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Root architecture varies widely between species; it even varies between ecotypes of the same species, despite strong conservation
of the coding portion of their genomes. By contrast, noncoding RNAs evolve rapidly between ecotypes and may control their
differential responses to the environment, since several long noncoding RNAs (IncRNAs) are known to quantitatively regulate
gene expression. Roots from ecotypes Columbia and Landsberg erecta of Arabidopsis (Arabidopsis thaliana) respond differently to
phosphate starvation. Here, we compared transcriptomes (mRNAs, IncRNAs, and small RNAs) of root tips from these two
ecotypes during early phosphate starvation. We identified thousands of IncRNAs that were largely conserved at the DNA level
in these ecotypes. In contrast to coding genes, many IncRNAs were specifically transcribed in one ecotype and/or differentially
expressed between ecotypes independent of phosphate availability. We further characterized these ecotype-related IncRNAs and
studied their link with small interfering RNAs. Our analysis identified 675 IncRNAs differentially expressed between the two
ecotypes, including antisense RNAs targeting key regulators of root-growth responses. Misregulation of several lincRNAs
showed that at least two ecotype-related IncRNAs regulate primary root growth in ecotype Columbia. RNA-sequencing
analysis following deregulation of IncRNA NPC48 revealed a potential link with root growth and transport functions. This
exploration of the noncoding transcriptome identified ecotype-specific IncRNA-mediated regulation in root apexes. The
noncoding genome may harbor further mechanisms involved in ecotype adaptation of roots to different soil environments.

Over the last decade, genome-wide transcriptomics
has revealed that a large intergenic part of eukaryotic
genomes is transcribed. These transcripts, globally
known as noncoding RNAs (Ariel et al.,, 2015), can
regulate genome expression at transcriptional, post-
transcriptional, and epigenetic levels, and are generally
classified as small (21-24 nucleotides [nt]), long (>200
nt, <100 kb), and circular noncoding RNAs. Plant small
RNAs (sRNAs) are produced by processing longer
noncoding transcripts that generally contain a hairpin
structure or lead to double-strand RNA formation.
Plant sRNAs include microRNAs (miRNAs), endoge-
nous small interfering RNAs (siRNAs; generally 21-22
nt long), and, most abundantly, heterochromatin
siRNA (24 nt long; Borges and Martienssen, 2015). On
the other hand, long noncoding RNAs (IncRNAs) are a
heterogeneous group of RNA molecules with a coding

capacity <50 amino acids (Chekanova, 2015). IncRNA
transcripts are generally polyadenylated and can be
intergenic (lincRNAs), intronic, or natural antisense
(NATs) with respect to protein-coding genes (Ariel
et al., 2015). When compared to mRNAs, IncRNAs are
expressed at low levels in a tissue-specific manner or in
response to environmental stresses (Liu et al., 2012) and
are more frequently accumulated in the nucleus
(Derrien et al., 2012), where they can regulate nuclear
organization or function (Ariel et al., 2015).

IncRNAs utilize both cis- and trans-modalities of
action to regulate gene expression through interactions
with ribonucleoproteins and can form scaffolds and/or
sequester proteins or RNA molecules as decoys or
sponges. However, molecular functions have only been
identified for a few IncRNAs in plants. As IncRNA genes
lack regions with high primary sequence constraints

1058 Plant Physiology®, July 2020, Vol. 183, pp. 1058-1072, www.plantphysiol.org © 2020 American Society of Plant Biologists. All Rights Reserved.

1202 1sNBny €0 U0 19n6 AQ 29€91 L 9/8501/E/€8 L /910IE/SAYd|d/W0o"dno"olWapEoe//:sdNY WOy papeojumoq


https://orcid.org/0000-0001-9788-5201
https://orcid.org/0000-0001-9788-5201
https://orcid.org/0000-0001-6661-9357
https://orcid.org/0000-0001-6661-9357
https://orcid.org/0000-0002-6294-2365
https://orcid.org/0000-0002-6294-2365
https://orcid.org/0000-0002-0866-2063
https://orcid.org/0000-0002-0866-2063
https://orcid.org/0000-0003-4000-9600
https://orcid.org/0000-0003-4000-9600
https://orcid.org/0000-0002-9445-2563
https://orcid.org/0000-0002-9445-2563
https://orcid.org/0000-0003-1071-7868
https://orcid.org/0000-0003-1071-7868
https://orcid.org/0000-0002-1508-8469
https://orcid.org/0000-0002-1508-8469
https://orcid.org/0000-0002-6585-1362
https://orcid.org/0000-0002-6585-1362
https://orcid.org/0000-0002-5698-9482
https://orcid.org/0000-0002-5698-9482
https://orcid.org/0000-0001-9788-5201
https://orcid.org/0000-0001-6661-9357
https://orcid.org/0000-0002-6294-2365
https://orcid.org/0000-0002-0866-2063
https://orcid.org/0000-0003-4000-9600
https://orcid.org/0000-0002-9445-2563
https://orcid.org/0000-0003-1071-7868
https://orcid.org/0000-0002-1508-8469
https://orcid.org/0000-0002-6585-1362
https://orcid.org/0000-0002-5698-9482
http://crossmark.crossref.org/dialog/?doi=10.1104/pp.20.00446&domain=pdf&date_stamp=2020-06-20

(Derrien et al., 2012), it is difficult to use sequence con-
servation to identify potential functions. Even though the
sequences of IncRNAs are not particularly conserved be-
tween plant species, they may show relative positional
conservation in genomes (Mohammadin et al., 2015).
Finally, IncRNAs could be simply transcriptional by-
products; in this framework, the sole act of their tran-
scription rather than their sequence per se would be the
source of the regulatory activity (Kopp and Mendell, 2018).
Resequencing approaches in model species have
allowed the determination of whole-genome variations
and evolution, from which it has been possible to pro-
vide the characterization of pan-genomes composed of
“core” genomes (present in all accessions) and “dis-
pensable” genomes (those specific to two or more ac-
cessions or even unique sequences specific to only one
accession). Core genes are frequently highly expressed
whereas dispensable genes are variably expressed, and
generally in a tissue-specific manner (Contreras-Moreira
et al., 2017). The dispensable genomes may play im-
portant roles in the capacity of individual organisms
to cope with environmental conditions (Vernikos
et al., 2015). Indeed, identification of natural varia-
tions in large worldwide populations (accessions) of
Arabidopsis (Arabidopsis thaliana) showed an average
of one SNP per 10 bp more frequently located in
intergenic regions than in coding mRNAs (The 1001
Genomes Consortium, 2016). This has also been ob-
served recently in rice (Oryza sativa), for which only
3.5% of SNPs and 2.5% of small insertion-deletions
(InDels) were located in coding regions (Zhao et al.,
2018). This latter observation would explain why
IncRNAs differ even between closely related plant
species (Nelson et al., 2017). In plants, three mecha-
nisms have been proposed for the origin of IncRNAs:
evolution from transposable element (TE) sequences,
pseudogenization of protein-coding gene sequences,
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or duplication of preexisting IncRNAs (Kapusta and
Feschotte, 2014)

