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SUMMARY

In plants, transcripts move to distant body parts to
potentially act as systemic signals regulating devel-
opment and growth. Thousands of messenger RNAs
(mRNAs) are transported across graft junctions via
the phloem to distinct plant parts. Little is known
regarding features, structural motifs, and potential
base modifications of transported transcripts and
how thesemay affect their mobility.We identifiedAra-
bidopsis thalianamRNAs harboring themodifiedbase
5-methylcytosine (m5C) and found that these are
significantly enriched in mRNAs previously described
asmobile,moving over graft junctions to distinct plant
parts. We confirm this finding with graft-mobile meth-
ylated mRNAs TRANSLATIONALLY CONTROLLED
TUMOR PROTEIN 1 (TCTP1) and HEAT SHOCK
COGNATE PROTEIN 70.1 (HSC70.1), whose mRNA
transport is diminished in mutants deficient in m5C
mRNAmethylation. Together, our results point toward
an essential role of cytosine methylation in systemic
mRNA mobility in plants and that TCTP1 mRNA
mobility is required for its signaling function.

INTRODUCTION

In plants, intercellular communication involves a high number of

phloem-delivered proteins and RNAs, such as distinct micro-

RNAs (miRNA), short interfering RNAs (siRNAs), and messenger

RNAs (mRNAs). In different plant species, such as Arabidopsis

thaliana (Arabidopsis), Vitis vinifera (grapevine), and Cucurbita-

ceae (cucumber, watermelon), thousands of protein-encoding

mRNAs move over graft junctions to distant plant regions

[1–4]. In watermelon/cucumber, Nicotiana benthamiana/tomato,
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and Arabidopsis ecotype heterografts, hundreds of mRNAs are

constitutively transferred to specific plant parts or in response

to specific stress conditions [1–3]. Similarly, mRNAs targeting

to specific subcellular compartments for localized translation

are also detected in plants, fungi, and animals. Intracellular

mRNA distribution is guided by mRNA zip codes interacting

withmRNA-binding proteins [5–8]. This localized protein produc-

tion can regulate cell polarity, patterning, and fate. However, for

the vast majority of plant mRNAs delivered to distant tissues, we

have no information regarding a potential signaling function,

transport motif(s), or endogenous factors triggering their trans-

port [9–11].

Long-distance transcript transport in plants might be explained

by a non-specific promiscuous delivery system depending on

abundance, size, or half-life, as suggested by bioinformatic anal-

ysis on graft-mobile Arabidopsis mRNAs [10]. However, protein-

encoding transcripts are too large to diffuse via intercellular

bridges built by plasmodesmata [12–15]. Independently of their

size, highly expressed heterologous transcripts such as GFP,

YFP, GLUCURONIDASE (GUS), and BASTA (bar) [1, 16, 17] and

truncated versions of endogenous mobile transcripts such as

Solanum tuberosum BELL-LIKE 5 (StBEL5), Arabidopsis thaliana

FLOWERING LOCUS T (FT), and CHOLINE KINASE 1 (CK1)

[16, 18, 19] are unable to move to distant tissues over graft

junctions. This indicates that specific motif(s) trigger mobility of

endogenous transcripts. Mobile transcripts, such as Arabidopsis

thalianaGIBBERELLIC ACID INSENSITIVE (GAI) [20] andStBEL5,

seem to use polypyrimidine track protein binding sequences (PTB

motif) to gain access to distant tissues [18, 20, 21]. However, this

highly abundant and thus relatively unspecific PTB motif,

composed of UUCUCUCUCUU bases [22], was not found to be

significantly enriched in the Arabidopsis graft-mobile transcript

populations [2, 10]. Another motif named tRNA-like sequence

(TLS) seems to be significantly enriched, as it is predicted in

approximately 12% and 7.5% of mobile transcripts of Arabidop-

sis thaliana and Vitis vinifera, respectively [2].
ust 5, 2019 ª 2019 The Author(s). Published by Elsevier Ltd. 2465
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Figure 1. Identifiedm5CmRNAs and Enrich-

ment of Graft-Mobile Transcripts

(A) Venn diagram showing the overlap of the three

independent datasets of m5C transcripts identi-

fied via MeRIP of Arabidopsis thaliana (ecotype

Col-0) seedlings and rosette leaves and via

Nanopore sequencing of seedling RNA samples.

The total number of m5C transcripts (n = 562)

overlaps significantly between MeRIP seedlings

and MeRIP rosette-leaf datasets (n = 66, p <

6.4e�79), between MeRIP seedlings and Nano-

pore seedlings (n = 29, p < 1.3e�46), and be-

tween MeRIP rosette leaves and Nanopore

seedlings (n = 33, p < 7.0e�43), as calculated with

exact hypergeometric probability using a total

number of 33,602 genes in the genome as back-

ground. Ninety-six transcripts are found in at

least two datasets, and 16 are common among

all three.

(B) Relative frequency of m5C distribution along

relative transcript lengths. The dashed lines repre-

sent their distribution according to the individual

datasets. The black line represents the average of

all three distributions.

(C) Ratio of mobile transcripts in the m5C pop-

ulation. The bottom pie shows the percentage

of mobile transcripts identified previously [1]

in the total of Arabidopsis transcripts. Mobile

transcripts are significantly enriched in the datasets of total m5C mRNAs (64.4%, p < 2.1e�209), found at least twice (86.5%, p < 2.5e�66), and found

three times (93.8%, p < 4.5e�14).

(D) Directionality of all graft-mobile transcripts in Arabidopsis (left) as previously described [1] and in the subset of total m5C transcripts (right). On the right,

mobile transcripts that moved from Arabidopsis to Cuscuta, both the total amount (top arrow) and the m5C subset (bottom arrow), are shown. There is a

significant change of the distribution of the mobile transcripts among the different groups: root-to-shoot and shoot-to-root appear under-represented in the m5C

transcripts (p < 1.9e�05 and p < 0.0023, respectively), whereas bidirectional and Arabidopsis-to-Cuscuta graft-mobile transcripts are overrepresented (p <

3.0e�08 and p < 1.3e�16, respectively).

See also Figures S1 and S2 and Data S1.
Mobile non-coding RNAs, such as tRNAs, first identified in

pumpkin phloemexudate, are biased in their quantity and identity.

For example, tRNA-Met (ATG), tRNA-Pro (AGG), tRNA-Gly (GGA),

and tRNA-Asp (GAC) are highly abundant whereas tRNA-Ile

(TAT)—although expressed highly in leaves—could not be de-

tected in phloem exudates [23]. Non-mobile transcripts such as

GUS gain mobility if fused to tRNA-Gly or tRNA-Met but not

with tRNA-Ile [16]. This correlateswith specificm5Cmodifications

found in Arabidopsis tRNAs such as tRNA-Gly, which is methyl-

ated at many cytosines, whereas cytosines of tRNA-Ile appear

to be either scarcely or not at all methylated [24]. Such basemod-

ifications have the potential to alter transcript stability, function-

ality, structure, and consequently, interaction with cellular factors

[25–27] that could mediate transcript transport to distant tissues.

