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SUMMARY

Natural antisense long non-coding RNAs (lncNATs) are involved in the regulation of gene expression in

plants, modulating different relevant developmental processes and responses to various stimuli. We have

identified and characterized two lncNATs (NAT1UGT73C6 and NAT2UGT73C6, collectively NATsUGT73C6) from

Arabidopsis thaliana that are transcribed from a gene fully overlapping UGT73C6, a member of the UGT73C

subfamily of genes encoding UDP-glycosyltransferases (UGTs). Expression of both NATsUGT73C6 is develop-

mentally controlled and occurs independently of the transcription of UGT73C6 in cis. Downregulation of

NATsUGT73C6 levels through artificial microRNAs results in a reduction of the rosette area, while constitutive

overexpression of NAT1UGT73C6 or NAT2UGT73C6 leads to the opposite phenotype, an increase in rosette size.

This activity of NATsUGT73C6 relies on its RNA sequence and, although modulation of UGT73C6 in cis cannot

be excluded, the observed phenotypes are not a consequence of the regulation of UGT73C6 in trans. The

NATsUGT73C6 levels were shown to affect cell proliferation and thus individual leaf size. Consistent with this

concept, our data suggest that the NATsUGT73C6 influence the expression levels of key transcription factors

involved in regulating leaf growth by modulating cell proliferation. These findings thus reveal an additional

regulatory layer on the process of leaf growth. In this work, we characterized at the molecular level two

long non-coding RNAs (NATsUGT73C6) that are transcribed in the opposite direction to UGT73C6, a gene

encoding a glucosyltransferase involved in brassinosteroid homeostasis in A. thaliana. Our results indicate

that NATsUGT73C6 expression influences leaf growth by acting in trans and by modulating the levels of tran-

scription factors that are involved in the regulation of cell proliferation.

Keywords: Arabidopsis thaliana, natural antisense transcripts, long non-coding RNAs, leaf development,

gene expression regulation, transcription factors.

INTRODUCTION

Long non-coding RNAs (lncRNAs) are transcripts of more

than 200 nucleotides without protein-coding capacity (Mer-

cer et al., 2009). Many lncRNAs have been shown to be

important regulators of gene expression (Rinn & Chang,

2012). lncRNAs exert their activity in diverse cellular con-

texts, and participate in different biological processes

regulating chromatin organization and transcription,

mRNA stability and translation. Based on their relative

location to nearby protein-coding genes, lncRNAs are clas-

sified as long non-coding natural antisense transcripts

(lncNATs), and intronic, intergenic or promoter lncRNAs

(Ariel et al., 2015; Rinn & Chang, 2012). lncNATs are tran-

scripts generated from the DNA strand opposite to a
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protein-coding gene and overlap at least one coding exon

(Ariel et al., 2015). Natural antisense transcripts (NATs) are

distinguished into cis- and trans-NATs. In the case of cis-

NATs, sense and antisense transcripts are generated from

the same genomic locus and show perfect complementar-

ity, while trans-NATs are transcribed from a different locus

and might share only partial sequence complementarity

with the sense transcript (Lapidot & Pilpel, 2006). The

mode of action of lncNATs to regulate their targets is

diverse. In plants, it was initially proposed that endoge-

nous small interfering RNAs (nat-siRNAs) generated by

RNAi from sense-antisense RNA hybrids produced in

response to certain environmental or developmental stim-

uli could regulate gene expression at the post-

transcriptional level (Borsani et al., 2005; Zhang et al.,

2013). Furthermore, it was proposed that lncNATs may act

in trans, particularly when they are co-expressed and share

high levels of sequence similarity with their potential tar-

gets (Wang et al., 2006). However, mounting evidence

based on work published in recent years indicates that

most nat-siRNAs are not associated with changes in the

levels of both the sense and antisense transcripts, and may

play only a minor role (Reis & Poirier, 2021). lncNATs were

further shown to regulate gene expression through tran-

scriptional collision, DNA methylation, histone modifica-

tion, alteration of mRNA stability, and by modulation of

mRNAs splicing, editing and translation (Lin et al., 2015).

The lncRNAs have been largely studied in mam-

malian, and particularly in human, cells. Less is known

about their function in plants, where only a few lncNATs

have been functionally characterized (Wang & Chekanova,

2017; Wu et al., 2020). These lncNATs are important regula-

tors of gene expression, and are involved in the modula-

tion of developmental processes and in the responses to

different stimuli (Yu et al., 2019). In the model plant Ara-

bidopsis thaliana, lncNATs are part of the control circuits

of fundamental processes including germination (Fedak

et al., 2016), flowering (Csorba et al., 2014; Henriques et al.,

2017; Rosa et al., 2016; Zhao et al., 2018) and gametophyte

development (Wunderlich et al., 2014). Furthermore, it has

been reported that an antisense lncRNA is involved in cold

acclimation (Kindgren et al., 2018). In rice, lncNATs modu-

late responses to phosphate starvation (Jabnoune et al.,

2013), and are involved in the maintenance of leaf blade

flattening (Liu et al., 2018). In tomato, a particular lncNAT,

when overexpressed, was shown to confer resistance to

the oomycete Phytophthora infestans (Cui et al., 2017).

Plant uridine diphosphate (UDP) glycosyl transferases

(UGTs) are enzymes that transfer UDP-activated sugars to

a variety of aglycone substrates, including hormones, sec-

ondary metabolites and xenobiotics (Ross et al., 2001). Gly-

cosylation leads to changes in the target properties that

alter their bioactivity and solubility, and plays an important

role in maintaining cellular homeostasis by regulating the

activity and location of important cellular metabolites and

hormones. In A. thaliana, the UGT family contains 107

putative genes and 10 pseudogenes (Caputi et al., 2012;

Ross et al., 2001). The UGT73C subfamily consists of seven

genes, of which six, UGT73C1–UGT73C6, are clustered in a

tandem repeat on chromosome 2 and exhibit high nucleo-

tide identity (between 77% and 91%). A combination of

in vitro and in vivo studies showed that UGT73C6 can gly-

cosylate flavonoids (Ross et al., 2001). In addition,

UGT73C5 and UGT73C6 were indicated to catalyze the

in vivo 23-O-glycosylation of brassinosteroids (BRs; Husar

et al., 2011; Poppenberger et al., 2005), i.e. plant steroid

hormones that promote growth by modulating cell divi-

sion, elongation and differentiation. Glycosylation leads to

inactivation of the hormone and is therefore important,

together with hydroxylation, for maintaining cellular home-

ostasis. Overexpression of UGT73C6 or UGT73C5 in A.

thaliana accordingly results in phenotypes indicative of BR

deficiency, with plants showing cabbage-like morphology

and dark green leaves with short petioles. In addition, and

correlated with the strength of overexpression, delayed

flowering and senescence, and reduced fertility were

observed (Husar et al., 2011; Poppenberger et al., 2005).

Leaf size and shape are determinants of the ability of

plants to absorb sunlight and convert it into chemical

energy through photosynthesis (Gonzalez et al., 2012). Leaf

growth is a dynamic process regulated by two key, highly

interrelated processes, namely cell division and cell expan-

sion (Kalve et al., 2014). In Arabidopsis, founder cells

located at the sides of the shoot apical meristem initiate

leaf development (Vercruysse et al., 2020). After the initial

phase of extensive cell proliferation throughout the leaf

primordium, cell division ceases and further growth is sup-

ported mainly by cell expansion (Gonzalez et al., 2012).

The latter process initiates at the leaf tip and follows a

basipetal direction (Andriankaja et al., 2012). The precise

regulation of cell proliferation and expansion mechanisms

is therefore critical for determining final leaf size. Six gene

modules are involved in the regulation of Arabidopsis leaf

growth and one of them, the GROWTH REGULATORY FAC-

TOR (GRF)-GRF-INTERACTING FACTOR (GIF) module,

plays an important role in determining the cell number in

leaves by controlling cell proliferation (Vercruysse et al.,

2020).

In the present work, we show that alterations in the

transcript levels of two UGT73C6-overlapping lncNATs

(NATsUGT73C6) lead to changes in rosette size of A. thaliana.

Microscopic analyses indicate that these differences are

mainly due to changes in cell number, suggesting that

NATsUGT73C6 levels affect cell proliferation. These pheno-

typic effects were shown to be due to NATsUGT73C6 acting

as bona fide non-coding RNAs. Our data suggest that NAT-

sUGT73C6 exert their function in trans and independently of

the sense gene in a mechanism that excludes

� 2022 The Authors.
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downregulation of the UGT73C subfamily members but

involves changes in the expression of important transcrip-

tion factors from the GRF-GIF module.