The inorganic phosphate (Pi) accumulated in the
upper soil layer is perceived by plants at the root apex
(Svistoonoff et al., 2007). Accessions of ecotypes Co-
lumbia (Col) and Landsberg erecta (Ler) of Arabidopsis
display different primary root growth and architecture
in response to Pi starvation (Reymond et al., 2006). The
identification of LOW PHOSPHATE ROOT1 (LPR1), a
major quantitative trait locus, has been done in re-
combinant inbred lines obtained by crosses of acces-
sions presenting this opposite root response to low Pi
and it has been linked to differential expression of LPR1
in root apexes (Reymond et al., 2006; Svistoonoff et al.,
2007). When the primary root tip of a Col seedling en-
counters a low-Pi medium, cell elongation in the tran-
sition zone rapidly decreases and cell proliferation in
the root apical meristem (RAM) progressively ceases as
callose deposition occurs in RAM plasmodesmata
(Miiller et al., 2015; Abel, 2017; Gutiérrez-Alanis et al.,
2018). Root growth inhibition in low Pi depends on iron
(Fe) availability in soil or media (Svistoonoff et al., 2007;
Ward et al., 2008), as Fe concentrations clearly increase
in Col plants during Pi starvation (Misson et al., 2005;
Hirsch et al., 2006; Baxter et al., 2008). Indeed, inhibition
of cell elongation and the RAM arrest are Fe-dependent
(Svistoonoff et al., 2007; Ward et al., 2008; Miiller et al.,
2015; Abel, 2017; Balzergue et al., 2017; Mora-Macias
et al., 2017; Gutiérrez-Alanis et al., 2018). Interest-
ingly, in low-Pi conditions, Fe accumulates in the
elongation zone, but not in the RAM, and more gener-
ally, in Col plants, Fe is redistributed among tissues
(Mora-Macias et al., 2017; Gutiérrez-Alanis et al., 2018).
By contrast, in Ler seedlings that are subject to low
Pi, elongation and proliferation of root cells in the
root apex continue, thereby sustaining root growth
(Reymond et al., 2006). The corresponding regulatory
system controlling root inhibition involves LPR1,
PHOSPHATE DEFICIENCY RESPONSE2 (PDR?2),
SENSITIVE TO PROTON RHIZOTOXICITY1(STOP1),
and ALUMINUM-ACTIVATED MALATE TRANS-
PORTER1 (ALMT1). The LPR1-PDR2 and STOPI-
ALMT1 modules allow Fe accumulation in roots under
low Pi (Ticconi et al., 2009; Abel, 2017; Balzergue et al.,
2017; Gutiérrez-Alanis et al., 2018). From these results,
one concludes that interactions between Pi and Fe de-
termine the differential growth response of Col and Ler
ecotypes. In this work, we identified and characterized
the noncoding transcriptomes of Col and Ler root
apexes during early Pi starvation responses. Thousands
of Arabidopsis IncRNAs, notably in the Ler accession,
were identified, with only a minor fraction linked
to sRNA production. Several “ecotype-specific” or
“ecotype-enriched” variants were highly conserved at
the DNA level and showed expression variation cor-
related with changes in the expression of key regulators
of the Pi-starvation response. Functional analysis of five
IncRNAs in Col revealed two further regulators of
primary root growth, allowing us to hypothesize that
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IncRNA expression patterns contribute to the modula-
tion of environmental responses in different ecotypes.

RESULTS
Col and Ler Root Tip Transcriptome Assemblies

We characterized the root-tip transcriptome of Col
and Ler ecotypes, which present contrasting root phe-
notypes in response to Pi deficiency (Reymond et al.,
2006). We performed comparative whole-genome
transcriptomic analyses using paired-end sequencing
of three biological replicates of root tips during a short
kinetics (0, 1, and 2 h) of low (10 um) Pi treatment
(Supplemental Table S1). To avoid possible differences
related to the erecta mutation present in the Ler ecotype,
we used the Col®'1%> mutant here. For each ecotype, the
reads were independently mapped to their reference
genome (Supplemental Fig. S1A): TAIR10 for Col
(Lamesch et al., 2012) and Ler v7 for Ler (Gan et al.,
2011) that shared the same TAIR10 annotation (unlike

A RNA predicted transcripts
30000 1 i w08
| —
new noncoding
20000 1
.new coding
noncoding
25487 25608
10000 - .Coding
0 -
Col Ler
Cc Non-coding D
detected transcripts
1054 776

NAT E
detected transcripts

Ler v8; Zapata et al. [2016]). We predicted previously
unannotated transcripts by comparing our data to
TAIR10. The homology of these predicted transcripts in
Col and Ler was determined by mapping them onto the
other genome. We retained as transcripts only RNA
molecules of at least 200 nt. When these previously
uncharacterized transcripts overlapped with pre-
existing annotations, fusions were generated. Tran-
scripts identified by this pipeline (Supplemental Fig.
S1A) were compared with those from different Arabi-
dopsis databases: Araport 11 (Cheng et al., 2017),
RepTas (Liu et al., 2012), CANTATAdDb (Szczesniak
et al., 2016), miRBase v21 (Kozomara and Griffiths-
Jones, 2014), and with those from two previous stud-
ies concerning IncRNAs (Ben Amor et al., 2009; Li et al.,
2016). Finally, we used COME software to determine
the potential coding capacity of identified transcripts
(Hu et al., 2017). On the basis of both database infor-
mation and COME predictions we classified the corre-
sponding genes as coding or noncoding.

In total, we identified 5,313 and 6,408 previously
uncharacterized putative genes in Col and Ler ecotypes,

B Coding
detected transcripts

979 1233

Col Ler

liNncRNA
detected transcripts

Ler Col Ler

Figure 1. Identification of the transcripts and their occurrence across the two ecotypes. A, Number of predicted coding and
noncoding transcripts in the two ecotypes, classified by type. New transcripts refers to genes not characterized in previously
published studies. B to E, Predicted transcripts in each ecotype were classified as coding (B) or noncoding (C). For the latter case,
two subclasses are defined: antisense of another annotation (NAT; D) and intergenic (lincRNA; E). In contrast to coding genes,
many noncoding RNAs, notably lincRNAs, were detected only in one ecotype despite the high DNA sequence similarity in both

ecotypes.
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respectively (Fig. 1A; Supplemental Table S2;
Supplemental Files S1 and S2). In root apexes, these
identified genes were predominantly noncoding RNAs:
76% and 77% of the total previously uncharacterized
genes in the case of Col and Ler, respectively (Fig. 1A;
Supplemental Fig. S1, B and C). As expected, non-
coding genes were globally less expressed than coding
genes (Supplemental Fig. 52, A and B). Genes specifi-
cally detected in one ecotype belong much more often
to the noncoding (>40% of the total noncoding genes)
than to the coding class (<8% of the total coding genes;
Fig. 1, B and C), notably true for lincRNA genes (52% of
the total IncRNAs) as compared to NATs (34% of the
total NATs; Fig. 1, D and E). Overall, expression of
noncoding genes is more ecotype specific than that of
coding genes.

We detected a greater number of previously uncharac-
terized genes in the Ler ecotype (Fig. 1, A and C). Such
differences do not result from library sequencing satura-
tion. Indeed, in the last 2% of sequencing reads, <10 ad-
ditional genes of this type were detected (Supplemental
Fig. S2C). Thus, sequencing was deep enough to detect
expressed genes, and the difference in gene detection be-
tween Col and Ler does not result from a sequencing bias.