Given that phloem tRNAs and graft-mobile mRNAs harboring TLS

motifs are likely to be targeted by the RNA m5C methyltrans-

ferases DNMT2/TRDMT1 and NSUN2B/TRM4B [24, 28–31], we

asked whether m5C methylation plays a role in mRNA transport

to distant cells via the phloem.

RESULTS

A Significant Number of Mobile mRNAs Harbor
Methylated Cytosines
We first performed RNA immunoprecipitation using an antibody

against m5C [29] followed by sequencing (MeRIP-seq) to identify
2466 Current Biology 29, 2465–2476, August 5, 2019
mRNAs that carrymethylated cytosines. TwomRNApopulations

were examined, one from Arabidopsis seedlings harvested

10 days after germination and another from rosette leaves har-

vested from adult bolting plants. We identified in these two pop-

ulations 182 and 416 m5C methylated mRNA transcripts,

respectively. A third dataset of 76 m5C mRNAs was obtained

by Nanopore methylation sequencing of RNA samples from

seedlings (Data S1A). In total, 562 distinct m5C mRNAs were

identified via these combined approaches. Despite the different

developmental stages and methods used for identifying m5C

mRNAs, there is a highly significant overlap among the three da-

tasets with 96 mRNAs found in at least two of them and 16

mRNAs found in all three datasets (Figure 1A). The relative distri-

bution of the m5C positions along the length-normalized UTR

and coding sequence (CDS) regions reveals a strong m5C

enrichment in the CDS region with a peak at the translational

start site of the CDS and a secondary, less pronounced peak to-

ward the 30 end of the CDS (Figure 1B; Figure S1A). To evaluate

the number of mobile transcripts harboring m5C, we compared

the m5C mRNA population with the mobile (n = 3,630) versus

non-mobile assigned (n = 29,972) transcripts that were identified

by SNPs in hetero-grafted Arabidopsis thaliana Col-0 and Ped

ecotypes and in Cuscuta reflexa feeding on Arabidopsis thaliana

accession C24 [1]. A highly significant number of the 562 m5C

transcripts were previously assigned as mobile mRNA (n =

362, 64.4%, p < 2.1e�209), indicating a potential relationship



between detected m5C mRNA modifications and transcript

mobility (Figure 1C; Figure S1B). These 362 m5C-modified and

mobile transcripts include TCTP1 and CAT3 transcripts,

which were individually confirmed to be graft-transmissible [1].

Notably, considering m5C mRNAs identified at least twice

(n = 96) or in all three datasets (n = 16) (Data S1C and S1D),

the proportion of mobile transcripts increases to 86.5%

(n = 83, p < 2.5e�66) and to 93.8% (n = 15, p < 4.5e�14), respec-

tively (Figure 1C). This finding supports the hypothesis that m5C

contributes to transcript mobility.

The methylated- and mobile-assigned transcripts were further

analyzed based on their transport directionality (shoot-to-root,

root-to-shoot, or both) [1] (Figure 1D). The relative distribution

of the m5C mRNA transport directionality differs from that of all

the mobile 3,630 mRNAs showing a significant enrichment in

bi-directional graft-mobile transcripts (p < 3.0e�08) and accord-

ingly, a decrease in the shoot-to-root and root-to-shoot direction

(p < 0.0023 and p < 1.9e�05, respectively). Arabidopsis to

Cuscuta mobile transcripts are also enriched among the m5C

mRNAs (p < 1.3e�16).

Recently, Cui et al. [31] used a similar but less conservative

analysis to determine the m5C transcriptome of Arabidopsis

seedlings (n = 4,465), which overlaps significantly with the 182

methylated transcripts found in our MeRIP seedling experiments

(n = 105, 58%, p < 2.9e�45). Also, this reported m5C transcrip-

tome significantly overlaps with all 562 m5C transcripts found in

our analysis (n = 259, 46%, p < 1.7e�81) (Data S1E) and with the

3,630 reported mobile transcripts [1] (n = 1,493, 33.4%, p <

5.0e�324). Notably, enrichment of mobile transcripts increases

if we consider the top 500methylatedmRNA candidates accord-

ing to their p value (232 transcripts or 46.4% overlap, p <

6.4e�92) (Data S1E).

Similar to a previously performed analysis for TLS motifs en-

riched in mobile Arabidopsis mRNAs [16], we scanned the se-

quences of our identified 562 m5C mRNAs for TLS [32]. This

revealed that 12.1% of the methylated population (n = 68 of

562) harbors a potential TLS motif, which is significantly

increased (p < 0.01) compared to all transcripts from annotated

genes (9.36%; n = 3,145 of 33,602). However, this seems to be a

weak relation as the co-occurrence of mRNA cytosine methyl-

ation and TLS motifs is comparable to the reported significant

occurrence of TLS motifs in the mobile transcript population of

approximately 12% [16].

We next scanned for the PTB sequence motif proposed to

trigger mobility of transcripts [22] by taking all sequences en-

riched for methylation (2,325 unique sequence windows of 25

nt length; see STARMethods) and performing a motif search us-

ing DREME [33]. This revealed five significantly enriched motifs

of which two were identified previously in connection to RNA

cytosine methylation (CC[AUG]CC[AG]) and (C[UA]UCUUC)

[31] (Figure S1C). The latter seems to resemble a previously re-

ported PTB—UUCUCUCUCUU—sequence motif [22] that we

termed PTB-like. The first methylation motif (CC[AUG]CC[AG])

can be found in 403 methylated 25 nt windows belonging to

182 transcripts. 64.8% (118 of 182) of those are mobile, reflect-

ing approximately the mobility rate of all methylated transcripts

(64.4%, 362 of 562). The PTB-like methylation motif (C[UA]

UCUUC) is found in 86 windows belonging to 82 transcripts,

and interestingly, 61 of those transcripts are reported to be
mobile (74.4%), which is a significant enrichment (p < 0.05)

compared to the mobility rate of all methylated transcripts. Tran-

scripts carrying both motifs (n = 39) show the same enrichment

for mobility as the ones containing only the PTB-like motif

(74.4%, 29 of 39). As with the TLS motif, the PTB-like motif is

found in a relatively small number of methylated andmobile tran-

scripts and might play a specific role in facilitating transport of a

subset of transcripts such as GAI or StBEL5, that are suggested

to regulate growth of distant tissues [18, 20–22].

To address whether the abundance of m5C tagged transcripts

is significantly different from the whole transcriptome, we

compared the relative levels of MeRIP-enriched mRNAs to all

mRNAs found in MeRIP control samples. This analysis revealed

that highly abundant transcripts were enriched in MeRIP sam-

ples and that the chance of finding m5C transcripts does in-

crease with the expression level of the corresponding genes

(Figure S2A).

The m5C transcripts were also analyzed for their stability ac-

cording to the half-life data available for �12,000 mRNAs pub-

lished by Narsai et al. [34]. The analysis showed that mRNAs

undergoing m5C methylation are significantly more stable

compared to non-methylated RNAs (p < 1.3e�16; Figure S2B).

