGACTATT-

TATCGTCGTCGTCCTTATAATCCTTATCGTCATC-

CTTGTAGTC followed by completion using Taq-poly-

merase and treatment with XbaI and SalI endonucleases

(XbaI and SalI sites are shown in bold, respectively).

To obtain the 35S-NbKPILP-PPBmut-

STOP_3xFLAG construct with mutations in the PPB, we

first generated two NbKPILP gene fragments using

CCATGGAGATCATATCAAGGA (forward)/GAGAA-

GAGAAAGGAGAAAAACGGTGGATTTATTGG

(reverse) and TTCTCCTTTCTCTTCTCTTTGTGAG-

CACTGGCGG (forward)/TCTAGATTAAACCTTC-

TTGAACAC (reverse) primer pairs. The full-length

NbKPILP-PPBmut sequence was generated by the over-

lap extension PCR method using CCATGGAGAT-

CATATCAAGGA (forward)/TCTAGATTAAACCTTC-

TTGAACAC (reverse) primers (NcoI and XbaI sites are

shown in bold). The resulting product was treated with

NcoI and XbaI endonucleases and cloned into the

35S-NbKPILP-STOP_3xFLAG construct by the same

sites.

To obtain the 35S-NbKPILP_ACG construct, in

which the start codon of the 53-a.a. aORF was replaced

with ACG, a fragment containing the CaMV 35S pro-

moter and the 5′-terminal region of the NbKPILP

sequence and a second fragment containing the 3′-termi-

nal part of NbKPILP and the 35S terminator were excised

from the 35S-NbKPILP(ACG) construct generated ear-

lier [17] using restriction endonucleases HindIII/SalI

and SalI/EcoRI, respectively. These two fragments were

cloned into the pBIN19 vector treated with HindIII and

EcoRI. The 35S-NbKPILP construct in pBIN was

obtained by the same method.

Agroinjection. Agrobacterium tumefaciens (GV-3101

strain) was grown at 28°C in LB media supplemented with

corresponding antibiotics (50 µg/ml rifampicin, 25 µg/ml

gentamycin and 50 µg/ml kanamycin or carbenicillin,

depending on the plasmid used). The buffer for agroinjec-

tion containing 10 mM MES (pH 5.5) and 10 mM MgCl2

was added to an aliquot of the overnight A. tumefaciens

culture to a final OD600 of 0.1. The resulting bacterial sus-

pension was injected in the leaves of N. benthamiana

plants using a syringe without a needle.

GUS enzymatic activity. GUS enzymatic activity in

plant extracts was estimated with the substrate 4-methyl-

umbelliferyl-β-D-glucuronide (MUG). The fluores-

cence of MUG cleavage product was analyzed with a

Turner Quantech fluorimeter (Barnstead International,

USA) using an NB455 (narrow-band) excitation filter

and an NB520 emission filter. All measurements were

done according to the standard protocol described in

[24].

Western blotting. Total protein samples were pre-

pared on day 3 after agroinjection. Briefly, leaf fragments

(~10 mg) from the infiltration zone were ground with

Celite in 50 µl of phosphate-buffered saline (PBS).

Proteins were separated in 12% polyacrylamide gel and

transferred to a Hybond-P PVDF membrane (GE

Healthcare, USA). Western blotting was carried out as

described earlier [17]. The membrane was blocked with

5% fat-free milk in tris-buffered saline (TBS) supple-

mented with 0.01% Tween-20 and incubated with pri-

mary anti-KPILP antibodies (polyclonal mouse serum;
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1 : 15,000 dilution in TBS) and then with anti-mouse

antibodies conjugated with horseradish peroxidase (1 :

15,000 dilution; Rockland, USA). Protein bands were

visualized with an ECL kit (GE Healthcare).

mRNA expression assay (RT-qPCR). Total RNA

from plant tissues was extracted with TRI Reagent

(MRC, USA) according to the manufacturer’s instruc-

tions. cDNA was synthesized in a reaction mixture con-

taining 2 µg of total RNA, 2 pmol of oligo-dT18 primer,

0.1 µg of random hexamer mix, and Superscript II reverse

transcriptase (Invitrogen, USA). Quantitative PCR was

performed with an iCycler iQ real-time qPCR detection

system (Bio-Rad, USA) and Eva Green master mix

(Syntol, Russia). Each sample was run in triplicate. The

results of RT-qPCR were evaluated using the Pfaffl algo-

rithm [25]. The levels of mRNA expression for the genes

of interest were normalized to 18S rRNA. The following

primers pairs were used (forward/reverse): ACGGCTAC-

CACATCCAAG/ACTCATTCCAATTACCAGACTC for

18S; CCTGCGTCAATGTAATGTTC/CGTATTCG-

GTGATGATAATCG for GUS; and GATTGTTGT-

GTGGGTATATTGG/CATCGTCGTCTTTATAGTC-

TCC for KPILP-FLAG.