RESULTS

NAT1UGT73C6 and NAT2UGT73C6, two lncRNAs overlapping

the UGT73C6 gene, are expressed in diverse organs and at

different developmental stages of Arabidopsis thaliana

Analyzing the transcripts reported in the TAIR10 database,

we identified two natural antisense transcripts

(At2g36792.1 and At2g36792.2) that overlap the UGT73C6

gene. In silico analysis of the protein-coding capacity of

both transcripts, hereafter referred to as NAT1UGT73C6 and

NAT2UGT73C6 (for At2g36792.1 and At2g36792.2, respec-

tively) and collectively NATsUGT73C6, revealed the presence

of several open reading frames (ORFs) potentially encod-

ing peptides of at least five amino acids. Most of the pre-

dicted peptides were smaller than 30 amino acids in length

and none of them showed similarity to peptides present in

the databases, nor did they have functional domains as

determined using Pfam and PROSITE. Together, these data

suggest that the transcripts are bona fide lncNATs.

To analyze the expression pattern of the individual

NATsUGT73C6, we generated transgenic lines in which the

uidA gene (GUS), encoding b-glucoronidase (GUS), was

placed under the control of 2054- and 2580-bp sequences

upstream of the annotated transcription starts of NAT1-

UGT73C6 and NAT2UGT73C6, respectively, which were expected

to contain the respective NATs promoters (Figure 1a).

Analysis of GUS expression in several independent

homozygous lines (three for NAT1UGT73C6:GUS and five for

NAT2UGT73C6:GUS) revealed that both promoters were

active and, interestingly, these activities were independent

of the presence of the sense gene at the same locus. The

selected promoters showed a distinct pattern of expres-

sion: the NAT1UGT73C6 promoter was active exclusively in

roots, whereas the activity of the NAT2UGT73C6 promoter

was detected only in the aerial organs, particularly in

young leaves (Figure 1b). As the selected sequences

overlap completely except for 526 bp at the 30-end
(Figure 1a), these results suggest that motifs present in the

latter region are responsible for the expression of the

NAT2UGT73C6 promoter in aerial tissues and exclusion from

expression in root tissue. Subsequent time course experi-

ments confirmed that the promoter activity of both anti-

sense transcripts is restricted to the aforementioned organs

at all the analyzed developmental stages (Figure S1a).

To compare the expression domains of the sense and

antisense genes we next generated and tested reporter

lines for UGT73C6 and, additionally, for its closest homo-

log UGT73C5 (Figure 1a). Thus, we observed UGT73C6

promoter activity in roots and cotyledons (Figure 1b) but

not in young leaves where NAT2UGT73C6 is detected

(Figure S1b), suggesting a spatiotemporal separation of

the expression of the sense and antisense genes in these

organs. Analyses of the UGT73C5 promoter activity

revealed strong expression in cotyledons and roots, where

its expression overlaps with those of NAT1UGT73C6 and

UGT73C6, and in developed leaves but not in young devel-

oping leaves where it is detected only in the tip region (Fig-

ure 1b; Figure S1b). The NAT1UGT73C6 promoter was not

active in flowers, whereas NAT2UGT73C6 promoter activity

was detected in stamen filaments and in silique pedicels

(Figure S1c). The promoters of UGT73C6 and UGT73C5

were found to be active in anthers and silique pedicels,

and in sepals, stamen filaments and style apex, respec-

tively (Figure S1c).

Using quantitative reverse transcription-polymerase

chain reaction (qRT-PCR), we also determined the expres-

sion of the sense and antisense genes at different time

points (Figure 1c). The data suggest that the NATsUGT73C6

(mainly NAT2UGT73C6 according to the pattern detected

with the reporter gene line showing activity in aerial

organs) were expressed at all analyzed times. Except for

the last time point included in the study (45 days after

stratification; DAS), the transcript levels of NATsUGT73C6

were observed to be higher than those of UGT73C6 (Fig-

ure 1c). Consistent with these results, analysis of publicly

available RNA-seq data showed that NATsUGT73C6 were

detected in a larger number of libraries (Figure S2a) and

that their expression is higher than that of UGT73C6 in all

analyzed tissues and studied conditions (Figure S2b).

We identified the ends of the transcripts by circular 50

RACE and conventional 30 RACE. Sequence analysis of the

clones containing the generated amplicons (Figure S3a,b)

indicated a single transcription initiation site (TIS) for

UGT73C6 that matches the one reported in the databases

(G1), and five transcription termination sites (TTS), one

major (G1668) and four less frequent ones, located upstream

of the reported TTS (Figure S3c,d). For NATsUGT73C6, we

found one main TTS, which coincides with that reported for

NAT2UGT73C6 (C�98; Figure S3c,d) and three less frequent

ones. Concerning the NATsUGT73C6 50-ends, we identified

three positions with a higher frequency (G1255, U926 and C866)

and three less frequent ones (Figure S3c,d), suggesting the

presence of different TIS, which is consistent with the exis-

tence of two transcripts and with the different localization of

the promoter activity in the reporter lines. We confirmed

these data by RT-PCR, and obtained successful amplification

with all the primers flanking the TIS determined by 50 RACE
forNATsUGT73C6 but not when using an oligo located close to

the TIS reported in the database (Figure S3e).

Altogether, these results suggest that the promoters

of both NATsUGT73C6 transcripts are active, that the expres-

sion of the RNAs is developmentally regulated and that it

occurs independently of the transcriptional activity of the

UGT73C6 gene in cis and that it is initiated at different TIS.

� 2022 The Authors.
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NATsUGT73C6 transcripts are alternatively spliced and stable

According to the TAIR10 database, the transcripts encoded

by the NATUGT73C6 gene contain an intron (Figure 1a). To

determine the splicing pattern of the NATsUGT73C6 tran-

scripts, we extracted total RNA from shoots of 9-day-old

seedlings grown in long day (LD) conditions and

Figure 1. NATsUGT73C6 are stable and expressed at different developmental stages.

(a) Schematic showing the genomic arrangement of UGT73C6, its antisense gene NATUGT73C6, and the flanking genes UGT73C3 and UGT73C5. Regions used as

promoters to direct the expression of the GUS (b-glucuronidase) reporter gene are represented by gray boxes and their lengths indicated in base pairs (bp).

Protein-coding genes and the natural antisense long non-coding RNAs (lncNATs) coding gene NATUGT73C6 are indicated by blue and violet boxes, respectively.

Untranslated regions (UTRs) are represented by light blue boxes and introns by thin black lines. The region is shown to scale.

(b) Histochemical analysis of GUS activity in 7-day-old seedlings grown on plates under long days (LDs; 16 h light/ 8 h dark cycle). Representative homozygous

lines were chosen for detection of NAT1UGT73C6 (ProNAT1UGT73C6:GUS), NAT2UGT73C6 (ProNAT2UGT73C6:GUS), UGT73C6 (ProUGT73C6:GUS) and UGT73C5

(ProUGT73C5:GUS) promoter activity. Seedlings were stained overnight. Scale bars: 5 mm.

(c) Expression of NATsUGT73C6 and UGT73C6 transcripts at various developmental stages. Seedlings and plants were grown under LD conditions. Quantitative

reverse transcription-polymerase chain reaction (qRT-PCR) was performed on three–five independent biological replicates (pools of seedlings grown on plates

for 7 and 14 days, and of 4–10 rosettes without floral stems from plants grown in soil for 22, 35 and 45 days). Dots represent means with standard deviation

(SD). Expression levels were normalized to the reference gene PP2A. Statistically significant differences between both transcripts assessed by unpaired, two-

tailed Student’s t-test: **P ≤ 0.01; ***P ≤ 0.001.

(d) Stability of NATsUGT73C6 RNAs in wild-type (Col-0) seedlings. Half-life (t1/2, table) was calculated from degradation curves after cordycepin treatment (plot).

Stable (Eukaryotic translation initiation factor 4A1, EIF4A1) and short-lived (Expansin like 1, Expansin L1) transcripts were included as controls. Values are means

with SD from three independent experiments. NATsUGT73C6 includes both, NAT1UGT73C6 and NAT2UGT73C6, transcripts.

� 2022 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
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performed RT-PCR. The NAT2UGT73C6 amplicon (Figure S4a)

was cloned, and analysis of individual clones by colony

PCR revealed the presence of inserts of different sizes (Fig-

ure S4b). Sequence analyses of the clones demonstrated

that the NAT2UGT73C6 transcripts consist of splicing variants

in which half of the population retains the intron. The other

half of the transcripts was shown to consist of three splic-

ing variants with lengths of 1013, 1005 and 985 nucleo-

tides, which are suggested to be generated using

alternative, canonical splicing donor and acceptor sites

(Figure S4c).