We next sought to determine whether these previ-
ously uncharacterized detected genes expressed in Ler
(coding or noncoding) could correspond to specific
parts of the Ler genome missed or rearranged in the Col
genome. Out of these 7,357 genes, only 41 and 53 genes
in Col and Ler, respectively, coincided with missing
DNA sequences in the other ecotype (Fig. 2A), showing
that the DNA sequence of the different previously
uncharacterized genes is largely conserved apart from a
few SNPs. Thus, the ecotype differences in transcript

Ecotype-Related Long Noncoding RNA Control of Root Growth

accumulation came from a shift in transcription that
could be due to the deregulation of gene regulators, the
accumulation of small sequence differences in pro-
moters, or to specific differences in epigenetic status in
the IncRNA-producing region due to TE insertions or
other rearrangements possibly at large distance from
the differentially expressed loci.

Evolutionary Analysis of IncRNA Genes Expressed in
Root Tips

Mechanisms modifying root architecture result from
local signaling that occurs at the root tip (Svistoonoff
et al., 2007; Thibaud et al., 2010; Miiller et al., 2015;
Balzergue et al, 2017). We therefore characterized
the Arabidopsis genes expressed in the root apex, tak-
ing advantage of the extensive sequence informa-
tion in Arabidopsis accessions (The 1001 Genomes
Consortium, 2016). According to current annotations,
genes were considered as non-NAT (no gene on the
other strand) or NAT (presence of a gene on the other
strand). For Arabidopsis species, we calculated the rate
of SNPs accumulated in the different types of genes
among all accessions (Fig. 2B). As expected, TEs accu-
mulated many more SNPs than coding genes, whereas
non-NAT IncRNAs and structural RNA genes showed
an intermediate level of SNPs between TEs and coding
genes. By contrast, the amount of SNPs was generally
similar for NAT IncRNA and coding genes, as can be
justified by the fact that the coding regions are under
strong selection pressure.

To investigate sequence evolution at a larger scale, we
used the PhastCons score that represents an interspecies

A Presence of new predicted B SNPs accumulation in C Conservation of
transcripts at DNA level all predicted transcripts all predicted transcripts
50 : 1.00 z
41 5 : . . . i
840 3 ! E i . o 0.75
SN
% . H E 0.50 :
5 20 :—) i .
é é 0.25 8.
2, :
Col Ler * s |z
0.00 . _
0
O O - < o8 0 - <
A @ N g (5° Doaoes\“g P R <
\t\‘c'\ o
B Non NAT NAT

Figure 2. Characterization of transcripts at the DNA level. A, Detection of the DNA sequences of previously uncharacterized
predicted transcripts in the two ecotypes (minimum of 90% sequence identity along 90% of the RNA length). The large majority of
RNAs come from common DNA regions from both ecotypes. B, SNPaccumulation per 100 bp of transcript length for each type of
transcript according to data from The 1001 Genomes Project (The 1001 Genomes Consortium, 2016). C, Conservation among
plant species (average PhasCons score) of each type of transcript according to genomic position in relation to other annotations. In
B and C, Non-NAT refers to transcripts which do not overlap with annotations on the other DNA strands, independent of an-

notation type (coding, noncoding, and structural RNA or TE).
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level of nt conservation (normalized between 0 and 1)
according to the alignment of 20 angiosperm genomes
(Fig. 2C; Hupalo and Kern, 2013). As expected, structural
RNA genes were strongly conserved (median score of 1),
whereas TEs were not (median score of 0). Coding genes
presented a score between these two extremes (~0.5).
Interestingly, non-NAT IncRNA genes showed an inter-
mediate score between those of coding and transposable
genes (median score of ~0.3), whereas NAT IncRNA
genes again showed the same degree of conservation as
coding genes. These observations further suggest that
NAT IncRNA genes are strongly constrained, whereas
intergenic noncoding genes allow more variability even
though they are more constrained than TEs.

Few IncRNA Transcripts Colocalize with Small
RNA-Generating Loci

In animals and plants, some IncRNA loci colocalize
with regions producing sRNA molecules (Matzke and
Mosher, 2014). Therefore, we asked whether the
IncRNA loci identified could generate sRNAs. Using
similar samples previously prepared for the IncRNA

A Detection of non-coding genes
as long or small RNAs

long & small
number of
a ncRNA
kS long 3000
< 1000
c
o
g small{
© 100
o
ND 4 90
NID srr;al\ Iohg long 8: small
detection in Col as
B Major siRNA size detected
for non-coding genes 504
number of
& 24ty ncRNA
o
—
£
= 21/22-nt4
il
k3]
2
S D Col
10

y T -
ND  21/22-nt 24-nt
detection in Col as

C Detection of non-coding genes
as 21/22-nt siRNA precursors

Col

E Detection of coding genes as
21/22-nt siRNA precursors

studies, we prepared sRNA libraries for each ecotype
and sequenced sRNAs to obtain a full description of the
sRNAome mapped on each ecotype genome. Only a
minority of the IncRNAs accumulate sRNAs, but of
those, most contained sequences capable of generating
nonphased RNA molecules of 21 /22 or 24 nt (Supplemental
Fig. S3, A and B) and only a small fraction of IncRNAs
overlapped with phased siRNAs or were miRNA
precursors.

We then analyzed the potential link between siRNAs
and IncRNAs in each ecotype. The majority of IncRNAs
(6,452 genes of 7,850 detected) did not lead to accu-
mulation of siRNAs. This is also true for the IncRNAs
specifically detected only in one ecotype (2,688 genes
out of 3,110 ecotype-specific genes), since many of them
did not generate any siRNA in either ecotype (long in
Col and not detected [ND] in Ler, or vice versa; Fig. 3A).
Thus, the differential detection of IncRNA between
ecotypes could not be linked to a change in the pro-
cessing of siRNA by the encoding IncRNA loci.

We then wondered whether different SRNA pro-
cessing by IncRNAs could occur between the two eco-
types. We first looked at IncRNAs that accumulated
sRNAs in only one accession: (1) IncRNAs that could

D Detection of non-coding genes
as 24-nt siRNA precursors

F Detection of coding genes as
24-nt siRNA precursors

Figure 3. LncRNAs as sSRNA precursors. The major specificity difference between Col and Ler is the IncRNA component of the
transcriptome. A, Identification of noncoding transcripts as siRNAs or long RNAs. B, Distribution of the major siRNA sizes for
noncoding transcripts detected as long in the two ecotypes. There is no major change of siRNA size between the two accessions.
C, Detection of noncoding RNAs as 21-nt and 22-nt siRNA precursors. D, Detection of noncoding RNA as 24-nt siRNA pre-
cursors. E, Detection of coding RNA as 21-nt and 22-nt siRNAs precursors. F, Detection of coding RNA as 24-nt siRNAs pre-
cursors. Detection threshold for small RNA set at 1 read per million. ND, Not detected; ncRNA, noncoding RNA.
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generate siRNAs in only one ecotype while being
detected as IncRNAs in both ecotypes (long in Ler and
long and small in Col [113 genes], and vice versa [240
genes]); and (2) loci that produce siRNAs only in one
ecotype yet are detected as IncRNAs only in the other
(long in Ler and small in Col [57 genes], or vice versa [47
genes]). It is known that 21/22-nt siRNAs act on gene
transcripts, whereas 24-nt siRNAs mediate chromatin
modifications (Matzke and Mosher, 2014). Thus, a dif-
ference in the size of accumulated siRNAs for a given
gene in one ecotype could indicate a modification of
posttranscriptional (21/22 nt) or epigenetic (24 nt)
regulation in the other ecotype. Among the IncRNA
genes accumulating siRNA, a large portion accumu-
lated the same size in both ecotypes (591 for 21/22-nt
siRNA and 391 for 24-nt siRNA) or produced siRNA in
just one ecotype (367 for 21/22-nt and 316 for 24-nt;
Fig. 3B). Among the 1,694 IncRNA genes accumulat-
ing siRNAs, only 29 accumulated a different size of
siRNAs between the two ecotypes. Therefore, no major
change of reciprocal posttranscriptional or transcrip-
tional regulation of IncRNA by sRNAs could be estab-
lished between ecotypes.