RESULTS AND DISCUSSION

NbKPILP gene promoter region (proNbKPILP)

directs the synthesis of mRNA for the reporter E. coli uidA

gene encoding b-D-glucuronidase (GUS). It is possible

that the NbKPILP gene promoter (proNbKPILP) plays an

important role in the maintenance of NbKPILP mRNA

levels in the cell. To evaluate the contribution of

proNbKPILP to the NbKPILP expression regulation, the

1652-bp region of N. benthamiana chromosomal DNA

was isolated and sequenced (ENA #LT882590). Partial

nucleotide sequence of proNbKPILP including the

TATA-box (TATATAAAACAC) and some predicted cis-

elements involved in plant response to light, damage, and

pathogen infection is shown on Fig. 1a. The core region

of proNbKPILP is highly homologous to the KPILP gene

promoters of other Nicotiana species (Fig. 1b). The

nucleotide sequence of the core region of the CaMV 35S

RNA promoter (35S) used as a control is shown for com-

parison (Fig. 1c). The 35S promoter [26-28] is one of the

constitutive promoters of viral origin commonly used in

research and generation of transgenic plants. The 35S

promoter contains cis-elements, such as homologs of the

circadian rhythm element of Lycopersicon esculentum

(gattccattg) and light-responsive G-box element (cacgtc)

of Zea mays (Fig. 1c). To analyze the functional role of

proNbKPILP, two fragments of the promoter region were

isolated from the chromosomal DNA: 1652-bp fragment

(DraI_proNbKPILP) and 488-bp fragment

(SnaBI_proNbKPILP) obtained by chromosomal DNA

digestion with the restriction endonucleases DraI and

SnaBI, respectively. These fragments where used to gen-

erate constructs, in which the reporter E. coli uidA gene

coding for β-D-glucuronidase (GUS) was placed under

control of proNbKPILP or the 35S promoter (control).

Analysis of transient expression of these constructs in

N. benthamiana leaves revealed high levels of GUS pro-

duction in plant cells (Fig. 2). We concluded that

proNbKPILP is able to efficiently direct the synthesis of

mRNA for the reporter uidA gene upon transient expres-

sion. The activity of the longer construct

DraI_proNbKPILP was higher, so it was chosen for fur-

ther experiments.

Effect of extended dark exposure of plants agroinject-

ed with plasmids encoding GUS under control of

proNbKPILP. The role of proNbKPILP in the stimula-

tion of NbKPILP mRNA accumulation by extended dark

exposure of plants has been proposed earlier [17]. This

hypothesis was supported by bioinformatic analysis that

revealed the presence of potential light-responsive ele-

ments in the proNbKPILP sequence. To study directly the

influence of darkness on the activity of proNbKPILP, the

expression level of the reporter uidA gene placed under

control of proNbKPILP was studied after incubation of

agroinjected plants in the darkness for three days (the

period of dark exposure was chosen based on the previ-

ously obtained data [17]).

The relative amount of GUS mRNA was estimated by

RT-qPCR (Fig. 3). We found that dark exposure stimu-

lated expression of the reporter gene placed under the

control of proNbKPILP. Similar effect of darkness was

observed in the plants agroinjected with the 35S-GUS

vector.

These results showed that stress stimulates the activ-

ity of proNbKPILP. In principle, light- and stress-

dependent proNbKPILP regulation alone can explain

extremely low levels of NbKPILP mRNA in intact leaves.

However, our previous studies [17] and this work demon-

strated that regulation of the NbKPILP mRNA content in

leaves is not limited to the transcriptional level.

The role of the NbKPILP PPB in the accumulation of

NbKPILP mRNA. In order to prove our conclusion

that the NbKPILP mRNA level in leaves is mainly deter-

mined by translation of the nested aORF [17], we studied

the role of the NbKPILP PPB in accumulation of

NbKPILP mRNA in the cell. To estimate the ability of

PPB to direct aORF translation resulting in the synthesis

of the 53-a.a. polypeptide, we replaced purine

nucleotides with pyrimidine nucleotides in the PPB

sequence (Fig. 4a). Since the level of plant’s endogenous

NbKPILP mRNA increases in response to stress includ-

ing agroinjection, to evaluate the expression of NbKPILP

mRNA synthesized from the exogenous plasmids, we

introduced a sequence coding for the 3xFLAG tag into

the 3′-untranslated regions (3′-UTR) of the wild-type

and mutated NbKPILP genes. Both NbKPILP variants

were placed under control of the 35S promoter.
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Introduction of mutations into the PPB led to a signifi-

cant increase in the level of the corresponding mutant

NbKPILP_3xFLAG mRNA (Fig. 4b), which can be due to

the decrease in the efficiency of 53-a.a. polypeptide syn-

thesis and stabilization of this mRNA. 

Replacement of the AUG start codon in the aORF

with ACG significantly upregulates NbKPILP expression.

We also tested the influence of the AUG start codon

replacement with ACG on accumulation of NbKPILP.

The choice of this codon was dictated, on the one hand,

by the need to avoid amino acid changes in the main pro-

tein, and, on the other hand, by the low activity of ACG

as a start codon in mammals [29] and yeast (0.4-0.5% of

the AUG activity) [30]. Figure 5a shows that this muta-

tion led to a dramatic increase in the amount of

NbKPILP in the leaves, as detected with specific anti-

bodies. We believe that the obvious reason for NbKPILP

accumulation was a significant increase in the levels of

NbKPILP mRNA (Fig. 5b), which has been also shown

earlier [17]. 