Methylated and mobile transcripts, however, were not signifi-

cantly more stable than the total m5C mRNAs identified, sug-

gesting that mobile mRNAs are not significantly different in their

half-life than any other methylated transcript. Here, it should be

noted that due to the MeRIP protocol and parameters used in

the analysis to call enriched peaks of transcripts (see STAR

Methods), there is an increased likelihood of identifying more

stable and abundant transcripts. Thus, we could not have easily

found very lowly expressed or unstable transcripts, which would

allow for a more thorough analysis of the effect of m5C methyl-

ation on mRNA abundance and mobility.

To further evaluate whether m5Cmodification relates tomRNA

movement in plants, we chose two transcripts from the 362 mo-

bile m5C-modified mRNAs that were found twice in our m5C da-

tabases and lack a predicted TLSmotif (Data S1). The first one is

HSC70.1 (TAIR# AT5G02500) harboring PTB-like motifs, and the

second is TCTP1 (TAIR# AT3G16640) lacking a PTB-like motif.

TCTP1 Transcript Mobility Depends on Specific mRNA
Sequences and Is Not Transported in m5C Methylation-
Deficient dnmt2 nsun2b Mutants
Wenoted in previous experiments that, in contrast with YFP tran-

script, a full-length Arabidopsis thaliana TCTP1 ORF (open

reading frame) transcript fused to YFPmoves from above ground

tissue (shoot, scion) to roots (root stock) in hypocotyl grafted

plants [1]. To address a possible function of m5C in mRNA trans-

port, we used a 35S CaMV promoter to express full-length

TCTP1 ORF and deletion variants thereof and TCTP1M with

alternative codon usage fused to YFP (YFP-TCTP1M) in Arabi-

dopsis wild type (Col-0) and the mRNA methylation-deficient

dnmt2 (trdmt1) nsun2b (trm4b) double mutant [24] (Fig-

ure 2A; Figures S2C, S3, and S4A–S4C; Data S2A–S2F). These

YFP-TCTP1 fusions include or exclude identified TCTP1

m5C modification sites (YFP-TCTP1D30, YFP-TCTP1D50, YFP-
TCTP1D50D30, YFP-TCTP1DA, and YFP-TCTP1M) and pre-

dicted stable 30 and 50 folding structures according to minimal

free energy RNA folding (MFE) [35, 36] and co-transcriptional
Current Biology 29, 2465–2476, August 5, 2019 2467



Figure 2. Mobility of YFP-TCTP Fusion Constructs in Hypocotyl Grafted Arabidopsis

(A) Schematic drawing of TCTP1 (504 bases, 168 amino acids) YFP fusion and deletion constructs used in the study. Gray background (bases 133–183) indicates

the MeRIP-identified m5C-edited region in TCTP1 ORF. YFP-TCTP1D30, bases 1–285; YFP-TCTP1D50, bases 286–504; YFP-TCTP1D50D30, bases 222–420;

YFP-TCTPDA, bases 1–106/137–504. TCD1 (bases 135–165) and TCD2 (bases 375–445) indicate conserved TCTP1 domains. Red arrows indicate early stop

codons due to a frameshift (Data S2), and blue indicates predicted ORF sequences.

(B) Western blot detection of YFP fusion proteins produced in 2-week-old transgenic Arabidopsis (Col-0) seedlings by GFP/YFP-specific antibodies. Calculated

protein sizes including linker sequences are: YFP 31 kDa, YFP-TCTP1 53,5 kDa, YFP-TCTP1D30 49 kDa, YFP-TCTP1D50 47,5 kDa, YFP-TCTP1D50D30 38 kDa,

YFP-TCTPDA 39 kDa. Red arrows mark apparent sizes of the YFP fusions. Lower panel shows the loading control.

(legend continued on next page)
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folding (Co-Fold) predictions [37] (Figure S2C). We first deter-

mined whether the various YFP-TCTP1 fusion constructs are

stably expressed (Figure 2B; Figures S3 and S4A–S4C) and

whether the intracellular protein localization is altered between

the transformed wild-type and dnmt2 nsun2b lines (Figures

S4A–S4C). To address this, we compared the subcellular distri-

bution of the YFP-TCTP1 fusion proteins produced in wild-type

and dnmt2 nsun2b plants by confocal laser scanning micro-

scope (CLSM) imaging. This revealed that the localization of

all YFP-TCTP1 protein fusions did not change between wild-

type and dnmt2 nsun2b mutant plants. In contrast to both

YFP-TCTP1 and YFP-TCTP1M, all YFP-TCTP1 deletion proteins

showed a change in their subcellular distribution. Both full-

length YFP-TCTP1 fusion proteins were barely detectable in

nuclei and seemed to accumulate at nuclear envelopes,

whereas the C-terminal truncated YFP-TCTP1 fusions appeared

equally distributed between cytosol and nucleus (Figures S3

and S4A–S4C).

To study the transport of the YFP-TCTP1 protein and YFP-

TCTP1 transcripts and variants thereof, we grafted YFP-TCTP1

lines (TG) with wild type (Col-0) (Figures 2C and 2D). As previ-

ously shown in grafting experiments [1], CLSM and RT-PCR

assays revealed that both full-length YFP-TCTP1 protein and

YFP-TCTP1 transcript produced in transgenic wild-type shoots

are present in grafted wild-type roots (Figures 2D and 2E).

Next, we tested the mobility of the proteins and tran-

scripts produced by the TCTP1 variants in grafted plants. Both

TCTP1D30 and TCTP1D50 produce truncated proteins from tran-

scripts predicted to retain their RNA folding structures detected

in their respective 50 and 30 ORF regions. The YFP-TCTP1D50D30

is lacking the major folding domains predicted in both 50 and 30

TCTP1 halves, YFP-TCTP1DA lacks part of the identifiedmethyl-

ation region of TCTP1, and YFP-TCTP1M shows a changed

folding structure in all regions (Figure 2A; Figure S2C). Both

YFP-TCTP1D30 and YFP-TCTP1D50D30 proteins were easily

detected in grafted wild-type roots (Figure 2D). However, YFP-

TCTP1D50 and YFP-TCTP1DA, which are smaller than YFP-

TCTP1D30 fusion proteins (Data S2B), and YFP-TCTP1M, which

has the same protein sequence and subcellular distribution as

YFP-TCTP1 (Figures S3 and S4A–S4C; Data S2F and S2G),

were barely or not detectable in grafted wild-type roots. This

suggests that these TCTP1 variants are not capable to efficiently

diffuse from shoot to root in grafted plants and that the YFP-

TCTP1 presence in the grafted wild-type roots depends on

TCTP1 RNA sequences.