Finally, we investigated the specificity of detection of
sRNAs between the two ecotypes. First, we studied
IncRNA genes predicted to produce phased 21/22-nt
siRNAs. Among the seven predicted IncRNAs, only
two were specific to Ler (Supplemental Fig. S3C). Sec-
ond, searching for miRNA loci, we found that 23 and 12
of the 191 detected miRNAs were specifically detected
in Col and Ler, respectively (Supplemental Fig. S3D), a
proportion related to the variation detected for protein-
coding genes. Third, we analyzed the proportion of
specific expression for the vast majority of 21/22-nt and
24-nt siRNAs located in coding or noncoding genes.
Altogether, the Ler ecotype produces a larger number of
21/22-nt siRNAs specifically linked to this ecotype
(Fig. 3, C and E), whereas Col is more enriched in
ecotype-specific 24-nt siRNAs (Fig. 3, D and F), sug-
gesting that in these loci, links with differential post-
transcriptional and epigenetic regulations among ecotypes
occurred.

Overall, the major difference in the noncoding tran-
scriptome of the two ecotypes was linked to IncRNAs
and not associated with small RNAs, even though in
certain cases sRNAs may be involved in ecotype-
specific regulation.

Differential Accumulation of Transcripts between
Ecotypes in Early Response to Pi Deficiency

Root growth arrest in the Col ecotype occurs in the
first hours of low-Pi sensing by the root tip (Balzergue
et al., 2017), whereas root growth continues in Ler. To
determine the effects of short kinetics in Pi deficiency,
we examined gene expression patterns in the two eco-
types in response to this stress. Principal component
analysis (PCA) showed a data dispersion that allowed a
clear distinction between effects of the ecotype (first
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axis; Supplemental Fig. S4A) and of the kinetics (second
axis; Supplemental Fig. S4A). Thus, we used a multi-
factor analysis that takes into account the ecotype, the
kinetics, and their interaction to investigate differential
gene expression independent of coding classification, as
coding and noncoding genes had comparable disper-
sion in our experiments. For each comparison, we
confirmed the distribution of P-values as a criterion of
statistical robustness (Rigaill et al., 2018). After pro-
cessing the differential analyses, we interpreted the
results by separating the genes as “coding” or “non-
coding” as defined above.

For coding genes, we observed 3,315 genes differen-
tially expressed between the two ecotypes over the ki-
netics, with 2,504 differentially expressed between at
least two kinetics points over the two ecotypes (Fig. 4A;
Supplemental Fig. S4B; Supplemental Table S3). The
number of differentially expressed coding genes be-
tween ecotypes or along the stress kinetics was similar.
However, the response to phosphate starvation was
significantly impacted by ecotype in only 55 genes
(“interaction” of the two factors; Fig. 4A). Upregulation
was observed in 1,566 and 1,749 coding genes along the

A Differentially expressed B
coding transcripts

Differentially expressed
non-coding transcripts

Interaction
11

Ecotype

Kinetic
2804 1976

Ecotype

666

C Differentially expressed D
NAT transcripts

Differentially expressed
lincRNA transcripts

Interaction Interaction

Ecotype Ecotype

Figure 4. Differentially expressed genes according to ecotype and ki-
netic effects. Statistical analysis revealed differentially expressed genes
between ecotypes and kinetics during phosphate starvation treatments
for coding and noncoding genes. The differentially expressed genes can
be grouped according to their significant link with genotype effect
(different level between the two ecotypes), kinetic effect (differential
between any pair of time points in the phosphate starvation kinetics),
and the interaction of the two effects (showing differential expression in
response to phosphate stress according to genotype). After determining
the global distribution, genes were partitioned between coding (A) and
noncoding (B) transcripts. Among noncoding genes, we sorted tran-
scripts according to their being antisense to another annotation (C) or
intergenic (D).
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kinetics in Col and Ler, respectively (Supplemental Fig.
S4B). Interestingly, a clear bias of expression between
ecotypes could be observed for noncoding genes
(Fig. 4B). Indeed, 675 (666 + 6 + 2 +1) noncoding genes
were differentially expressed between the two eco-
types, whereas only 70 (61 + 6 + 2) were differentially
expressed along at least one point of the kinetics.
Comparable biases were observed for both classes of
noncoding genes, lincRNAs and NATs (Fig. 4, C and
D). Globally, 146 lincRNAs and 236 NATs were sig-
nificantly upregulated in Col compared to Ler and 106
lincRNAs and 187 NATs in Ler compared to Col
(Supplemental Fig. S4C).

We used reverse transcription quantitative PCR (RT-
qPCR) analysis of independent replicates of Col,
Coler1%, and Ler to confirm the differential expression
of 14 lincRNA genes (seven in Col and seven in Ler)
previously identified in the RNA-sequencing (RNA-
seq) analysis. We were thereby able to confirm the
differential expression of 12 IncRNAs (Fig. 5). Globally,
Col and Cole'% showed similar expression levels de-
spite minor differences. To investigate any dominant
expression effect from one ecotype, we investigated the
level of expression of these IncRNAs in the F1 offspring
of Col and Ler crosses. Among the 12 differentially
expressed genes, an intermediate level of expression

Figure 5. Expression of strongly deregulated A
IncRNAs between the two ecotypes. The level of

was always detected (of which eight were statistically
significant; Fig. 5). This suggests independent regula-
tion of IncRNAs between the parental genomes and
discards major dominant “trans” regulatory effects of
IncRNA expression between genomes.

One interesting possibility is that specific IncRNAs
may be expressed in the Col and Ler genomes in re-
lation to known regulators of the Pi-starvation re-
sponse. As a first such case, we were able to identify
two specific Ler antisense IncRNAs to the Pie trans-
porter AT5G43370/PHT1.2 gene (Mudge et al., 2002),
which is expressed at a higher level in Ler compared
to Col (Supplemental Fig. S5A). The increase of Pi
transporter expression in Ler might impart an in-
creased Pi uptake. As a second case, we found that a
Col-expressed NAT RNA is complementary to SPX4,
a critical regulator of phosphate responses (Duan
et al., 2008); in our analysis, it shows reduced ex-
pression in Col compared to Ler (Supplemental Fig.
S5B). In other cases, we observed that two consecu-
tive coding transcripts showing differential levels of
expression among ecotypes flank a lincRNA with an
ecotype-specific expression pattern (Supplemental
Fig. S5C), suggesting that various cis effects may be
involved in these differential ecotype-linked expres-
sion patterns.