Fig. 1. Comparative analysis of the NbKPILP gene promoter (proNbKPILP) and CaMV 35S promoter. a) Partial nucleotide sequence of the

chromosomal DNA region upstream of the NbKPILP gene. The TATA-box (TATATAAAACAC) predicted by the YAPP service

(http://www.bioinformatics.org/yapp/cgi-bin/yapp.cgi) is shown in bold, ATG start codon is underlined. Some predicted cis-elements are

shown (underlined lowercase letters in italic): 1) homolog of the light-responsive GT1 element of Solanum tuberosum; 2) homolog of the cir-

cadian rhythm element of Lycopersicon esculentum; 3) homolog of the Box-W1 element of Petroselinum crispum involved in plant response to

damage and pathogen infection. Arrow shows transcription start identified earlier by the method of rapid amplification of cDNA ends

(5′RACE) [17]. b) Alignment of 3′-terminal nucleotide sequences of the NbKPILP gene promoter (ENA LT882590) and the corresponding

DNA regions from two other Nicotiana species: N. glutinosa (NgKPILP) (ENA DI091817) and N. tabacum (NtKPILP) (ENA FH845044).

Nucleotides are numbered starting from the predicted NbKPILP transcription start site [17]. c) Nucleotide sequence of the CaMV 35S pro-

moter from the pRT100 vector [28] used for analysis and generation of the 35S-GUS vector. The homologs of the circadian rhythm element

of L. esculentum (GATTCCATTG) and light-responsive G-box element (CACGTC) of Zea mays are shown in capital bold letters.

a

b

c
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We conclude that replacement of the aORF start

codon AUG significantly increases the levels of NbKPILP

mRNA and its protein product.

Therefore, our experiments showed that along with

the regulation at the transcription level, the amount of

NbKPILP mRNA in a cell can be adjusted at the stage of

aORF translation regulated by the PPB within the

NbKPILP mRNA. Although we do not have data that

mutations in the PPB reduce the synthesis of the 53-a.a.

polypeptide, we believe that translation of the aORF is

responsible for the mRNA stability. Our conviction is

based, in particular, on the fact that mutations eliminat-

ing the amphipathic helix in this protein increase the sta-

bility of maternal mRNA [17]. One can think of alterna-

tive explanations of the results of PPB replacement by a

polypyrimidine block in the NbKPILP mRNA. Although

increase in the mRNA stability, stimulation of gene tran-

scription, and increase in the template copy number are

not very probable, they cannot be completely ruled out.

We believe that the level of NbKPILP mRNA in intact

leaves is controlled, mainly, by the aORF expression and

synthesis of the “toxic” 53-a.a. polypeptide [17]. The

pronounced effect of replacement of the canonical AUG

start codon with less efficient ACG codon (Fig. 5) also

demonstrated an important role of the aORF in the regu-

lation of NbKPILP gene expression in intact leaves.

In conclusion, our results show that different levels

of NbKPILP expression under normal and stress condi-

tions are achieved by coordination of processes at both

transcriptional and translation levels. More detailed

assessment of the relative contribution of transcriptional

and translational mechanisms to the regulation of

NbKPILP mRNA levels requires further studies. The

described gene regulation mechanism is the only known

example when aORF can control the levels of maternal

mRNA. Taking into account the increasing interest in

peptides coded by aORFs in mammals [31], we are con-

vinced that other examples of genes with similar expres-

sion mechanism will be discovered in the nearest future. 

Fig. 2. Comparative analysis of the ability of NbKPILP promoter

regions to drive GUS expression in N. benthamiana leaves.

Fluorescence intensity after incubation with MUG was measured

in extracts of N. benthamiana leaves agroinjected with the plas-

mids coding GUS under control of the 35S promoter or

DraI_proNbKPILP (1652 bp) and SnaBI_proNbKPILP (488 bp)

variants of proNbKPILP; *** p < 0.001 (Student’s t- test) for com-

parison of GUS activity for the 35S promoter and proNbKPILP. 

Fig. 3. Effect of extended dark exposure of plants agroinjected

with 35S-GUS or DraI_proNbKPILP-GUS plasmids on the

accumulation of GUS mRNA in the leaves as measured by RT-

qPCR. The level of GUS mRNA in the leaves of plants kept under

optimal day/night conditions was used as a control (taken as 1);

* p < 0.05 (Student’s t-test) when compared to the control.

Fig. 4. Introduction of mutations into PPB leads to upregulation

of NbKPILP_3xFLAG mRNA expression under control of the

35S promoter. a) Schematic representation of the 35S-

NbKPILP_3xFLAG construct; mutations introduced to the PPB

to generate the 35S-NbKPILP-PPBmut_3xFLAG construct are

highlighted; 53 a.a., nested aORF. b) Expression levels of mutant

and wild-type NbKPILP_3xFLAG mRNAs in N. benthamiana

leaves as measured by RT-qPCR; *** p < 0.001 (Student’s t-test).
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