In contrast with the YFP-TCTP1D30 deletion, none of the other

TCTP1 deletion constructs missing the identified methylated 50

region stretching from base +133 to +183 (YFP-TCTP1D50,
(C) Representative confocal laser scanning microscope (CLSM) image of a repres

grafting (DAG) as used in the study. Note that a YFP-TCTP1 (green) fluorescent

(D) YFP fluorescent signal detected by CLSM in leaves, graft junctions, and pr

TCTP1D50D30, YFP-TCTP1DA/wild-type (Col-0) plants. Blue indicates auto-fluor

heads indicate YFP signal not or barely detected in grafted transgenic (scion)/Col

for each graft combination, and each shows a similar distribution of the YFP sign

(E) RT-PCR detection of YFP-TCTP1 fusion constructs on root and shoot RNA sam

RT-PCR (45 PCR cycles) for the presence of YFP, YFP-TCTP1, YFP-TCTP1D30,
shoots and roots. Red arrows indicate the specific presence YFP-TCTP1 bands in

in Col-0 samples of grafted plants. Note that absence of TCTP1 RNA was confir

See also Figures S2 and S3.
YFP-TCTP1D50D30, and YFP-TCTP1DA) and the YFP-TCTP1M

with altered RNA structure were detected in RT-PCR assays

on grafted wild-type root RNA samples (Figure 2E). These com-

bined results indicate that the 50 and 30 TCTP1 UTRs, both

harboring potential PTB motifs suggested to mediate transcript

mobility [22], are dispensable for TCTP1 mobility. It seems that

the TCTP1 50 ORF stretching from the start codon base +1 to

base +285 contains the RNA sequence necessary and sufficient

to cause YFP mobility. This result, together with the finding that

the YFP-TCTP1DA transcript missing part of them5Cmethylated

region lacks transport activity over graft junctions, indicates that

m5C modifications facilitate transcript mobility.

To address whether YFP-TCTP1 protein or YFP-TCTP1 tran-

script mobility depends on m5C RNA methylation, we used

mutant Arabidopsis thaliana ecoptype Col-0 plants lacking

DNMT2 and NSUN2B methyltransferase activity. To this end,

we grafted dnmt2 nsun2b mutant root stocks with wild-

type (Col-0) or dnmt2 nsun2b mutant scions expressing YFP-

TCTP1 or YFP-TCTP1D30 (>2 independent transgenic lines,

each n > 10). In contrast with transgenic wild-type scion/

dnmt2 nsun2b root-stock grafts (Figure 3A), YFP-TCTP1 and

TCTP1D30 fusion proteins expressed in dnmt2 nsun2b

shoots were barely or not detectable in roots of transgenic

dnmt2 nsun2b/dnmt2 nsun2b grafts (Figure 3A). To inspect

whether the mobile YFP-TCTP1 and YFP-TCTP1D30 transcripts
move from dnmt2 nsun2b shoots to dnmt2 nsun2b roots,

we performed RT-PCR assays on shoot (positive control) and

root samples from the grafted plants (Figure 3B). YFP-TCTP1

and YFP-TCTP1D30 transcripts were detected in transgenic

dnmt2 nsun2b and wild-type shoot and in wild-type/

dnmt2 nsun2b root, but not in dnmt2 nsun2b/dnmt2 nsun2b

root samples (Figures 3B and 3C). Notably, in dnmt2 nsun2b

roots grafted with YFP-TCTP1 or YFP-TCTP1D30 wild-type

(Col-0) scions, we detected relatively low levels of fluorescent

fusion proteins (Figure 3A), which correlates with relatively low

occurrence of YFP-TCTP1 or YFP-TCTP1D30 transcripts in

these roots (Figure 3B). Therefore, lack of DNMT2 and NSUN2B

mRNA methylation activity diminishes TCTP1 transport to roots.

Absence of YFP-TCTP1 transcript movement across graft junc-

tions in dnmt2 nsun2bmutants seems not to be a result of lower

transcript levels as both transgenic and endogenous TCTP1

transcript levels were comparably high in dnmt2 nsun2b and in

Col-0 plants according to qRT-PCR assays (Figures 3C and

3D; Figure S3E).

A previous study suggested that m5C mRNAs display

increased stability [38]. Thus, we next asked whether cytosine

methylation by the RNA methyltransferases DNMT2 and

NSUN2B affects decay of TCTP1 by measuring the mRNA levels
entative hypocotyl-grafted YFP-TCTP1 (shoot)/Col-0 (root) plant 10 days after

signal is present in the wild-type root (red arrow).

imary root tips of grafted YFP-TCTP1, YFP-TCTP1D30, YFP-TCTP1D50, YFP-
escent background, red arrows indicate YFP signal detected, and red arrow-

-0 (root stock) root tips. Three independent lines (each n > 30 plants) were used

al. Scale bar: 200 mm.

ples of grafted plants. RNA fromgrafted plants (n > 6) was pooled and tested by

YFP-TCTP1D50, YFP-TCTP1D50D30, and YFP-TCTP1DA fusion transcripts in

Col-0 samples, and red arrowheads indicate the absence of YFP-TCTP1 bands

med by 50 PCR cycles.
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Figure 3. YFP-TCTP1 Transcript Mobility in Hypocotyl-Grafted dnmt2 nsun2b Double Mutants
(A) YFP fluorescent signals in leaves, graft junction, and primary root tips detected in YFP-TCTP1 (dnmt2 nsun2b)/dnmt2 nsun2b and YFP-TCTP1 (Col-0)/

dnmt2 nsun2b grafted plants. Blue indicates auto-fluorescence, red arrows indicate very weak or no YFP fluorescence, and white arrows indicate high YFP

fluorescence detected in dnmt2 nsun2b root tips with high-sensitive confocal settings. Two independent transgenic lines were used for each graft combination all

showing similar YFP distribution patterns. Scale bar: 200 mm.

(B) RT-PCR assays on root and shoot RNA samples from grafted plants. Plant tissues from grafted seedlings (>7) were pooled and tested for the presence

of YFP-TCTP1 and YFP-TCTP1D30 fusion transcripts in grafted tissues. Red arrows indicate the presence of YFP-TCTP1 fusion transcripts, red arrowheads

indicate the absence of fusion transcripts, and black arrowhead indicates expected PCR product. Note that lower, faint bands are primers used in the PCR

reaction.

(legend continued on next page)
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in seedlings of 14-day-old wild-type and dnmt2 nsun2b plants

treated with the transcription inhibitor actinomycin D.

We measured the transcript levels of m5C-modified mobile

TCTP1, CAT3, and CK1 transcripts [1, 16], non-mobile assigned

m5C-modified ACTIN8, and non-m5C-modified ACTIN2 in

dnmt2 nsun2b and Col-0 plants by qRT-PCR. For these tran-

scripts, no significant difference in their abundance was found

in the dnmt2 nsun2b mutant compared with wild type (p > 0.3)

(Figure 3D). Also, both TCTP1 andACTIN8 showed no significant

difference in their RNA stability in dnmt2 nsun2b versus wild-

type plants from 12 to 24 h after actinomycin D treatment (Fig-

ure 3D). Similarly, the non-m5C-modified transcript TUBULIN2

(TUB2) displayed unchanged RNA stability (Figure S4D). This

suggests that altered abundance of transcripts is not the reason

for the observed lack of their mobility.

Inhibition of Cytosine Methylation Inhibits YFP-TCTP1

Transcript but Not YFP Protein Diffusion
To additionally confirm that methylation activity is necessary

for transcript mobility, we grew YFP or YFP-TCTP1 transgenic

(shoot)/Col-0 wild-type (root stock) grafted plants in liquid MS

supplemented with no (control), medium (100 mM), and high

(150 mM) concentrations of 5-Azacytidine (Aza) (Figure 3E).