Expression of Col upregulated lincRNA
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Differential Accumulation of sSRNAs between Ecotypes

The differential accumulation of sSRNAs of 21/22and
24 nt was also examined in each ecotype and during the
Pi starvation response. PCA of these sequencing data
again clearly separated sRNA abundance between
ecotypes but not at the level of the kinetics response
(Supplemental Fig. S6, A and B; Supplemental Table
S3). We identified 416 coding and 211 noncoding genes
that accumulated 21/22-nt siRNAs differentially be-
tween ecotypes, with generally more siRNAs in Ler
(298 coding genes, 83 lincRNAs, and 40 NATs) than in
Col (118 coding genes, 49 lincRNAs, and 39 NATs;
Supplemental Fig. S6D; Supplemental Table S3). A
greater number of genes accumulated 24-nt siRNAs
between ecotypes differentially, showing upregulated
siRNAs in Ler (758 coding genes, 189 lincRNAs, and 67
NATSs) compared to Col (391 coding genes, 104 lincR-
NAs, and 69 NATs; Supplemental Fig. S6E).

Concerning miRNA, as for other small RNAs, the
PCA analysis showed only differences between eco-
types (Supplemental Fig. S6C). Indeed, 38 miRNAs
were differentially expressed between the two ecotypes
(15 and 23 for Col and Ler, respectively, Supplemental
Fig. S6F; Supplemental Table S3). Interestingly, the
families of miR399 and miR397 specifically accumu-
lated in the Ler ecotype. These miRNAs target the
PHOSPHATE?2 (PHO2?) and NITROGEN LIMITATION
ADAPTATION (NLA) transcripts, the encoded proteins
of which are known to act together to allow degrada-
tion of the Pi transporter PHT1;4 (Park et al., 2014). In
Ler, the higher amount of miR399 and miR397 might be
expected to lead to a lower level of PHO2 and NLA and
therefore a higher level of PHT1;4 protein; upregulation
could increase Pi uptake if there were no counteracting
posttranslational regulations affecting Pi transporters
(Bayle et al., 2011; Nussaume et al., 2011; Ayadi et al.,
2015). However, we observed no difference between
ecotypes in accumulation of transcripts of those targets,
namely PHO2 and NLA, nor of PHT1;4 (as also previ-
ously reported; Shin et al., 2004; Ayadi et al., 2015). This
result suggests that the promoter activity of PHO2 and
NLA may compensate for the increased accumulation
of these miRNAs in Ler.

Misregulation of IncRNA Expression Affects Primary Root
Growth in Col

The different patterns of IncRNA expression be-
tween ecotypes may induce regulation of root-growth
responses. We selected five IncRNA genes, NPC15,
NPC34, NPC43, NPC48, and NPC72, that showed dif-
ferential expression among ecotypes to study the im-
pact of their expression on Col primary root growth. In
RNA-seq data, three of these IncRNA genes were more
highly expressed in Col (NPC15, NPC43, and NPC72)
and two in Ler (NPC34 and NPC48; Fig. 6A). The po-
tential dominant expression patterns of these IncRNA
genes were evaluated in two F1s of Col X Ler reciprocal
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crosses. Expression analysis by RT-qPCR confirmed the
RNA-seq results for NPC15, NPC34, and NPC72 genes
(Fig. 6B), whereas for NPC48, the differential expression
was only detected in the Col®r% mutant, suggesting
that the erecta mutation affects the expression of this
gene. No differential expression could be detected for
the NPC43 gene. This latter result might be due to the
concomitant accumulation of antisense transcripts
(NPC504) in this locus. The differential expression of
IncRNA genes between ecotypes could be linked to
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Figure 6. Expression of selected IncRNAs in Col and Ler. A, Expression
profiles of selected lincRNAs in Col and Ler for early Pi starvation ki-
netics (RNA-seq data, average expression * sp, and three replicates).
Five selected lincRNAs showed differential expression between Col and
Ler at each time point. B, Level of expression of selected lincRNAs in
roots of 11-d-old plants grown under high-Pi conditions in Col, Ler,
Coler'95, and hybrids between Col and Ler. Measurements represent
corrected means of log 2-fold changes (FC) compared to Col measured
by RT-qPCR. Error bars represent the se (n = 7; for details, see
Supplemental Table S5). Results were analyzed by one-way ANOVA
followed by Tukey’s HSD mean-separation test. Lowercase letters in-
dicate statistical difference among groups (P = 0.05).
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genetic changes at their loci. No significant modifications
(except a few SNPs) were detected between Col and Ler for
the NPC34, NPC43, and NPC48 loci (Supplemental Fig. S7).
By contrast, the NPC15 locus contains an insertion of 2,417 nt
in Ler v8 and NPC72 is completely missing in Ler v7 and v8

Figure 7. Overexpression of the lincRNAs NPC48
and NPC72 affects primary root growth. A, Mean
primary root length according to genotype and Pi
condition at the age of 11 d after sowing (n = 23;
for details, see Supplemental Table S6). B, Repre-
sentative pictures of roots of each genotype 11 d
after sowing under high-Pi conditions. Scale bar
= 1 cm. C, Expression levels of NPC48 and
NPC72 in roots of 11-d-old plants grown under
high-Pi conditions in lines deregulated in NPC48
or NPC72 and mutants affected in Pi-related root
arrest. Measurements represent the log 2-fold
changes (FC) compared to Col (n = 4; for de-
tails, see Supplemental Table S5). Measurements
represent corrected means of primary root growth
(A) or of the fold change compared to Col (C). Error
bars represent the se. Results were analyzed by
two-way ANOVA (A) or one-way ANOVA (C)
followed by Tukey’s HSD mean-separation test.
Lowercase letters indicate statistical difference
among groups (P = 0.05).
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genomes (Supplemental Fig. S7,

modifications at the locus level
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expression pattern of NPC72 and NPC15 genes in Ler.
To support the potential actions of IncRNAs
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promoter) and T-DNA insertion lines for the same five
genes (NPC15, NPC34, NPC43, NPC48, and NPC72) in
Col to monitor the effects on root growth in control and
low-Pi conditions. In control conditions, only NPC48
and NPC72 overexpression lines led to significant root
growth reduction compared to Col (Fig. 7, A and B;
Supplemental Fig. S8, A-E). The T-DNA insertions
have been mapped in the 5’ region of the NPC48 and
NPC72 loci. In these lines, the IncRNAs were overex-
pressed (Fig. 7C). Furthermore the npc48 T-DNA line
strongly supported the phenotype observed with the
355:NPC48 lines. Repeating the analysis in low-Pi
conditions known to inhibit root growth in Col but
not in Ler, we observed minor differences in root length
across the different lines. A priori, the ratio of root
growth in control and low-Pi conditions should high-
light potential differences in Pi sensitivity of transgenic
lines. This ratio was significantly increased for NPC48
and NPC72 lines compared to Col (Supplemental Fig.
S8F).