Considering that the subcellular localization of a

lncRNA can provide clues to its function (Chen, 2016) and

that lncRNAs localized in the nucleus are often unstable

(Clark et al., 2012), we decided to determine the half-life of

the NATsUGT73C6 transcripts. With this aim in mind, we

treated seedlings with cordycepin, an adenosine analog

that induces termination of chain elongation when incor-

porated during RNA synthesis and quantified the transcript

abundance at different time points, as previously described

(Fedak et al., 2016). Stability determination based on

degradation curves showed that the NATsUGT73C6 tran-

scripts have a relatively long half-life (> 120 min). Actually,

the half-life of the NATsUGT73C6 transcripts was found to be

comparable, for the time analyzed, to that of the stable

protein-coding transcript of a housekeeping gene (Eukary-

otic translation initiation factor 4A1, EIF4A) and longer than

that of a short-lived mRNA (EXPANSIN-LIKE1, Expansin L1;

Figure 1d).

Overall, these data showed that the NATsUGT73C6 tran-

scripts are alternatively spliced and exhibit relatively high

stability suggesting that it may function at the post-

transcriptional level.

NATsUGT73C6 downregulation leads to a reduction in the

rosette area by decreasing leaf size and the number of

mesophyll and epidermal cells

Considering a potential trans-activity of the NATsUGT73C6

transcripts, we decided to analyze the effects of their

downregulation. To achieve this, we first tested the earlier

reported ugt73c6ko mutant line (SAIL_525_H07; Jones

et al., 2003), which contains a T-DNA insertion at position

1440 downstream of the reported UGT73C6 TIS (Fig-

ure S5a). The insertion generates a premature stop codon

at position 472 leading to a protein that is truncated at its

C-terminal end. qRT-PCR analysis confirmed that UGT73C6

expression is strongly reduced in the mutant line. How-

ever, the NATsUGT73C6 levels turned out to be unaltered

(Figure S5b), suggesting that not only NAT2UGT73C6 but

also NAT1UGT73C6 transcription may be initiated down-

stream of the T-DNA insertion. This idea was supported by

the 50 RACE results, as the first TIS detected at high fre-

quency (G1255) was located 187 nucleotides downstream of

the insertion (Figure S3c,d). Due to the unaltered

NATsUGT73C6 levels, this line thus turned out to be unsuit-

able to study the effects of NATsUGT73C6 downregulation.

Therefore, we generated two different collections of

transgenic lines that, though the 35S promoter, overex-

press artificial microRNAs (amiRNAs; Carbonell et al.,

2014) that specifically target both NATUGT73C6 transcripts

(Figure S6a). In the first set of 15 independent homozygous

lines, three were confirmed unambiguously to express the

amiRNAs (Figure S6b). Interestingly, these plants showed

a decrease in rosette size when compared with wild-type

plants and with plants transformed with the empty vector.

The NATsUGT73C6 levels of these lines were found to show

a reduction close to or higher than 50% (lines 1, 2 and 5;

Figure S6c) as compared with the control plants when ana-

lyzed by qRT-PCR.

To quantify the observed phenotypic differences, we

analyzed 25-day-old plants using available software

(Easlon & Bloom, 2014). This confirmed the initial, macro-

scopic impression that lines indeed showed a reduced

rosette area in comparison to the control plants (Fig-

ure S6e). With the second set of lines, which was gener-

ated afterwards, we first analyzed the levels of

NATsUGT73C6 in eight independent homozygous lines and

identified one (amiRNATsUGT73C6-10) in which these were

strongly reduced (Figure S6d). Interestingly, and consistent

with the previous results, the plants from this line were the

only ones that showed smaller rosettes when compared

with wild-type plants and plants overexpressing amiRNAs

targeting the GUS gene used as controls (Figure 2a,b). This

phenotype was confirmed by further experiments (Fig-

ure 2c). Compiled data from each of these independent

experiments showed that the average decrease in rosette

area in lines with reduced NATsUGT73C6 levels range

between 13 and 20% (Figure 2c). In accordance with this,

plants of the amiRNATsUGT73C6-7 line and of the other lines

(amiRNATsUGT73C6-8 to -9 and -11 to -14), in which the NAT-

sUGT73C6 levels were not altered, showed no differences in

rosette size (Figures 2c and S6f). In sum, we took these

data as an indication that reduction in NATsUGT73C6 tran-

scripts leads to a decrease in the rosette area.

To exclude a potential effect of the UGT73C6 protein

on the plant phenotype, we also performed rosette area

measurements in the earlier mentioned ugt73c6ko line. The

obtained data demonstrated that the absence of a func-

tional UGT73C6 protein has no influence on the rosette

size (Figure S5c), reinforcing the idea that the observed

phenotypic changes result from the reduction of NAT-

sUGT73C6 levels.

To understand the contribution of the individual

leaves to the overall change in rosette size, we determined

the area of individual leaves from 30-day-old plants. Our

results showed that all the leaves from the amiRNAT-

sUGT73C6-10 plants were smaller than those of the control

plants, with differences that were statistically significant

� 2022 The Authors.
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for leaves 1, 2, 6, 7 and 8 (Figure 2d). In a second experi-

ment, we quantified the growth of individual leaves over

time. We observed that the leaves from plants of the

amiRNATsUGT73C6-10 line were smaller at all time points

analyzed (Figure S6g; Table S1), and that the differences

were maintained even after leaf growth was completed

Figure 2. Effects of NATsUGT73C6 downregulation on rosette area and leaf size.

(a) Representative pictures of 25-day-old wild-type (left), amiRGUS control (center) and amiRNATsUGT73C6-10 (right) plants. Scale bar: 1 cm.

(b) Rosette area of amiRNATsUGT73C6-10 plants compared with wild-type and control plants expressing a GUS-specific amiRNA (amiRGUS). Plants were grown

under long day (LD) conditions and photographed at 25 days after sowing (DAS). Data compiled from two independent experiments including 20–25 plants per

experiment are shown. Box plots show medians and interquartile ranges, whiskers extend from the 5th to the 95th percentile, and individual rosette values are

shown as black dots. Statistically significant differences from wild-type assessed by one-way ANOVA and Tukey’s honestly significant difference test: **P ≤ 0.01;

***P ≤ 0.001.

(c) Quantification of rosette area reduction in plants from the amiRNATsUGT73C6-expressing lines compared with control plants (transformed with the empty vec-

tor or expressing amiRGUS). Plants from the amiRNATsUGT73C6-7 line, which shows wild-type levels of NATsUGT73C6, were included as additional control. Numbers

are means with standard deviation (SD) of the means from individual experiments expressed as a percentage compared with the control (100%). Data are from

two (amiRNATsUGT73C6-7), three (amiRNATsUGT73C6-1, amiRNATsUGT73C6-2 and amiRNATsUGT73C6-5) and four (amiRNATsUGT73C6-10) independent experiments, includ-

ing 18–36 plants each.

(d) Area of individual leaves of 30-day-old wild-type, amiRGUS and amiRNATsUGT73C6-10 plants grown in soil under LD conditions. Graph shows mean and SD

(n = 4–5) of areas from leaves 1–9. Statistically significant differences from wild-type assessed by two-tailed Student’s t-test: *P ≤ 0.05; **P ≤ 0.01.
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(e.g. leaves 1, 2, 3 and 4; Figure S6g). These results sug-

gested that a reduction in size of the individual leaves was

responsible for the smaller rosette area in the lines with

reduced NATsUGT73C6 levels.

We next wanted to understand whether the observed

phenotype of the lines with downregulated NATsUGT73C6

levels was possibly caused by changes in cell proliferation

or cell expansion. For this purpose, we determined the cell

size of palisade mesophyll and abaxial epidermal cells

from the tip and the bottom regions of leaf 6 from amiR-

NATsUGT73C6-10 and from the control (amiRGUS) plants.

Combined data including the cells from both leaf regions

showed no differences in mesophyll cell size, but a statisti-

cally significant increase in epidermal cell area in the amiR-

NATsUGT73C6-10 line (Figure 3b). Using these data, we

estimated the total number of cells by dividing the deter-

mined total area of the individual leaves (Figure 3a) by the

average cell area of each cellular type (Figure 3c). Results

of these estimations showed that the total number of both

cell types was significantly lower in the lines where the

NATsUGT73C6 levels had been reduced by the amiRNA

knockdown approach (Figure 3c,d).

These data suggest that the smaller size of leaf 6 of

the amiRNATsUGT73C6-10 plants is mainly due to a decrease

in cell number. Considering that in this line all leaves were

found to be smaller than those of the control plants, we

explained the reduction in rosette area by a reduction of

the number of cells in each leaf. This idea was supported

by the fact that in the plants with regulated NATsUGT73C6

levels the estimated reduction of cell number (about 20% if

both cell types are considered) correlated closely with the

observed reduction in rosette area (17%; Figures 2c and

3d, respectively).

Overexpression of NAT1UGT73C6 or NAT2UGT73C6 induces an

increase in rosette size

Considering that the previously described phenotype was

a consequence of NATsUGT73C6 downregulation, we now

Figure 3. NATsUGT73C6 downregulation has a negative effect on leaf cell number.