Aza acts as a pleiotropic inhibitor of m5C modification [28],

and we expected that it affects movement of TCTP1 mRNA

similar to that seen in dnmt2 nsun2b mutants. Presence of

150 mM Aza did not interfere with phloem-mediated diffusion

of YFP protein over graft junctions as indicated by detected

yellow fluorescence in the phloem associated cells of grafted

wild-type roots (Figure 3E). However, in grafted YFP-TCTP1/

Col-0 plants incubated with medium (100 mM) or high

(150 mM) concentration of Aza, YFP-TCTP1 protein was

weakly or not detected in wild-type roots (n > 10) (Figure 3E),

implying that TCTP1 transcript mobility and not TCTP1 protein

mobility depends on m5C methylation. Considering that diffu-

sion of YFP alone to wild-type roots is not hindered by Aza

treatment and that no YFP-TCTP1 fluorescence can be de-

tected in roots of 150 mM Aza treated YFP-TCTP1/wild-type

grafted plants, this result suggests that YFP-TCTP1 transcript

is translated to functional protein in receiving root cells. Thus,

the presence of YFP-TCTP1 fluorescence detected in wild-

type roots of grafted plants is a result of transcript mobility
(C) qRT-PCR to measure relative transcript levels of mobile and non-mobile

UBIQUITIN10 thresholds. YFP-TCTP1 fusions in grafted transgenic dnmt2 nsun

TG (Col-0), transgenics in Col-0 background; TG (dnmt2 nsun2b), transgenics i

(p values are indicated by a, b, and c. ab < 0.1; ac < 0.001; bc < 0.001).

(D) qRT-PCR assays measuring relative transcript levels of mobile and/or methy

(p > 0.05) difference of expression/abundance of transcripts was observed. Valu

(E) YFP fluorescent signals in primary root tips detected in YFP-TCTP1 (Col-0)/C

(Aza). White arrows indicate YFP-specific fluorescence signals. Scale bar: 100 m

(F) Mobility of the HSC70.1-GFP fusion and endogenous HSC70.1 transcript. Upp

and primary root tips of HSC70.1-GFP lines grafted with Col-0 plants. Blue indica

type root tips of grafted plants. Three independent lines (each n > 30 plants) we

signal. Scale bar: 200 mm. Lower panel shows HSC70.1-GFP-specific RT-PCR a

roots (each a pool of n > 6) were submitted to RT-PCR (45 PCR cycles). Red arr

arrowheads indicate the absence of HSC70.1-GFP mRNA in Col-0 samples.

(G) RT-PCR assays to detect endogenousHSC70.1 in root and shoot of grafted dn

in hsc70.1 mutant root samples of Col-0/hsc70.1 grafted plants, and arrowhea

samples of dnmt2 nsun2b/hsc70.1 grafted plants.

See also Figures S3 and S4.
rather than phloem-mediated shoot-to-root YFP-TCTP1 pro-

tein transfer.

Mobility of Endogenously Produced HSC70.1 Transcript
Depends on Cytosine Methylation
First, to evaluate whether transcripts transported over graft junc-

tions might depend on their expression from the 35S CaMV pro-

moter, we used transgenic lines expressing HSC70.1-GFP from

theUBIQUITIN 10 (UBQ10) promoter and grafted thesewith Col0

wild type. Here, as seen with 35S::YFP-TCTP1/wild-type grafted

plants (Figure 2), the HSC70.1-GFP fusion protein and its tran-

script were detected in HSC70.1-GFP/wild-type roots but not

in aboveground wild-type tissue in wild-type/HSC70.1-GFP

grafted plants (Figure 3F). Thus, transcript mobility is indepen-

dent of the promoter used to express the transgene. We next

asked whether endogenously produced HSC70.1 transcript is

also graft mobile and whether its mobility depends on m5C

methylation. To address this, we grafted hsc70.1 mutant with

wild-type (Col-0) or dnmt2 nsun2b double-mutant plants (Fig-

ure 3G). In according controls (wild-type shoot grafted with

hsc70.1 roots), the HSC70.1 transcript was detected in root

samples, corroborating that endogenous HSC70.1 is mobile

when produced in wild-type plants (Figure 3G). In contrast with

wild-type controls, absence of an HSC70.1-specific RT-PCR

band in dnmt2 nsun2b/hsc70.1 mutant root RNA samples indi-

cates a lack of mobility of the endogenous HSC70.1 transcript

in dnmt2 nsun2b mutants. In summary, these data suggest

that mobility of the endogenously produced HSC70.1 transcript

depends on m5C modification.

YFP-TCTP1 and YFP Are Differentially Distributed in
Root Tissues
Pumpkin and Brassica napus (rapeseed) phloem sap contain

TCTP1 protein suggesting that not only TCTP1 transcript but

also the relatively small protein of 18.9 kDa has the potential to

diffuse like YFP via intercellular plasmodesmatal channels into

the phloem vasculature and over long distances into the root

tip [17, 39, 40]. However, compared with YFP, the distribution

of YFP-TCTP1 fusion appeared to be very different in the vascu-

lature and root tip (Figure 2D), raising the question into which

cell types the protein or transcript is transferred. To address

this, we analyzed the distribution of YFP-TCTP1 protein by
YFP-TCTP1 fusion transcripts, adjusted according to reference transcript

2b shoot and dnmt2 nsun2b root (three biological, three technical replicates).

n dnmt2 nsun2b. YFP-TCTP1 values serve as a reference for TCTP1 mobility

lated transcripts in dnmt2 nsun2b compared to Col-0 controls. No significant

es are mean ± SD from three independent experiments.

ol-0 grafted plant treated with 0 mM (control), 100 mM, or 150 mM Azacytidine

m.

er panel: GFP fluorescent signals detected by CLSM in leaves, graft junctions,

tes auto-fluorescence, and white arrows indicate GFP signals detected in wild-

re used for each graft combination. All showed similar distribution of the GFP

ssays on root and shoot RNA samples of grafted plants. RNA from shoots and

ows indicate the presence of HSC70.1-GFP mRNA in Col-0 samples, and red

mt2 nsun2b and hsc70.1 plants. Red arrows indicate the presence ofHSC70.1

ds indicate the absence of HSC70.1-specific bands in hsc70.1 mutant root
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Figure 4. Different Distribution of YFP and

YFP-TCTP1 Protein in Grafted Wild-Type

Root Stocks

CLSM images of wild-type roots grafted with YFP

and YFP-TCTP1-expressing plants.

(A) Longitudinal and transverse CLSM images of

roots formed on auto- and hetero-grafted YFP-

TCTP1, YFP, and Col-0 plants. Note that in wild-

type (Col-0) roots, YFP is detected in phloem pole

pericycle (PPP) cells, companion cells (CCs), and

xylem pole pericycle (XPP) cells. YFP-TCTP1 is

detected in PPP cells and CCs but not in XPP.s

White arrows indicate the presence of YFP fluo-

rescence, white arrowheads indicate the absence

of YFP fluorescence in XPPs, red indicates propi-

dium-iodide-stained cell-wall material, and green

indicates YFP fluorescence. Xy, xylem.