NPC48 and NPC72 deregulated lines presented a
significant decrease in root length in control conditions,
but not in low-Pi conditions. Perhaps even in control
conditions the mutants act as if they are partially lim-
ited in Pi. Hence, we asked whether these phenotypes
could be linked to a root growth arrest due to over-
sensitive perception of Pi starvation under control
conditions or an alteration of Pi systemic sensing
(which would affect Pi uptake). This does not seem to
be the case, since (1) known Pi-starvation markers were
not deregulated in roots under control conditions; and
(2) these markers were induced in these lines to the
same extent as in Col (Supplemental Fig. S9, A and B).
Then, we investigated the local Pi signaling response,
exploiting the genes LOW PHOSPHATE ROOT1 (LPR1)
and LPR2 and the transcription factor STOP1, which are
known to be locally involved in primary root growth
arrest under low Pi (Svistoonoff et al., 2007; Ticconi
et al.,, 2009; Miiller et al., 2015; Balzergue et al., 2017;
Mora-Macias et al., 2017). Expression analysis of NPC48
and NPC72 genes in Iprl/lpr2 and stopl mutant lines
revealed no significant variation of these IncRNA ex-
pression patterns (Fig. 7C). Reciprocally, no significant
expression variation was detected for the LPR1/LPR2
pathway in NPC48 or NPC72 lines (LPR1, LPR2, STOP1,
ALMT1, and MATE genes; Supplemental Fig. S9, C
to G).

To gain further insight into the function of NPC48, we
performed an RNA-seq analysis of Col ecotype over-
expressing NPC48 (355:NPC48-1) or not under control
conditions (where the phenotype was observed) in or-
der to assess the impact of NPC48 deregulation on the
genome-wide transcriptome (Fig. 8). Among the 158
differentially expressed genes, 140 were coding genes,
and the majority of these were upregulated in correla-
tion with increased NPC48 expression (Fig. 8, A and B).
In contrast, the great majority of noncoding genes were
downregulated in 355:NPC48-1, including two lincR-
NAs and 15 NATSs, but none of their antisense coding
genes. Since NPC48 was upregulated in the Ler ecotype,
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Figure 8. Differentially expressed genes in plants overexpressing
NPC48. A and B, Numbers of coding (A) and noncoding (B) genes
showing statistically different expression levels in RNA-seq data be-
tween Col and 355:NPC48-1. C and D, Venn diagrams showing how
differentially expressed coding (C) and noncoding (D) genes in
355:NPC48-1 correlate with those between Col and Ler or those found
during the phosphate starvation kinetics.

we asked whether, among the deregulated genes, sev-
eral could be linked to ecotype- or phosphate kinetics-
related variations (Fig. 8, C and D). However no such
direct link could be made, as the large majority of
deregulated genes are not linked to any of these cate-
gories. To further confirm the deregulation of specific
targets, we also tested another 355:NPC48 line showing
an intermediate level of expression compared to
355:NPC48-1 (Supplemental Fig. S10). Several genes
could not be confirmed in this second line, notably the
strongly downregulated gene in 355:NPC48-1 encoding
the iron-regulated gene AT3G01260 (Rodriguez-Celma
et al., 2013). Among the genes differentially expressed,
we could identify several linked to nutrient transport
and root hair growth, such as ABCB3 (Shibata et al.,
2018), CPL1 (Zhang et al., 2016), and JAL22 (Diet et al.,
2006). ABCB3 and CPL1 were repressed by over-
expression of NPC48, in contrast to JAL22 (Supplemental
Fig. S10). There were also several genes encoding
known growth regulators of primary root growth
that might be linked to the NPC48 overexpression
phenotype (Supplemental Table S8). These include
RGF7, BIG, RPK2, and CASP5, which were upregulated.
Differentially expressed genes are significantly
enriched in genes regulated during iron starvation
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(25 of 138 genes; P = 1.62 X 10~3; Rodriguez-Celma
et al.,, 2013). Hence, we tested, in the two different
NPC48 overexpressing lines, whether overexpression of
NPC48 might lead to iron-related phenotypes such as
(1) modification of the expression of genes related to
iron responses (Supplemental Fig. 511, A and B), (2)
significant root growth in response to changes in the iron
concentration of the growth medium (Supplemental Fig.
S11, C and D), or (3) modification of iron accumulation in
root tips (Supplemental Fig. S11, E and F). However, no
clear link could be made with any alteration of Fe-related
responses dependent on NPC48 misregulation.
Altogether, the identification of ecotype-related
IncRNAs allowed us to characterize further regulators
of primary root growth. However, overexpression of
NPC48 did not affect the Col transcriptome in a manner
that could be linked to Ler expression patterns. Nev-
ertheless, several genes related to transport, growth
regulation, and root hair function are deregulated by
misregulation of this ecotype-specific IncRNA.

DISCUSSION

Until recently, transcriptome studies were mainly
focused on protein-coding gene transcripts and ignored
IncRNAs. Variation in the nt sequences or expression
patterns of the noncoding genome can have less pleio-
tropic effects than changes in the protein sequence of
critical regulators. However, it is now commonly ac-
cepted that IncRNAs can play central roles in devel-
opment and response to environmental conditions by
their expression in a particular cell-type (Ariel et al.,
2015). In the current study, using strand-specific
RNA-seq analysis in root tips, we identified thou-
sands of previously uncharacterized IncRNAs (lincR-
NAs and NATs) expressed at low levels from two
Arabidopsis accessions. We focused on root growth, as
it is a complex trait that is responsive to the soil envi-
ronment (Petricka et al.,, 2012) and impacts a large
number of loci spread across the genome. Interestingly,
in our study, we observed many IncRNA genes that
were differentially or specifically expressed in Col or
Ler, in contrast to the number of protein-coding genes.
It had already been shown in other systems that intra-
species variation is strongly linked to the noncoding
part of the genome. For example, ~45% of disease-
associated human SNPs mapped to noncoding re-
gions of the genome (Ning et al, 2017). In chicken
(Gallus gallus), domestication traits governing body
morphology or behavior are under selection and often
associated with IncRNA genes (Wang et al., 2017).
Similarly, in plants, the comparison of SNPs associated
with fruit phenotypes in two tomato (Solanum Iyco-
persicum) cultivars also corresponded to noncoding
genomic regions (Scarano et al., 2017). The SNPs could
act directly at the level of IncRNA expression or affect
the expression of IncRNA-neighboring genes (Kopp
and Mendell, 2018). IncRNAs are thus elements to be
considered in genetic association studies.
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Surprisingly, very few ecotype-specific IncRNAs co-
incided with the deletion of specific DNA sequences in
one particular ecotype (Fig. 3). Hence, we propose that
the IncRNA differential expression of a relatively sim-
ilar DNA molecule results from shifts in transcription
rate or stability of IncRNAs that could be connected to
SNP or InDel polymorphisms in promoters and/or re-
arrangements distant from IncRNA loci in the two
ecotypes (e.g. transposon insertions). As IncRNAs can
repress or activate the transcription of other genes, the
expression polymorphisms observed between the two
ecotypes could also result in a cascade of cis-local or
trans-distal action on target genes (Ariel et al., 2015;
Marchese et al., 2017). It is noteworthy that the ma-
jority of ecotype-specific IncRNAs identified did not
colocalize with siRNAs and thus could not reflect
putative gene silencing differences between ecotypes
(either transcriptional or posttranscriptional processes;
Matzke and Mosher, 2014). This points to the IncRNA
itself, or its transcription, being linked to the quantita-
tive regulation of target gene expression (Marchese
et al., 2017).