(a) Leaf area, (b) mesophyll and epidermal cell area, and (c) estimated number of mesophyll and epidermal cells on leaf 6 of 35-day-old amiRNATsUGT73C6-10 and

control (amiRGUS) plants. Box plots show medians (solid line) and interquartile ranges, whiskers extend from the 5th to the 95th percentile. Dots represent indi-

vidual values (a, c). In (b) the dotted lines and filled dots indicate the average cell area and outliers, respectively. Unpaired, two-tailed Student’s t-test was

applied for leaf area and cell number estimation, and one-way ANOVA followed by Tukey’s honestly significant difference test for cell area. Statistical differences

from the control: **P ≤ 0.01; ***P ≤ 0.001. n indicates the number of leaves (a) or cells (b) measured.

(d) Estimated total number of cells on leaf 6 of 35-day-old amiRNATsUGT73C6-10 and control (amiRGUS) plants. Values are means with standard deviation of means

from individual leaves (n = 19–20) and percentages compared with control (in brackets).
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performed an experiment to determine if an increase of

the NATsUGT73C6 levels would lead to the opposite pheno-

type. For this purpose, we generated transgenic lines

expressing each of the NATsUGT73C6 under the control of

the 35S promoter. Several independent homozygous lines

were selected (four overexpressing NAT1UGT73C6 and four

overexpressing NAT2UGT73C6; Figure S7a,b) and rosette

area determination was performed as described before. In

all cases, plants from transgenic lines overexpressing the

NATsUGT73C6 sequences showed a small but significant

increase in rosette size compared with control plants (Fig-

ure 4). Analyses from at least three independent experi-

ments confirmed that overexpression of either

NAT1UGT73C6 or NAT2UGT73C6 leads to an increase in rosette

size, suggesting that, indeed, high levels of NATsUGT73C6

transcripts determine this phenotype (Figure 4c). While

lines overexpressing NAT1UGT73C6 showed an increase of

the rosette size ranging between 10 and 23%, these values

were slightly higher in lines overexpressing NAT2UGT73C6

(14–32%; Figure 4c). If all lines were considered, the aver-

age rosette increase was 14.65% (� 5.52%) for NAT1-

UGT73C6 and 22% (� 7.47%) for NAT2UGT73C6. Plants

overexpressing UGT73C5 included as a control showed the

reported BR-deficiency phenotypes and a strong reduction

(more than 40%) in rosette area (Figure 4a,c).

To determine the contribution of individual leaves to

the changes in rosette area, we dissected and measured

leaves from 30-day-old overexpressing NAT2UGT73C6 and

wild-type plants. Our analysis revealed that leaves of

plants overexpressing NAT2UGT73C6 (OE-NAT2UGT73C6-6, a

new generated line with high NAT2UGT73C6 expression

levels; Figure S9) were indeed larger than those of the con-

trol plants, showing statistically significant differences for

leaves 1, 2, 3, 5 and 7 (Figure 4d). In addition, we quanti-

fied individual leaf growth by measuring leaf size at differ-

ent time points. The analysis of the growth curve showed

that the area of the individual leaves of the overexpression

line was larger than that of the corresponding leaves of the

control plants (Figure S7c; Table S2). Furthermore, we

observed that the size differences also remained when leaf

development was completed, suggesting that these

differences did not result from a faster growth of the

NAT2UGT73C6 overexpression line.

Altogether, these data support the idea that overex-

pression of NATsUGT73C6 induces an increase in the size of

the individual leaves and thus an enlargement of the

rosette area.

Increase in rosette area is caused by a bona fide lncRNA

activity of the NATsUGT73C6

According to the current definition, lncRNAs should not

contain ORFs encoding peptides of more than 70 amino

acids (Ben Amor et al., 2009). As already explained

above, most of the ORFs predicted in the NATsUGT73C6

encode less than 30 amino acids. However, NAT1UGT73C6

and NAT2UGT73C6 encode for a 103-amino-acid-long

polypeptide, peptide 3 (Figure S8a). Therefore, it was

important to understand whether the phenotypes observed

in the knockdown and overexpression lines were associ-

ated with activities of the peptides or with the action of

NATsUGT73C6 as bona fide lncRNAs.

As overexpression of either NATsUGT73C6 causes a

similar phenotype in the transgenic plants, we decided

to perform the following experiments solely with

NAT2UGT73C6. Thus, we generated C-terminal GFP-fusion

constructs in which the stop codons of the four ORFs pre-

sent in NAT2UGT73C6 were removed by site-directed muta-

genesis (Figure S8b; Supporting Figures Information) and,

subsequently, performed transient expression assays in

Nicotiana benthamiana (Supporting Figures Information).

Confocal laser-scanning microscopy analysis and Western

blot detection showed that three out of the four ORFs are

translated from the constructs containing the upstream

NAT2UGT73C6 sequences, whereas absence of signal was

observed in the areas infiltrated with 35S:NAT2-ORF4-GFP

(Figure S8c,d).

Based on these results and to determine whether the

phenotypes that we observed during the overexpression of

NAT2UGT73C6 were due to a bona fide activity of the RNA,

we generated a set of transgenic lines in which we substi-

tuted the start codons of ORFs 1–3 by a CCC codon encod-

ing proline (Figure 5a). We identified four independent

homozygous lines that overexpressed the mutated, non-

peptide-coding sequence of NAT2UGT73C6 (mutNAT2UGT73C6)

at high levels (OE-mutNAT2UGT73C6 lines 1–4; Figure S9),

and assessed the impact of this variant on the identified

phenotype. Interestingly, we found that in all the

OE-mutNAT2UGT73C6 lines, the rosette area was increased in

comparison with the Col-0 wild-type controls (Figure 5b).

Another important finding was that the values obtained in

rosette area measurements with these lines correlated clo-

sely with those obtained in lines overexpressing the

unmodified (wild-type) NAT2UGT73C6 sequence (Figure 5b),

two of which (OE-NAT2UGT73C6 lines 5 and 6) were gener-

ated de novo for this comparison.

Overall, these data indicate that, as with wild-type

NAT2UGT73C6, overexpression of the mutNAT2UGT73C6 vari-

ant leads to an increase in rosette area, suggesting that the

observed phenotype depends on properties related to the

RNA molecule itself.

Above, we reported that the downregulation of NAT-

sUGT73C6 transcripts leads to a reduction in the number of

mesophyll and epidermal cells in leaves (Figure 3c), while

NATsUGT73C6 overexpression generates an increase of the

rosette area. In view of this scenario, we decided to quan-

tify cell size in leaf 6 of 35-day-old wild-type plants and

plants overexpressing NAT2UGT73C6 (OE-NAT2UGT73C6-6)

and the mutNAT2UGT73C6 variant (OE-mutNAT2UGT73C6-3). For

� 2022 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2023), 113, 460–477

Altered NATsUGT73C6 levels affect rosette size 467

 1365313x, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/tpj.16058 by U

niversite Paris-Saclay, W
iley O

nline L
ibrary on [05/04/2023]. 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



Figure 4. NATsUGT73C6 overexpression increases rosette area.

(a) Pictures from 25-day-old control (transformed with the empty vector) and NAT2UGT73C6-overexpressing (OE) plants. Representative plants corresponding to

four independent homozygous lines are shown. Plants overexpressing UGT73C5 were included for comparison. Scale bar: 1 cm.

(b) Rosette area of NAT2UGT73C6-OE plants compared with control plants transformed with the empty vector. Plants were grown in soil under long day (LD) con-

ditions and photographed at 25 days after sowing (DAS). Data compiled from two independent experiments including 18 and 19 plants, respectively. Plants

overexpressing UGT73C5 (n = 18) were included as controls in one experiment. Box plots show medians and interquartile ranges, whiskers extend from the 5th

to the 95th percentile, and individual values are shown as black dots. Statistically significant differences from control plants assessed by one-way ANOVA and

Tukey’s honestly significant difference test: *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.

(c) Quantification of the rosette area in homozygous lines overexpressing NAT1UGT73C6 or NAT2UGT73C6 compared with a line transformed with the empty vector.

Numbers are means with standard deviation (SD) of means from individual experiments expressed as percentage of the control (100%). Data are from three

independent experiments including 17–20 plants each.

(d) Area of individual leaves of 30-day-old wild-type and NAT2UGT73C6-overexpressing (OE-NAT2UGT73C6-6) plants grown in soil under LD conditions. The graph

shows mean and SD (n = 4–5) of the areas of leaves 1–9. Statistically significant differences from wild-type assessed by two-tailed Student’s t-test: *P ≤ 0.05;

**P ≤ 0.01; ***P ≤ 0.001.
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Figure 5. Overexpression of NAT2UGT73C6 or its mutant variant, mutNAT2UGT73C6 increases rosette and leaf area, and the number of epidermal and mesophyll

cells.