(B) Differences in YFP and YFP-TCTP1 appear-

ance in wild-type roots of plants grafted with YFP-

and YFP-TCTP1-expressing shoots. Red arrows

indicate the presence of YFP, and white arrows

indicate the absence of YFP signals.

(C) Distribution of YFP-TCTP1 in plants grafted

with ethanol-inducibleEtOH>>CoMV::mCherrySKL

or EtOH>>CoMV::mCherrySKL/CALS3:YFP root

stocks. Upper panel shows longitudinal CLSM

sections on EtOH>>CoMV::mCherrySKL and

EtOH>>CoMV::mCherrySKL/CALS3:sYFP trans-

genic roots formed on plants grafted to 35S::YFP-

TCTP1 shoots. Lower panel shows transverse

CLSM sections on the same root tissue (dotted

lines). Red arrows indicate the presence of both

mCherrySKL (red punctae) and YFP-TCTP1 (green) in phloem-associated cells. White arrows indicate the stele widthwheremCherrySKL-tagged peroxisomes (red)

and YFP-TCTP1 fluorescence (green) are not detected in grafted transgenic roots expressing CALS3:sYFP. Note that the EtOH-inducible CoMV promoter drives

specific expression inCCand that the fluorescence emission of YFP fused toCALS3 is shifted by approximately�20nm (namedsYFP), and thusCALS3-sYFP is not

detected by the CLSM settings used (see STAR Methods and Figure S5). Scale bar: 100 mm.

See also Figure S5.
high-resolution CLSM on wild-type roots grafted with YFP-

TCTP1 shoots. In grafted non-transgenic wild-type roots, YFP-

TCTP1 specific fluorescent signals were detected in cells

associated to the phloem vasculature (Figures 4A and 4B). In

contrast with YFP alone, YFP-TCTP1 was not present in the

root tip and appeared mainly in cells forming the phloem in the

root differentiation zone (Figures 2D and 4B). To reveal the cell

types in which YFP or YFP-TCTP1 is detected, we performed a

series of high-resolution longitudinal and transverse CLSM im-

ages. YFP appeared to be unloaded to all vascular bundle (stele)

cells including the endodermis, pericycle, and all parenchyma

cells. In contrast, YFP-TCTP1 fluorescence appeared more

restricted to the phloem parenchyma, was relatively high in

phloem pole pericycle (PPP) cells, appeared weaker in compan-

ion cells (CCs), was barely detectable in endodermal cells con-

nected to the PPP cells, and was not detected in other stele cells

such as xylem pole pericycle (XPP) cell files adjacent to the

xylem (Figure 4A). Control grafts with YFP-TCTP1-expressing

roots indicate that the observed YFP-TCTP1 distribution in

wild-type roots was not a result of protein or transcript instability

in endodermis—and phloem/xylem—associated parenchyma

cells as the fusion protein appeared equally in all these cell types.

Similarly, differences in unloading of YFP and YFP-TCTP1 were

evident by the absence of YFP-TCTP1 in the root tip and regions

where lateral root primordia form. As previously reported

[15, 17], YFPdiffuses into primary and lateral root tips (Figure 4B).
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YFP-TCTP1, however, appears to be defined to phloem-associ-

ated cells in themain and lateral root tips and is detected in a nar-

row central region at sites of emerging lateral roots (Figure 4B).

Delivery of YFP-TCTP1 into PPP cells would be consistent

with the proposed notion that these cells are the main reposi-

tories for phloem-delivered macromolecules [15]. To test this,

we grafted YFP-TCTP1 plants with root stocks co-expressing

a green fluorescent fusion of CALLOSE SYNTHASE-LIKE 3

(CALS3) and Cherry-SKL (peroxisomal marker diffusing between

cells) in CC cells from an EtOH-inducibleCoMV promoter specif-

ically active in CC (Figure 4C). High CALS3 activity in CC induces

callose deposition at plasmodesmata (PD) and blocks diffusion

of macromolecules via PD [41]. In ethanol-incubated plants

closure of PD induced by CoMV >> CALS3 is indicated by

a lack of Cherry-SKL diffusion from CCs to phloem neighboring

cells via PD (Figure 4C; Figures S5A and S5B). Interestingly, cal-

lose-induced blockage of PD in CoMV >> CALS3 roots

constricts the presence of YFP-TCTP1 fluorescence to CC

suggesting that YFP-TCTP1 transcript transport to PPP cells de-

pends on functional PD in CC connecting neighboring cells.

Mobile TCTP1 Transcript Promotes Root Growth

TCTP1 is an important growth regulator in Arabidopsis [42]. We

noticed that transgenic plants expressing YFP-TCTP1 display

enhanced rosette growth (Figure S5C) suggesting that the fusion

protein acts similar to the endogenous produced TCTP1 as a

growth factor. To test whether YFP-TCTP1 mobility is necessary



Figure 5. Mobile TCTP1 Transcript Promoting Root Formation

(A) Representative images of analyzed grafted wild-type (Col-0) plants

(14 days after grafting) expressing mobile YFP-TCTP1 and non-mobile YFP-

TCTP1M transcripts producing proteins with the same amino acid sequence.

(B) Primary root length of grafted wild-type (Col-0) and transgenic plants. Note

that wild-type plants producing mobile YFP-TCTP1 transcript form signifi-

cantly longer primary roots. Plants expressing the non-mobile YFP-TCTP1M

transcript translated into a fusion protein with the same amino acid sequence

as YFP-TCTP1 show no changes in root length.

(C) Number of lateral root numbers formed on primary roots on grafted wild-

type (Col-0) transgenic plants. As seen with primary root length, only grafted

plants producing mobile YFP-TCTP1 transcripts form significantly more lateral
for the detected growth changes, we analyzed the root growth in

grafted plants expressing mobile YFP-TCTP1 and non-mobile

YFP-TCTP1M transcripts producing identical fusion proteins

(Figure 5A; Figure S3G). We measured the primary root length

(Figure 5B) and the number of lateral roots formed on primary

roots (Figure 5C) of grafted wild-type (Col-0) and transgenic

plants.With bothmeasurements, we found that plants producing

mobile YFP-TCTP1 transcript form significantly longer primary

and more lateral roots than non-transformed plants. In contrast,

grafted plants expressing the non-mobile YFP-TCTP1M tran-

script translated into a fusion protein identical to YFP-TCTP1

(Data S2G) showed no significant changes in root length or

number of lateral roots compared with grafted wild type. This

suggests that TCTP1 mRNA mobility plays a crucial role in

its function as growth regulator. Notably, although the YFP-

TCTP1 protein produced by YFP-TCTP1M is not transported to

roots, it is not altered in its subcellular distribution (Figures S3

and S4). Thus, proper intercellular transfer guided by TCTP1

mRNA seems to be a key factor for TCTP1 function as a growth

regulator in distant tissues.