We were able to confirm, by RT-qPCR, the expression
levels of 12 lincRNAs among the 14 chosen for valida-
tion, supporting the expression variation identified by
RNA-seq (Fig. 5). Allele-specific expression is known to
affect productivity in plants (Springer and Stupar,
2007). Moreover, in Arabidopsis, heterosis has been
reported for different traits, such as flowering time
(Seymour et al., 2016) or phosphate acquisition (Narang
and Altmann, 2001). As IncRNAs are able to modify
chromatin and thus alter gene expression, we added, in
our expression analysis, the study of the F1 resulting
from reciprocal crosses between Col and Ler. In the F1
hybrid, the 12 confirmed differentially expressed
IncRNA genes chosen for validation globally exhibited
an additive expression pattern compared to their par-
ents. This is consistent with results obtained in maize
(Zea mays) F1 hybrids, where additivity is frequently
observed for IncRNAs (Li et al., 2014).

Analysis of the pan-genome (restricted to coding
genes) of 19 Arabidopsis ecotypes showed that at least
70 accessory genes could be identified in each ecotype
(Contreras-Moreira et al., 2017). In response to stress,
accessory genes can explain at least part of the pheno-
typic difference of behavior observed among ecotypes
(Gan et al., 2011). Since we find that IncRNAs have a
lower selection pressure (Fig. 2), our results give further
evidence that they might play a similar role as accessory
coding genes in response to environmental changes.

Root apexes play an important role in sensing exter-
nal stimuli. We examined the gene expression profile
soon after stress application (at 1 and 2 h) in two eco-
types that present differences in response to Pi starva-
tion. In the two ecotypes, the number of differentially
expressed coding genes during stress kinetics was
similar to that between ecotypes. By contrast, a clear bias
of specific expression of IncRNAs and siRNAs was
identified. However, among the coding genes that are
differentially expressed along the Pi kinetics, one-quarter
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are also differentially expressed between the two eco-
types, whereas for the noncoding genes, this fraction is
one-eighth (Fig. 4). This suggests that the main part of the
ecotype-specific phosphate response comes from the
coding portion of the genome. However, despite their
lack of response to early stress application, ncRNAs may
still influence the plant response to stress by priming the
chromatin conformation for a fast response of the coding
part of the genome.

The general adaptation of root architecture in re-
sponse to low Pi consists of an arrest of primary root
growth after the perception of Pi limitation. In Arabi-
dopsis, studies concerning plant Pi homeostasis during
Pi deficiency characterized the IPS1/AT4 IncRNA
controlling the distribution of Pi from root to shoot. It
acts as a target mimic for miR399, which regulates
PHO2 mRNAs (Lin et al., 2008). Moreover, Yuan et al.
(2016) identified IncRNAs differentially expressed in
roots and shoots of plants grown in the presence or
absence of Pi for 10 d. Those authors suggested that a
coexpression between IncRNAs and adjacent coding
genes may be linked to cis-regulation by IncRNAs of
target genes involved in Pi-starvation processes. Inter-
estingly, in fission yeast (Schizosaccharomyces pombe),
two of the three genes of the Pi regulon are repressed in
Pi-rich medium by the transcription of IncRNA genes
(Shah et al., 2014) that are present in the 5’ region (cis-
regulation). The molecular mechanisms that govern
root growth modification by Pi have been mostly elu-
cidated in Col plants. For the local impact of Pi (re-
stricted to root architecture), Pi deficiency is sensed by
the root tips and primary root growth inhibition is in-
duced by both the reduction of cell elongation (STOP1
and LPR1/LPR2 pathways) and the progressive arrest of
meristem division (LPR1/LPR2 pathway), notably
linked to the presence of iron in the medium. Expres-
sion analysis in response to Pi deficiency in our mutant
lines NPC48 and NPC72 did not link these two IncRNAs
to Pi starvation root growth arrest mediated by LPR1/
LPR2 and STOP1 pathways.

The overexpression of NPC48 leads to reduction of
the main root growth. Transcriptome analysis of the
strongest deregulated line (35S:NPC48-1) shows en-
richment in genes that are deregulated during iron
starvation (Rodriguez-Celma et al., 2013). However, no
visible relation to iron homeostasis could be confirmed
in the lines overexpressing NPC48. Apart from the link
to iron starvation, no enrichment of any pathway could
be demonstrated. Few identified deregulated genes
could be confirmed in the second line, possibly because
of the lower level of expression of NPC48 in this line or
because of the specificity of the T-DNA insertions of
both lines. Notably, the iron-regulated gene AT3G01260
was only deregulated in the 355:NPC48-1 line. Few
potential regulators of root growth or genes related to
root hair growth and nutrient transport are modified.
Nevertheless, we confirmed the presence of these latter
genes in the second overexpressing line, supporting
their link with NPC48 overexpression. Overexpression
of NPC48 may decrease the absorption of essential
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nutrients, leading to a restriction of root growth by
global nutrition deficiency. This IncRNA is a quantita-
tive regulator of primary root growth, but its over-
expression did not show any major alteration in the
transcriptome. However, the overexpression did mod-
ify expression of several genes dealing with root growth
or nutrient assimilation, and this is likely linked to its
quantitative phenotype. Only a few core regulators of
root growth rate have been identified up to now
(Satbhai et al., 2015; Motte et al., 2019). Clearly, one can
expect more subtle regulators to exist, and NPC48
might be one of them.

In Arabidopsis, using grafts between ecotypes pre-
senting a high frequency of SNPs, Thieme et al. (2015)
showed that about 2,000 mRNAs, among which 9,300
contain SNPs, could move in plants that were subjected
to Pi deficiency for 2 weeks. These mRNAs were
transported from root to shoot or shoot to root. The
authors suggested that these mobile mRNAs might
function widely as specific signaling molecules coor-
dinating growth, cell differentiation, and stress adap-
tation of distant plant organs. As the IncRNAs
described here have 3’ polyadenyylated tails and are
probably 5’ capped, it is tempting to assume that at
least some of them can be transported through the xy-
lem and/or the phloem and may contribute to systemic
signaling responses.

Globally, the in-depth exploration of the noncoding
transcriptome of two ecotypes presented in this work
identified thousands of previously uncharacterized
IncRNAs with ecotype-specific expression. Statistical
analysis among ecotypes identified several cor-
egulations between coding and noncoding genes (in-
cluding sRNAs). These coregulations are likely linked
to the evolution of different regulatory mechanisms
among ecotypes grown in diverse soil environments,
and our detailed study of specific cases has provided
two ecotype-related IncRNAs that are potentially in-
volved in regulating primary root growth.

MATERIALS AND METHODS
Plant Growth

Seeds were surface-sterilized and sown on a horizontal line in plates verti-
cally disposed in a growing chamber (16-h photoperiod; intensity 90 uE; 21°C).
The growth medium was previously described in Balzergue et al. (2017). The —
Pi and +Pi agar medium contained 10 and 500 um Pi, respectively.