(a) Schematic of mutNAT2UGT73C6, the NAT2UGT73C6 variant generated by site-directed mutagenesis that lacks the ability to encode peptides. Methionine to pro-

line (M ? P) changes introduced by site-directed mutagenesis of start codons at positions 198 (ORF1), 289 (ORF2) and 405 (ORF3) are shown. Arrowheads and

asterisks indicate start and stop codons, respectively.

(b) Rosette area of wild-type plants and plants overexpressing NAT2UGT73C6 (OE-NAT2UGT73C6) or mutNAT2UGT73C6 (OE-mutNAT2UGT73C6). Plants were grown in soil

under long day (LD) conditions and photographed at 25 days after sowing (DAS). Shown are data from one representative experiment including 19 and 17

plants of the wild-type control and transgenic lines, respectively. Statistically significant differences from control plants assessed by one-way ANOVA and Tukey’s

honestly significant difference test: *P ≤ 0.05; ***P ≤ 0.001.

(c) Leaf area, (d) mesophyll and epidermal cell area, and (e) estimated number of mesophyll and epidermal cells on leaf 6 of 35-day-old control plants (wild-

type) and plants overexpressing NAT2UGT73C6 (OE-NAT2UGT73C6-6) or mutNAT2UGT73C6 (OE-mutNAT2UGT73C6-3). Dots represent individual values in (c) and (e). Dot-

ted lines and filled dots in (d) indicate average cell area and outliers, respectively. Statistically significant differences: *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001

[assessed by two-tailed Student’s t-test for (c) and (e), and by one-way ANOVA and Tukey’s honestly significant difference test for (d)]. n indicates the number of

leaves (c) or cells (d) measured.

(f) Estimated total cell number on leaf 6 of 35-day-old wild-type, OE-NAT2UGT73C6-6 and OE-mutNAT2UGT73C6-3 plants. Numbers are means with SD of means

from individual leaves (n = 7). Percentages versus control (100%) are given in brackets.

Box plots show medians and interquartile ranges; whiskers extend from the 5th to the 95th percentile.

� 2022 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2023), 113, 460–477

Altered NATsUGT73C6 levels affect rosette size 469

 1365313x, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/tpj.16058 by U

niversite Paris-Saclay, W
iley O

nline L
ibrary on [05/04/2023]. 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



this purpose, we harvested leaves from representative

plants and performed cell-size measurements of abaxial

epidermal and mesophyll cells in the tip and in the bottom

regions. Interestingly, however, mesophyll and epidermal

cells of either the NAT2UGT73C6- or the mutNAT2UGT73C6-

overexpressing plants showed a statistically significant

increase in area compared with the control (Figure 5d),

suggesting that the observed differences in leaf size are, at

least in part, also due to cell enlargement. Estimations of

the total cell number based on the mean cell size (Fig-

ure 5d) and determined leaf area (Figure 5c) revealed a sig-

nificant increase of both cell types in the NAT2UGT73C6 and

the mutNAT2UGT73C6 overexpressing lines (Figure 5e).

Thus, on the one hand, these data confirmed the ear-

lier finding (Figures 3 and 4) showing that the presence

and expression level of the NATsUGT73C6 modulates cell

number and, consequently, leaf and rosette size. On the

other hand, we obtained some evidence that also an

increase in cell size contributes to the NATsUGT73C6-

mediated phenotype.

Ectopic alteration of NATsUGT73C6 expression does not

affect the transcript levels of the UGT73C6 sense gene or

that of its closely related homolog UGT73C5

In an earlier report it has been proposed that in the UGT

multigene family, lncNATs can modulate the expression of

the sense gene and closely related genes acting in trans

(Wang et al., 2006). Hence, we wanted to understand

whether such a scenario also applies to the studied NAT-

sUGT73C6, the corresponding sense gene UGT73C6 and its

closest homolog UGT73C5.

The availability of the transgenic A. thaliana lines with

altered NATsUGT73C6 levels allowed us to quantify the

expression of UGT73C6 and UGT73C5 in these lines. Sur-

prisingly, we observed that UGT73C6 and UGT73C5 mRNA

levels were not decreased in homozygous plants overex-

pressing NAT1UGT73C6 or NAT2UGT73C6 (Figure 6a; Fig-

ure S10). Consistently, we found that UGT73C6 and

UGT73C5 expression was also not altered in lines with

reduced NATsUGT73C6 levels (Figure 6a; Figure S10).

Altogether, these results revealed that, at least in the

natural host A. thaliana, ectopic changes in the expression

of the NATsUGT73C6 transcripts do not affect their comple-

mentary mRNAs and that the resulting leaf phenotype is

not a consequence of significant changes in the expression

of UGT73C6 and UGT73C5.

BR treatment does not consistently affect the levels of

NATsUGT73C6 transcripts, and BR marker genes are not

changed in line with altered NATsUGT73C6 expression

Our data suggested that NATsUGT73C6 have no direct effect

on the expression of UGT73C6, an important player in BR

homeostasis (Husar et al., 2011). To gain further insights

into a possible role for the NATsUGT73C6 in this context, we

decided to analyze the gene responses to externally

applied BR. To this end, we treated 8-day-old wild-type

seedlings with 1 lM 24-epiBL, collected samples at different

incubation times and determined gene expression levels

by qRT-PCR. Consistent with a previous report (Husar

et al., 2011), we found that expression of UGT73C6 and

UGT73C5 was not significantly altered (Figure 6b). More-

over, we observed that the treatment also had little effect

on NATsUGT73C6 expression, with an increase in expression

after 3 h, which, however, was not maintained after longer

incubation periods (Figure 6b). Control genes analyzed to

monitor the experimental conditions behaved as expected:

i.e. expression of CYTOCHROME P450 90B1 (DWF4), a

gene repressed by BR application, was significantly

decreased, while expression of PHYB ACTIVATION-

TAGGED SUPRESSOR 1 (BAS1), a catabolic gene induced

under the same conditions, was significantly increased

(Figure 6b). Further expression analyses at early time

points revealed that neither NATsUGT73C6 nor UGT73C6 nor

UGT73C5 levels were affected after short periods of BR

treatment (Figure S11a).

Thus, under the given conditions, the expression of

NATsUGT73C6 was not consistently altered in response to

BR treatment.

Next, we considered it important to understand

whether the phenotypes, which resulted from altered NAT-

sUGT73C6 levels, were caused by changes in the content of

active BR. To address this, we determined, in line with

altered NATsUGT73C6 levels, the expression of ROTUNDIFO-

LIA3 (ROT3), a BR biosynthetic gene, and EXPANSIN 8

(EXP8), a BR-responsive gene of the expansin family (Goda

et al., 2002). The results of these analyses showed that

ROT3 expression was not significantly affected when NAT-

sUGT73C6 were overexpressed or downregulated (Figure 6c,

left). EXP8 expression was reduced in all lines tested,

including the NATsUGT73C6 knockdown line, where the

reduction was statistically significant but did not reach

50% (Figure 6c, right). In contrast, in lines overexpressing

UGT73C5, ROT3 expression was increased and EXP8 levels

were significantly reduced (Figure S11b), which was con-

sistent with the described role of UGT73C5 in BR inactiva-

tion (Poppenberger et al., 2005).

Thus, these results suggest that active BR levels are

not significantly changed in line with altered NATsUGT73C6

expression and, consequently, are not associated with the

observed phenotype.

Alteration of NATsUGT73C6 expression leads to changes in

GRFs transcript levels

Our results suggested that changes in NATsUGT73C6 expres-

sion affect leaf and rosette size mainly by altering the num-

ber of mesophyll and epidermal cells. In the experiments

with our promoter-GUS reporter lines we observed that

NAT2UGT73C6 is expressed in young leaves and particularly

� 2022 The Authors.
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Figure 6. Levels of GRFs but not of UGT73C6 or brassinosteroid (BR) marker genes are affected in line with altered NATsUGT73C6 expression.

(a) Expression of UGT73C6 in line with reduced (amiR) or increased (OE) NATsUGT73C6 levels. Bar graphs show DDCt [mean difference of DCt between lines with

modified long non-coding natural antisense transcripts (lncNATs) expression and control lines (DCt amiRNA expressing line or NATsUGT73C6-overexpressing line

– DCt control line)] and standard error (SE) of mean differences of three independent biological replicates [pools of 14-day-old seedlings grown under long day

(LD) conditions]. Statistically significant differences assessed by unpaired, two-tailed Student’s t-test.

(b) Response of NATsUGT73C6, UGT73C6 and UGT73C5 to BR treatment determined by quantitative reverse transcription-polymerase chain reaction (qRT-PCR).

Seven-day-old seedlings were treated with either 1 lM 24-epi-brassinolide (24-epiBL) or dimethyl sulfoxide (DMSO; mock treatment), and samples were collected

at the indicated time points. Compiled data from independent experiments including at least three biological replicates (pools of seedlings). Symbols indicate

DDCt values [mean difference in DCt between treated and control samples (DCt 24-epiBL-treated – DCt DMSO-treated samples)] and SE of mean differences.