DISCUSSION

In this study, we identifiedm5CmRNAs in Arabidopsis via MeRIP

coupled with deep sequencing and with Nanopore RNA

sequencing. Despite the different developmental stages and

methods used, out of the 562 m5C RNAs identified in total, 96

were identified in at least 2, and 16 were identified in all 3 assays.

Of the 562 m5C RNAs, >60% are assigned as mobile transcripts

moving over graft junctions to distant tissues. Previous studies

suggested that m5C methylation increases the stability of tRNAs

and potentially also of mRNAs in Arabidopsis [30, 31]. In line, we

found that m5C transcripts demonstrate a higher stability than

expected by random chance (Figure S4B). However, our mea-

surements on mRNA stability and abundance of m5C mRNAs

in dmnt2 nsun2b showed no significant changes. We did not

detect an increase or decrease in abundance according to

half-life and qRT-PCR assays with endogenous mobile TCPT1,

CAT3, and CK1 transcripts in methylation-deficient mutants,

which suggests that m5C does not change the stability of mobile

transcripts (Figure 3D; Figure S4D).

The identified m5C mRNA population is highly enriched in the

mRNA population that is moving to distant tissues. Confirming

that cytosine methylation plays a crucial role in mRNA transport,

we found that lack ofmRNAmethylation activity in dmnt2 nsun2b

mutants results in a lack of YFP-TCTP1 and HSC70.1 mobility.

Furthermore, Aza treatment, which inhibits RNA methylation, re-

sulted in a lack of YFP-TCTP1 detection in roots of grafted plants

whereas YFP protein diffusion from shoot to root remained intact

(Figure 3). Both the lack of YFP-TCP1M transcript mobility and

the failure to detect the produced protein, which is identical to

YFP-TCTP1, in grafted wild-type roots (Figure 2) suggest that
roots. In boxplots, boxes indicate variation between the datasets and means,

n is the number of grafted plants analyzed, error bars represent ±SE, and black

dots represent measurements out of range ± SE; significance was calcu-

lated with Student’s t test (two tails), and the p value is indicated by a and b:

ab < 0.05.

See also Figure S5.
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full-length YFP-TCTP1 protein is not diffusing or actively trans-

ported from scions to roots. This seems to be contradicted by

the finding that some proteins produced by YFP-TCTP1 deletion

variants lacking RNA mobility are still detected in roots (Figure 2;

Figure S5D). For example, the small YFP-TCTP1D50D30

fusion protein is present in grafted wild-type roots but, as seen

with YFP, its protein presence does not correlate with its tran-

script presence in roots (Figure 2; Figure S5D) suggesting that

this truncated fusion is diffusing similarly to YFP via the phloem

to roots.

Notably, compared with wild-type TCTP1 RNA, the modified

and non-mobile YFP-TCTP1M RNA sequence carries instead

of the potential m5C-modified C141 a T141 ORF base (sequence

CCAAUCCAUCU changed to CTAAUCCAUCU; Data S2G). As

this YFP-TCTP1M RNA fusion construct is not mobile over graft

junctions (Figure 2D), it is likely that methylation of TCTP1 bases

mediates transcript transfer. Taking into account that transport

of HSC70.1 transcript also depends on m5C editing (Figure 3),

these results suggest that mobile transcripts harbor an RNA

motif recognized by RNAmethyltransferases leading to cytosine

methylation-mediated delivery of these transcripts into the

phloem. After transport to roots and unloading e.g., into phloem

pole pericycle cells (Figure 4), these mobile transcripts can be

translated to functional proteins.

In Arabidopsis, TCTP1 is ubiquitously and relatively highly

expressed and a lack of TCTP1 activity results in embryo

abortion, lower number of secondary roots, and severely

dwarfed plants with fewer cells [42, 43]. TCTP1 protein, in

line with a systemic function in other eukaryotes, has been de-

tected in the Arabidopsis pollen tube secretome [44], and it

was proposed that TCTP1 protein has a function in root devel-

opment [42, 45], suggesting that TCTP1 RNA transport to spe-

cific lateral root initiation sites (Figure 4) might be part of its

signaling function. The function of the relatively lowly

expressed Arabidopsis TCTP1 ortholog TCTP2 was not exam-

ined in Arabidopsis thaliana but in transgenic Nicotiana

tabacum plants. Here, TCTP2 transcript moves long distance

from source to sink tissues and less efficiently in the opposite

direction. TCTP2 protein and/or mRNA appeared in

parenchyma cells and adventitious roots, correlating with

adventitious root formation [46, 47]. In line, we have shown

that transport of TCTP1 transcript is a key to its function as

a growth regulator. Proper TCTP1 transcript folding is neces-

sary for its transport to distant root cells as indicated by the

lack of mobility of the YFP-TCTP1M transcript having an

Arabidopsis optimized codon usage. YFP-TCTP1M transgenic

plants express a fusion protein identical to YFP-TCTP1 protein

with a similar subcellular distribution (Figure 2; Figure S3; Data

S2). However, the YFP-TCTP1M produced protein does not

induce root growth in plants (Figure 5) indicating that TCTP1

transcript mobility is required for its growth regulating

function.

Notably, measurements of mRNA stability and quantity re-

vealed no changes of TCTP1 or other tested mobile transcripts

in cytosine methylation mutants (Figure 3; Figure S4D). Thus,

mRNA abundance is most likely not a factor triggering transcript

transport in contrast to proposed models based on in silico ana-

lyses [10, 11]. Our study suggests that cytosine methylation is

present in a high number of mobile transcripts (>350) in
2474 Current Biology 29, 2465–2476, August 5, 2019
Arabidopsis (Figure 1C) and that a deficiency in mRNA methyl-

ation blocks transcript mobility. These combined results indicate

that m5C methylation is at least one key factor eliciting mRNA

long-distance transport over graft junctions.

In pumpkin, TCTP protein is present in phloem RNA BIND-

ING PROTEIN 50 (RBP50)—protein complexes that bind to

aforementioned PTB RNA sequences found in graft mobile

GAI transcript [22, 48, 49]. Similarly, in potato RBP50 interacts

with PTB-related sequences present in the 30 UTR of graft mo-

bile StBEL5 transcript [50]. Consequently, PTB sequences

were suggested to constitute bona fide motifs facilitating deliv-

ery of mRNAs into and/or out of the phloem stream [22]. How-

ever, neither a PTB-like motif nor a TLS motif is present in the

TCTP1 protein-coding sequences (ORFs). In the mobile

HSC70.1 transcript, several PTB-like motifs were detected,

but a TLS motif was not found [1, 2]. Thus, one might conclude

that both motifs are imperfect predictors for mRNA mobility.

However, both PTB-like and TLS motifs are enriched in signif-

icant but small subsets of mobile transcripts. Thus, it seems

that diverse mRNA transport initiator sequences exist to trigger

mRNA transport. These transport mediating sequences could

involve specific sequence stretches such as PTB-like se-

quences, structures like the TLS-related motif, or, as detected

in a large fraction of mobile transcripts, an m5C methylation

base modification, or combinations thereof, guiding the

delivery and expression of mRNAs in specific cell types.
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(2016). Quantitative proteomics of the tobacco pollen tube secretome
2476 Current Biology 29, 2465–2476, August 5, 2019
identifies novel pollen tube guidance proteins important for fertilization.