For the root apex isolation, seeds were sown on 1-cm bands of nylon
membrane (Nitex 100 um). After 1 week on +Pi agar medium, the membranes
were transferred to —Pi agar medium. Plants were sampled at time points 0, 1,
and 2 h after transfer. Each biological replicate is a pool of >100 root apexes cut
at 0.5 cm from the root tip.

Arabidopsis Lines

The stopl (SALK_114108, Nottingham Arabidopsis Stock Center [NASC]
reference N666684), Iprl;lpr2 (Svistoonoff et al, 2007), npcl5 T-DNAI
(SALK_027817; NASC reference N527817), npcl5 T-DNA2 (SALK_090867;
NASC reference N590867), npc43 T-DNA (SALK_007967; NASC reference
N507967), npc48 T-DNA (SAIL_1165_HO01; NASC reference N843057), and
npc72 T-DNA (SAIL_571_C12; NASC reference N824316) lines are in the
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ecotype Columbia (Col) of Arabidopsis (Arabidopsis thaliana) background.
Overexpressing lines 355:NPC43, 355:NPC48-1, 355:NPC48-2, and 355:NPC48-
3 were retrieved from Ben Amor et al. (2009) and are in the Col-0 background.
npc34 T-DNA (FLAG_223D08 or FLAG_228A07) is in the Wassilewskija back-
ground. Col®r'% js in the Columbia background (Col-0) with the null allele
erecta-105.

Library Construction and Sequencing

For each time point (0, 1, and 2 h), total RNA of three biological replicates of
the Col®r% and Ler pool of root apexes were extracted following the RNeasy
micro kit (Qiagen) protocol. One microgram of total RNA of each sample was
used for mRNA library preparation using the Illumina TruSeq Stranded mRNA
library preparation kit according to the manufacturer’s instructions. Libraries
were sequenced on a HiSeq 2000 Sequencing System (Illumina) using 100-nt
paired-end reads.

For 355:NPC48-1 RNA-seq analysis, total RNA of three biological replicates of
whole roots from Col and 355:NPC48-1 were extracted using a Quick-RNA Miniprep
kit (Zymo Research). One microgram of total RNA of each sample was used for
mRNA library preparation using an Illumina Truseq Stranded mRNA library prep-
aration kit according to the manufacturer’s instructions. Libraries were sequenced on a
NextSeq 500 Sequencing System (Illumina) using 75-nt single-end reads.

sRNAs of root apexes were extracted using the mirVana miRNA Isolation Kit
(Ambion). sSRNA libraries were constructed using the Ion Total RNA-Seq Kit v2
(Ton Torrent, Life Technologies) according to the manufacturer’s instructions.
Libraries were then sequenced using IonProton and the adapters.

Previously Uncharacterized Transcript Identification

According to their ecotype of origin, transcript reads were aligned to the
TAIR10 (Lamesch et al., 2012) or Ler v7 (Gan et al., 2011) genome. The previ-
ously uncharacterized transcripts were predicted in each ecotype indepen-
dently and then cross-positioned on the other genome to analyze homology.
Using the information available on the Col genome from databases, the dif-
ferent transcripts were classified as coding and noncoding (IncRNAs), IncRNAs
included lincRNAs and NATs. See the detailed protocol in Supplemental
Materials and Methods.

sRNA Analysis

The cleaned sRNA reads were aligned on the TAIR10 or Ler v7 genome. For
Araportll annotations and previously uncharacterized genes predicted here,
the accumulation of SRNA was analyzed to classify them as miRNA, phased
siRNA cluster, or siRNA cluster and determine the main siRNA size. See de-
tailed protocol in Supplemental Materials and Methods.

Expression Analysis

For each annotation, mRNA reads were counted to estimate the level of
expression of each gene. These counts were used for differential gene expression
analysis. Using siRNA accumulation on each annotation, differential accumu-
lation of 21/22-nt and 24-nt sRNAs on coding and noncoding genes was
computed independently. Bonferroni correction of the P-value was used for
each analysis. Differentially expressed genes or siRNA accumulations were
defined as having an adjusted P-value inferior to 0.01. See the detailed protocol
in Supplemental Materials and Methods.

Measurement of the Primary Root Length

Images were taken with a flat scanner and root lengths were measured using
RootNav software (Pound et al., 2013).

RT-qPCR

Total RNA was extracted from whole roots using the Quick-RNA MiniPrep
kit (Zymo Research, USA) according to the manufacturer’s instructions. Re-
verse transcription was performed on 500 ng total RNA using the Maxima
Reverse Transcriptase (Thermo Scientific). RT-qPCR was performed on a 480
LightCycler thermocycler (Roche) according to the manufacturer’s instructions
with Light cycler 480 SYBR Green I Master (Roche) and the primers listed in
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Supplemental Table S4. We used PP2A subunit PD (AT1G13320) as a reference
gene for normalization.

Statistics and Reproducibility of Experiments

For each measure (root length, gPCR expression level), the least-squares
means were computed. This approach makes it possible to correct for inter-
repetition variation. Data are presented as least-squares means * st. The sta-
tistical significance tests are included in the legend of each figure. See detailed
protocol in Supplemental Materials and Methods.

Accession Numbers

Sequence files generated during this study have been deposited in the NCBI GEO
database under the accessions GSE128250, GSE128256 and GSE151005. Names and
accession numbers of genes mentioned are listed in Supplemental Table S9.

Supplemental Data
The following supplemental materials are available.
Supplemental Figure S1. Characteristics of identified transcripts.

Supplemental Figure S2. Expression level and detection of coding and
noncoding genes.

Supplemental Figure S3. Ecotype-specific classification of IncRNAs as
siRNA precursors.

Supplemental Figure S4. Ecotype effect on gene expression.

Supplemental Figure S5. Genome organization and correlation of expres-
sion at selected loci.

Supplemental Figure S6. Ecotype effect on siRNA accumulation.
Supplemental Figure S7. Genome homology at selected ncRNA loci
Supplemental Figure S8. Deregulation of selected noncoding RNAs.

Supplemental Figure S9. Deregulation of NPC48 and NPC72 does not
change the expression of phosphate starvation-related genes.

Supplemental Figure S10. Expression analysis of genes regulated in the
355:NPC48-1 line in a different independent transgenic line.

Supplemental Figure S11. Overexpression of NPC48 does not affect iron
homeostasis and/or phenotypic responses.

Supplemental Table S1.Mapping efficiency for each sequence sample.

Supplemental Table S2. Genomic information of previously uncharacter-
ized transcripts compared to TAIR10.

Supplemental Table S3. Differential gene expression analysis.
Supplemental Table S4. Sequence of primers used in this study.

Supplemental Table S5. Number of samples used for each genotype and
condition in the RT-gPCR experiments.

Supplemental Table S6. Number of samples used for each genotype and
condition in root-length measurements.

Supplemental Table S7. Software used for the bioinformatics analyses.
Supplemental Table S8. Differentially expressed genes in 355:NPC48-1.
Supplemental Table S9. Gene name abbreviations.

Supplemental File S1. Identified Col transcripts.

Supplemental File S2. Identified Ler transcripts.

Supplemental Materials and Methods. Detailed bioinformatic and extra
materials and methods.
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