Expression analysis of BL-responsive genes CYTOCHROME P450 90B1 (DWF4) and PHYB ACTIVATION-TAGGED SUPRESSOR 1 (BAS1) was included to monitor

treatment efficacy. Results of data analysis using multiple t-test are indicated in the upper panel.

(c) Expression of the BR-responsive genes ROTUNDIFOLIA3 (ROT3) and EXPANSIN 8 (EXP8) in transgenic lines with reduced (amiR) or increased (OE) NAT-

sUGT73C6 expression. Bar graph indicates DDCt [mean difference of DCt between lines with altered NATsUGT73C6 expression and control lines (DCt amiRNA express-

ing line or NATsUGT73C6-overexpressing line – DCt control line)] and SE of mean differences of three biological replicates (independent pools of 10-day-old

seedlings grown under LD conditions). Statistically significant differences assessed by unpaired, two-tailed Student’s t-test.

(d, e) GIF1 and GRFs expression analysis in the tip and bottom regions of leaf 3 from lines with increased (OE-NAT2UGT73C6-6) or reduced (amiRNATsUGT73C6-10)

NATsUGT73C6 expression. Bar graphs show DDCt values [mean difference in DCt between lines with altered NATsUGT73C6 expression and controls (DCt in NAT2-

UGT73C6-6 or amiRNATsUGT73C6-10 – DCt in control)] and SE of mean differences from three–four biological replicates (independent pools of leaf sections from 12-

day-old seedlings grown under LD conditions). Smooth and dashed bars indicate values for bottom and tip regions, respectively. Statistically significant differ-

ences assessed by unpaired, two-tailed Student’s t-test.

Expression levels were normalized to the reference genes PP2A (a, d, e) or GAPC2 (b, c). Dotted lines indicate a twofold change (a, b, d, e). *P ≤ 0.05; **P ≤ 0.01;

***P ≤ 0.001. P-values greater than 0.05 (P > 0.05) are indicated as non-significant (ns) (b) or with the absence of asterisks (a, c–e).

� 2022 The Authors.
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in the bottom region (Figures S1a,b and S12a), and that

its expression decreases during leaf development (Fig-

ure S1b). Interestingly, this pattern matches that of the

members of the GRF family of transcriptional regulators,

which are strongly expressed in actively growing and

developing tissues (Rodriguez et al., 2010). GRFs and

the transcriptional coactivator ANGUSTIFOLIA 3/GRF-

INTERACTING FACTOR 1 (AN3/GIF1), which physically

interacts with six of the nine proteins encoded by the GRF

family members, are key regulators of leaf growth by mod-

ulating cell proliferation (Vercruysse et al., 2020). The pro-

gression of leaf development is further controlled by

miR396, which regulates the expression of seven of the

nine GRFs at the post-transcriptional level (Jones-Rhoades

& Bartel, 2004; Liu et al., 2009; Rodriguez et al., 2010). In

accord with this, we identified a potential binding site for

miR396 in the NATsUGT73C6 sequence (Figure S12b), sup-

porting the idea that NATsUGT73C6 transcripts may have the

potential to act as endogenous target mimics. In this way,

alteration in NATsUGT73C6 expression could cause changes

in GRFs levels.

To address this hypothesis, we decided to determine

the transcript levels of GRFs and GIF1 in the bottom and tip

regions of young developing leaves of transgenic lines with

altered NATsUGT73C6 expression. For this purpose, we dis-

sected leaf 3 from 12-day-old seedlings grown on plates.

We selected this time point because it has been previously

reported that both cell proliferation and expansion continue

to occur in the bottom and the tip regions of the leaf,

respectively. Analyses of the obtained qRT-PCR data

showed that the levels of several GRF mRNAs, including

those of GRF4, 6 and 9, were increased in the line overex-

pressing NAT2UGT73C6 (Figure 6d). In addition, we detected

a statistically significant increase of GIF1 levels in both leaf

regions (Figure 6d). On the other hand, in amiRNATsUGT73C6-

10, the line with reduced NATsUGT73C6 levels, we detected a

statistically significant reduction in GRF6 transcripts at the

leaf bottom (Figure 6e). Notably, GRF6 was found to be the

only analyzed GRF whose expression levels were changed

in the lines where NAT2UGT73C6 transcripts were overex-

pressed or downregulated. Interestingly, we observed here

a positive correlation: i.e. in comparison to the appropriate

controls, the GRF6 level was found to be increased when

NAT2UGT73C6 was overexpressed, while it was decreased

when NATsUGT73C6 were downregulated (Figure 6d,e).

These data indicate a mechanism possibly involving mem-

bers of the GRF/GIF module, and in particular GRF6.

Altogether, these results suggest that NATsUGT73C6

modulate GIF1 and GRFs levels, which in turn affect cell pro-

liferation leading to changes in leaf size and rosette area.

DISCUSSION

Here we present the functional characterization of two

lncNATs transcribed from a gene overlapping the

UGT73C6 gene of A. thaliana. First, by using reporter lines

and qPCR analysis, we confirmed that both NATsUGT73C6

are expressed and that the promoters are active in different

organs. Furthermore, we demonstrated that the expression

of the NATsUGT73C6 is developmentally controlled and

occurs independently of the presence of the sense gene in

cis. Similar observations have been made previously with

other lncNATs in plants (Fedak et al., 2016; Jabnoune

et al., 2013), reinforcing the idea that the identified

lncNATs are functionally relevant and do not correspond

to transcriptional ‘background noise’ resulting from sense

gene expression.

Several of the earlier characterized lncNATs from

plants act in trans on their targets when ectopically overex-

pressed. These examples include asHSFB2a, which con-

trols gametophyte development (Wunderlich et al., 2014),

and FLORE, which modulates the onset of flowering (Hen-

riques et al., 2017) in Arabidopsis, and cis-NATPHO1;2,

which regulates phosphate homeostasis in rice (Jabnoune

et al., 2013). We found the half-life of NATsUGT73C6 to be

comparable to that of a canonical mRNA, a feature indeed

that suggests a trans-acting function.

In our studies, we demonstrate that changes in NAT-

sUGT73C6 expression levels, which were achieved by post-

transcriptional downregulation by amiRNAs or overexpres-

sion under the control of the strong 35S promoter, result

in mild but consistent phenotypes in which the size of indi-

vidual leaves and, consequently, rosette area was affected

(Figures 2 and 4). In line with a NATsUGT73C6 downregula-

tion close to 50% the rosette area was reduced by almost

20% in comparison to controls where the NATsUGT73C6

transcript levels were unaffected. Interestingly, reductions

in size were observed in all leaves and were also main-

tained in fully developed leaves, indicating that this pheno-

type is not a consequence of delayed growth. On the other

hand, overexpression of either of the NATsUGT73C6 tran-

scripts resulted in plants with increased rosette area. The

same phenotype was detectable when full-length, mutated

non-peptide-coding variants of NAT2UGT73C6 were overex-

pressed. The later observations were important, especially

considering that both NATsUGT73C6 contain several ORFs

and that one of them codes for a 103-amino-acid-long pep-

tide when translated from the unspliced NATsUGT73C6 vari-

ant. These results support the conclusion that the

phenotype identified is due to the activity of the RNA mole-

cules themselves, which thus function as bona fide

lncRNAs.

Our analyses at the cellular level showed that in the

line in which NATsUGT73C6 were downregulated there was

no significant difference in mesophyll cell size and that the

size of the abaxial epidermal cells was slightly increased.

Accordingly, both observations could not explain the

reduction in leaf size. However, when estimating the total

cell number, we observed a clear decrease for both cell

� 2022 The Authors.
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types, suggesting that cell proliferation is affected. On the

other hand, in line with increased expression of the wild-

type NAT2UGT73C6 or of the mutated NAT2UGT73C6 variant,

the cell area of both cell types was found to be increased.

While these size differences again did not explain the

observed changes in leaf area, we obtained further data indi-

cating that the cell number is increased in the overexpres-

sion lines. Thus, in sum our data suggest that the main

differences in leaf size that were observed in line with altered

NATsUGT73C6 levels result from changes in cell proliferation.

As explained above, NATs may control the expression

of a sense transcript in cis or in trans. Given the high

sequence similarity of UGT73C-subfamily members, we

originally assumed that the NATsUGT73C6 would regulate

the expression of UGT73C6 and/or other closely related

UGTs, as it has been reported for FLORE, which represses

multiple CDFs (CYCLING DOF FACTORS) in cis and trans

(Henriques et al., 2017). However, our data show that over-

expression of NATsUGT73C6 did not reduce the transcript

levels of either UGT73C6 or its closest homolog UGT73C5.

These results are congruent with those reported by

Deforges and coworkers who obtained transgenic lines

with high overexpression of cis-NATs in which sense gene

expression remained unaffected (Deforges et al., 2019). On

the other hand, our data contrast with the ‘Yin-Yang’

mechanism proposed for the pair formed by HSFB2a and

asHSFB2a, in which overexpression of either member of

the pair leads to knockdown of the other (Wunderlich

et al., 2014). Consistently, post-transcriptional downregula-

tion of NATsUGT73C6 by amiRNAs was found to have no

effect on the level of UGT73C6 or UGT73C5 transcripts,

indicating that NATsUGT73C6 do not modulate, at least when

their activity in trans is considered, the expression of these

genes or the levels of their transcripts. Unfortunately, the

NATsUGT73C6 TISs locate within the coding sequence of

UGT73C6 (Figure S3c–e) making it difficult, if not impossi-

ble, to study their effect on UGT73C6 expression in cis.

Therefore, we cannot exclude potential cis effects of NAT-

sUGT73C6 transcription on UGT73C6 expression. However,

our data strongly suggest that the NATsUGT73C6 are not

involved in BR homeostasis. Furthermore, no link between

NATsUGT73C6 and hormone levels could be established.

By contrast, our data suggest that the observed, dis-

tinct phenotypes are a direct consequence of the activities

of the NATsUGT73C6 transcripts. Based on this premise, we

decided to analyze the expression of other potential tar-

gets. Considering: (i) the observed changes in the number

of cells in response to the alteration of the expression of

NATsUGT73C6 (Figures 3 and 5); (ii) the pattern of

NAT2UGT73C6 promotor activity, which is mainly detected at

the bottom region of young developing leaves (Fig-

ure S12a); and (iii) the presence of a potential binding site

with partial complementarity to miR396 in the NATsUGT73C6

sequence (Figure S12b), we focused our analysis on the

members of the GRF family, which, together with GIF1, are

crucial for cell number determination in leaves (Vercruysse

et al., 2020). Members of the GIF and GRF gene families

are predominantly expressed at the bottom region of

young leaves (Rodriguez et al., 2010), and the levels of

most of the GRF family members are regulated by miR396

(Jones-Rhoades & Bartel, 2004). Overexpression of GIF1

and of several GRFs results in plants with larger organs

due to increased cell proliferation (Lee et al., 2009; Ver-

cruysse et al., 2020). gif1 mutants, on the other hand, show

the opposite phenotype, i.e. plants with smaller and nar-

rower leaves as a result of reduced cell number (Kim &

Kende, 2004). Overexpression of miR396 leads to post-

transcriptional downregulation of GRFs containing its tar-

get site and to plants with narrow leaves due to cell num-

ber reduction (Liu et al., 2009). Conversely, plants

transformed with miR396-resistant variants of GRFs dis-

play a higher cell number and larger leaves (Debernardi

et al., 2014; Rodriguez et al., 2010).

When NAT2UGT73C6 is overexpressed, we detected a

significant increase in the levels of GRF6, GRF4 and GRF9

transcripts, which is more pronounced for the latter two in

the tip region of the leaf (Figure 6d). We observed an

increase in GRF6 levels in the bottom part of the leaf of the

NAT2UGT73C6 overexpressing line while they were reduced

in the line where NATsUGT73C6 were downregulated (Fig-

ure 6e), suggesting that the presence of the NATsUGT73C6 is

important for maintaining wild-type GRF6 mRNA levels.

Interestingly, GRF6, like GRF5, lacks the miR396 binding

site. Despite this fact, GRF6 expression is reduced in plants

overexpressing the miRNA suggesting a feed-forward

effect of the other GRFs on its levels (Rodriguez et al.,

2010). In addition, GIF1 expression was also found to

be significantly increased in both leaf regions of the

NAT2UGT73C6 overexpressing line (Figure 6d).

The GRF-GIF duo is known to activate their own tran-

scription through a positive feedback regulatory loop (Ver-

cruyssen et al., 2014). Accordingly, increases in GRFs due

to a higher transcript abundance could lead to an incre-

ment of GIF1 transcripts in the NAT2UGT73C6 overexpres-

sion line. Simultaneous expression of high levels of GRF3

and GIF1 transcripts results in a synergistic increase in leaf

cell number and additive effects on gene expression

(Debernardi et al., 2014), suggesting that the phenotype in

the overexpression lines may be enhanced by the concur-

rent increased levels of GRFs and GIF1.

We observed an increase in rosette area exclusively

when we overexpressed the full-length NATsUGT73C6 mole-

cules (Figures 4 and 5b). Based on this observation and on

the fact that both NATsUGT73C6 differ in the 50-region, it is

conceivable that the function(s) of the NATsUGT73C6 are

only enabled by a complex structure formed by the full-

length RNAs containing the complete 30-region. Such a sit-

uation has been described for HIDDEN TREASURE 1 (HID1;

� 2022 The Authors.
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Wang et al., 2014), a lncRNA containing four main stem-

loops of which two are essential for its function, the regu-

lation of PHYTOCHROME-INTERACTING FACTOR 3 (PIF3)

gene expression. On the other hand, these data may be

indicative of interaction with RNA-binding proteins that

may be required for the functionality of the lncNATs and

that bind exclusively to full-length NATsUGT73C6 molecules.

TWISTED LEAF (TL), an endogenous lncRNA from

rice, was previously reported to influence leaf blade shape-

e by modulating the expression of the gene encoding the

R2R3 MYB transcription factor with which it overlaps (Liu

et al., 2018). However, to our knowledge, our work repre-

sents the first report of lncNATs involved in leaf size regu-

lation. Although the presence of a potential miRNA396

binding site suggests a target mimicking activity of NAT-

sUGT73C6, our preliminary in vitro experiments (data not

shown) do not support this idea and indicate that other

mechanism(s) must be responsible for the detected

changes in GRFs and GIF1 expression.

EXPERIMENTAL PROCEDURES

Plant material and growth conditions

Arabidopsis thaliana ecotype Columbia 0 (Col-0) was used as
wild-type. All generated transgenic lines and the ugt73c6ko knock-
out mutant (SAIL_525_H07; Jones et al., 2003) were on the same
Col-0 genetic background. Seeds were surface sterilized, stratified
for 3 days at 4°C and sown on 0.5 9 solid Murashige and Skoog
(MS) medium supplemented with 1% (w/v) sucrose. Seedlings
were grown in a growth chamber under LDs (16 h light/ 8 h dark)
at 22°C/20°C. To evaluate phenotypes in adult plants, 10-day-old
seedlings were transferred to individual pots filled with steam-
sterilized soil and maintained in the greenhouse or in growth
chambers (Percival Scientific, Perry, IA, USA) under LDs and con-
trolled temperature (22°C/20°C) and humidity (65–70%).

Generation of transgenic lines

For the generation of NAT1UGT73C6 and NAT2UGT73C6 overexpress-
ing plants, the sequences reported in the TAIR10 database were
PCR amplified from genomic DNA extracted from A. thaliana
plants. The same template was used for the amplification of the
promoter regions of NAT1UGT73C6 and NAT2UGT73C6 (2045 and
2580 bp starting immediately upstream of the respective reported
TIS), and of the promoters of UGT73C6 (bases �1687 to +4 consid-
ering the translation initiation site) and UGT73C5 (759 bp upstream
of the translation initiation site). The amplicons, starting with a
non-template CACC sequence, were directionally cloned into the
pENTRTM/D-TOPO vector (Life Technologies, Carlsbad, CA, USA).

The pENTR clone containing the genomic NAT2UGT73C6

sequence was further used as template for start codon(s) removal
by site-directed mutagenesis in PCR reactions with AccuPrime Pfx
DNA polymerase (Thermo Fisher Scientific, Waltham, MA, USA)
and overlapping primers in which the ATG codons were replaced
by the CCC trinucleotide. The plasmid containing the insert with
the desired mutations, introduced by repeated rounds of mutage-
nesis, was used as donor for gateway cloning.

Sequence identity and absence of unwanted mutations were
confirmed by sequencing (Eurofins Genomics, Ebersberg, Ger-
many) of the inserts present in the pENTR clones. The inserts

were recombined into the destination vectors using LR clonaseTM II
Enzyme mix (Invitrogen, Waltham, MA, USA). pB7WG2 and
pBGWFS7 vectors (Karimi et al., 2002) were used to generate over-
expression and promoter-reporter lines, respectively.

The amiRNA candidates were selected using the P-SAMS
amiRNA Designer tool (http://p-sams.carringtonlab.org/; Carbonell
et al., 2014), and constructs for plant transformation were gener-
ated according to the protocol provided by the authors. Destina-
tion vectors pMDC32B-AtMIR390a-B/c and pMDC123SB-
AtMIR390a-B/c were used, which allowed plant selection with
hygromycin or with the herbicide glufosinate-ammonium
(BASTA�, Bayer AG, Leverkusen, Germany), respectively.

The presence and identity of the cloned products in the
pDEST vectors was verified by colony PCR and restriction analy-
sis. Binary plasmids were introduced by electroporation into the
Agrobacterium tumefaciens strain GV3101, and suspensions of
the transformed bacteria were used for transformation of A. thali-
ana by the floral-dip method (Clough & Bent, 1998). Transgenic
plants were selected based on Mendelian segregation of the resis-
tance gene. Transgene expression levels were determined by
Northern blot or qRT-PCR.

RNA extraction and qRT-PCR

Total RNA was extracted from seedlings and rosette leaves using
the peqGOLD Plant RNA kit (PeqLab, Erlangen, Germany) accord-
ing to the manufacturer’s instructions. Genomic DNA was
removed using double-stranded specific DNase (dsDNase; Thermo
Fisher Scientific). First-strand cDNA was synthesized with Super-
Script II (Thermo Fisher Scientific) using oligo dT or gene-specific
primers. Amplicons were obtained by PCR using Phusion or
Dream-Taq (Thermo Fisher Scientific), and expression levels quan-
tified by qRT-PCR with a QuantStudio5 Real-Time instrument
(Thermo Fisher Scientific) using FAST SYBRTM Green qPCR Master
Mix (Thermo Fisher Scientific). Gene expression was normalized
to the reference genes Protein phosphatase 2A subunit (PP2AA3,
At1g13320) or Glyceraldehyde-3-phosphate dehydrogenase C-2
(GAPC2, At1g13440; Czechowski et al., 2005). DDCt values repre-
sent the mean difference in DCt between treatment and control
samples or between mutants and control plants.

GUS staining

Plant material from homozygous transgenic lines carrying the
GUS reporter constructs was first incubated overnight at 37°C in
GUS staining solution [0.5 mM K4Fe(CN)6, 0.5 mM K3Fe(CN)6, 0.1%
Triton X-100, 0.5 mg ml�1 X-Gluc in dimethylformamide, 50 mM

NaH2PO4, pH 7.0]. Chlorophyll was then removed by incubation in
aqueous solutions containing increasing concentrations of ethanol
[20, 35, 50 and 70% (v/v) final concentration] and samples were
stored in 70% (v/v) ethanol. Pictures were taken with a SMZ1270�

stereomicroscope (Nikon, Tokyo, Japan).

BR treatment

The experiments were performed as previously reported (Husar
et al., 2011). Briefly, Col-0 seedlings were grown vertically in 0.5 9

solid MS medium for 5 days, transferred to sterile flasks contain-
ing 0.5 9 liquid MS medium and incubated, with shaking, for
2 days in continuous light. 24-Epi-brassinolide (epiBL, Sigma
Aldrich�, St Louis, MO, USA) dissolved in dimethyl sulfoxide
(DMSO) was added to a final concentration of 1 lM, and the seed-
lings were further incubated under the conditions described. Con-
trol seedlings were supplemented with the same volume of
DMSO. Samples were collected at different times (0, 10, 30 and

� 2022 The Authors.
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60 min, 2, 3 and 24 h), snap-frozen in liquid nitrogen and stored at
�80°C until analysis.

RNA half-life determination

RNA half-lives were determined as previously described (Fedak
et al., 2016). Col-0 seedlings were grown vertically for 11 days on
0.5 9 MS medium, and then transferred to a six-well plate contain-
ing incubation buffer (1 mM PIPES pH 6.25, 1 mM trisodium citrate,
1 mM KCl, 15 mM sucrose). After 30 min incubation, cordycepin (30

deoxyadenosine) was added to a final concentration of
150 mg L�1 and internalized by vacuum (two cycles of 5 min
each). Seedlings were collected at regular time points every
15 min (0, 15, 30, 45, 60, 75, 90, 105 and 120 min) and frozen in liq-
uid nitrogen. Gene expression analyzed by qRT-PCR and the
short- and long-lived transcripts EXPANSIN-LIKE1 (Expansin L1)
and Eukaryotic translation initiation factor 4A1 (EIF4A1A) were
used as controls. Ct-values were normalized by the Ct-value at
time point 0 [Ct(n) = ln(Ct/Ct(0)) 9 (�10)] and plotted as degradation
curves. The slopes of the curves were used to calculate RNA half-
live [t1/2 = (ln2)/slope].

Rosette and leaf area measurements

Complete plant images were taken with a digital camera (Sony�
DSLR, Sony, Tokyo, Japan). For determination of the rosette area,
digital images of 20–30 plants per line were analyzed with the
Easy Leaf Area program (Easlon & Bloom, 2014) and the green
area quantified. The area of individual leaves was measured with
ImageJ (Schneider et al., 2012).

Microscopic analysis, cell size determination and cell

number estimation

Leaf material for microscopic analysis was prepared according to
Nelissen et al. (2013) with modifications. Leaf 6 of selected 35-day-
old plants were incubated in fixation solution (90% absolute etha-
nol, 10% acetic acid) for 2 h, followed by overnight incubation in
90% ethanol. Samples were placed in 70% ethanol for 30 min,
stored in lactic acid and transferred to Hoyer medium (80 g chloral
hydrate in 30 ml water) for clearing prior to microscopic analysis.
Leaves were cut into four sections along the longitudinal axis, and
mesophyll and abaxial epidermal cells were imaged from the tip
and bottom regions by differential interference contrast micro-
scopy using an Apotome.2 microscope (ZEISS, Jena, Germany)
and an Axiocam ERc 5s microscope camera (ZEISS). Cell borders
were manually drawn on the photo using the Vectornator pro-
gram (https://www.vectornator.io), or analogously after printing
the photos on transparent sheet, scanning and processing them
with the Fiji processing package (https://fiji.sc/; Schindelin et al.,
2012) to obtain individual cell area. A lower limiting size of
2000 lm2 was used to quantify only the fully developed palisade
mesophyll cells.

The total number of palisade mesophyll and abaxial epider-
mal cells on leaf 6 was estimated by dividing the determined area
of individual leaves by the mean cell area of each cell type. For
epidermal cells, an upper limit of 15 000 lm2 was set to exclude
abnormally large cells (less than 4% for all lines except for OE-
NAT2UGT73C6-6, where they represent 5.7%).

In silico and statistical analyses

The potential protein-coding capacity from both NATsUGT73C6 was
determined with the ExPASy translation tool (https://web.expasy.
org/translate/), and protein domains were analyzed with the Pfam

database web tool (www.pfam.xfam.org) and PROSITE (www.
prosite.expasy.org).

Data were tested with unpaired two-tailed Student’s t-test or
one-way analysis of variance and Tukey’s honestly significance
test using GraphPad Prism 7 software (GraphPad Software, San
Diego, CA, USA). Graphs were generated with the same software.

Primers

All primers used in this study are listed in Data S2.
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Figure S1. Histochemical localization of GUS activity at different
developmental stages in the ProNAT1UGT73C6:GUS and ProNA-
T2UGT73C6:GUS transgenic lines.

Figure S2. NATsUGT73C6 and UGT73C6 expression levels reported
in the Arabidopsis RNA-Seq Database (ARS).
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Figure S3. Determination of NATsUGT73C6 and UGT73C6 ends by 50

circular RACE and conventional 30 RACE.
Figure S4. Identification of NAT2UGT73C6 splice variants.

Figure S5. Gene expression analysis and rosette area quantifica-
tion in the ugt73c6ko line.

Figure S6. Identification and characterization of transgenic lines
with reduced NATsUGT73C6 expression.

Figure S7. Expression analysis in transgenic lines transformed
with the NATsUGT73C6 sequences and leaf growth kinematics.

Figure S8. Detection of small peptides encoded by NAT2UGT73C6

via transient expression assays in Nicotiana benthamiana.

Figure S9. Transcript levels of NATsUGT73C6 in transgenic lines
transformed with NAT2UGT73C6 or its mutant variant mutNA-
T2UGT73C6.

Figure S10. UGT73C5 transcript levels in lines with altered NAT-
sUGT73C6 expression.

Figure S11. Early response to brassinosteroid treatment and
expression of brassinosteroid marker genes.

Figure S12. Histochemical localization of GUS activity in a young
leaf of the ProNAT2UGT73C6:GUS transgenic line and potential
miRNA396 binding site in the NATsUGT73C6 sequence.

Table S1. Statistical indices of the growth curves of leaves 1–6 of
the NATsUGT73C6 knockdown line (amiRNATsUGT73C6-10) and the
control.

Table S2. Statistical indices of the growth curves of leaves 1–6 of
the line with increased NAT2UGT73C6 expression (OE-NAT2UGT73C6-
6) and the control.

Data S1. Experimental procedures and results of transient expres-
sion assays in Nicotiana benthamiana.

Data S2. Oligonucleotides used in this study.
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