Genome Biol. 17, 81.

45. Branco, R., and Masle, J. (2019). Systemic signalling through translation-

ally controlled tumour protein controls lateral root formation in

Arabidopsis. J. Exp. Bot. Published online April 30, 2019. https://doi.

org/10.1093/jxb/erz204.

46. Toscano-Morales, R., Xoconostle-Cázares, B., Cabrera-Ponce, J.L.,
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rat monoclonal [3H9] to GFP ChromoTek Cat#: 029762

Anti-Rat IgG�Peroxidase Sigma-Aldrich Cat#: A9037

Anti-5-methylcytosine ZymoResearch Cat#: A3001-200

Bacterial Strains

TOP 10 E. coli strain Thermo Fisher Cat#: C404010

DB3.1 E. coli strain Invitrogen Cat#: 11782-018

AGL1 Agrobacteria strain for transformation Lab inoculate N/A

Chemicals, Peptides, and Recombinant Proteins

TRIzol Reagent Invitrogen Cat#: 15596026

Micro agar Duchefa Biochemie Cat#: 9002-18-0

DreamTaq DNA Polymerase Thermo Scientific Cat#: EP0712

ECL Prime Western Blotting Detection Reagent GE Healthcare Cat#: RPN2232

5-Azacytidine Sigma-Aldrich Cat#: 320-67-2

Actinomycin D Sigma-Aldrich Cat#: 50-76-0

Critical Commercial Assays

TURBO-DNAfree kit Invitrogen Cat#: AM1907

Oligotex mRNA mini kit QIAGEN Cat#: 70022

RiboMinus Plant kit Invitrogen Cat#: A1083808

TCTP1M gene synthesis IDT Genomics N/A

Direct RNA sequencing kit RNA001 Nanopore company SQK-RNA001

SuperScript III Reverse Transcriptase Thermo Fischer Cat#: 18080044

mRNA purification kit Invitrogen Cat#: 61006

T4 DNA ligase NEB Cat#: M0202M

Bioanalyzer RNA 6000 Nano kit Agilent Cat#: 5067-1511

Deposited Data

The datasets generated and analyzed during

the current study

NCBI Sequencing Read Archive

(SRA) BioProject ID: PRJNA498623

N/A

Experimental Models: Organisms/Strains

Arabidopsis thaliana Col-0 wild type MPIMP, sequenced by FK lab N/A

Arabidopsis thaliana Col0 hsc70.1 mutant Arabidopsis resource stock center TAIR# AT5G02500, SALK_135531.41.60

Arabidopsis thaliana Col0 dnmt2 nsun2b mutant [24] N/A

Oligonucleotides

pENTR4 vector Thermo Fisher Cat#: A10465

pEarleyGate 104 Arabidopsis resource stock center N/A

Oligonucleotides, PCR primers Data S2 N/A

Recombinant DNA

35S::YFP-TCTP1 fusion/deletion constructs See STAR Methods and Data S2 N/A

CoYMV::alcR >> alcA::mCherrySKL >> CalS3:YFP See STAR Methods N/A

UBQ10::HSC70.1-GFP See STAR Methods N/A

Software and Algorithms

Fiji, ImageJ package, Version 2.0.0-rc-69 [51] https://fiji.sc/#

TOMBO https://github.com/nanoporetech/tombo

FastQC https://www.bioinformatics.babraham.ac.uk/

projects/fastqc

STAR [52] N/A

MACS2 [53] N/A

Current Biology 29, 2465–2476.e1–e5, August 5, 2019 e1

https://fiji.sc/#
https://github.com/nanoporetech/tombo
https://www.bioinformatics.babraham.ac.uk/projects/fastqc
https://www.bioinformatics.babraham.ac.uk/projects/fastqc


LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Friedrich

Kragler (kragler@mpimp-golm.mpg.de).

This study did not generate new unique reagents. Plasmids and transgenic Arabidopsis thaliana lines generated in this study are

available upon request without restrictions.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Arabidopsis thaliana ecotype Columbia-0 (Col-0) wild-type, transgenic, and mutant seeds were sterilized by 70% ethanol supple-

mented with 1% Tween20 for 5 minutes (note: for EtOH-inducible mCherrySKL and CalS3:sYFP lines this step was avoided), 3%

sodium hypochlorite for 5 minutes, washed 5 times with sterile distilled water, and resuspended with 0.15% agar. Seedlings were

grown on plates, in Percival growth chambers set to either long days (16 h light / 8 h dark, 22�C, light intensity: 170 mE$m�2$s�1)

or short days (8 h light / 16 h dark, 22�C, light intensity: 170 mE$m�2$s�1). For the MeRIP assays of seedlings, Arabidopsis wild-

type (Col-0) were grown in half-strength (1/2) Murashige and Skoog (MS) liquid medium supplemented with 0,5 g/l MES

buffer and 7 g/l sucrose (0.7%), adjusted to pH 5.8 with KOH. Twenty-five ml of medium was used per each 100 mm x 100 mm x

20 mm Petri dish containing 50 - 80 seeds. The cultures were grown in Percival growth chambers with 12 h light / 12 h dark (day

22�C / night 19�C; light intensity: 170 mE$m�2$s�1) and harvested for RNA extraction 10 days after germination. For the m5C tran-

scriptome analysis of adult plants, A. thaliana Col-0 were grown on soil in growth chambers under long day conditions 16 h light /

8 h dark; day 22�C / night 19�C; light intensity: 79 mE$m�2$s�1; 6 Klux; 60% relative humidity. The light was produced by Neon tubes

T5 (ref: OSRAM Lumilux DE LUX cool Daylight HO49W/965). For transformation and propagation, adult plants were grown on soil in

growth chambers under long-day condition (16 h light / 8 h dark; day 22�C / night 19�C; light intensity: 170 mE$m�2$s�1; relative

humidity: 60%) or under short-day condition (8 h light / 16 h dark; day 22�C / night 19�C; light intensity: 170 mE$m�2$s�1; relative

humidity: 60%). hsc70.1 insertion mutant (TAIR# AT5G02500, SALK_135531.41.60) seeds were obtained from the Arabidopsis

resource stock center (ABRC). dnmt2 (SALK_136635) nsun2b (SAIL_667_D03) double knock-out mutant seeds were kindly provided

by [24].

METHOD DETAILS

EtOH-Inducible Expression Constructs
Full-length CALS3 CDS sequence (TAIR# AT5G13000) was PCR-amplified from an A. thaliana Col-0 cDNA library and cloned into

pENTRY4 vector MCS (Invitrogen) using NcoI and XbaI. YFP was fused in frame into CALS3 ORF between base +1462

and +1463 by PCR using EcoRI and XhoI restriction sides and 5 x Ala (GCT) linker sequences (Table S1). The resulting ENTRY clone

was recombined (gateway reaction) into the alcohol inducible binary destination vector pEC2 (HygR) [54]. The pEC2-CALS3:sYFP

binary expression vector was introduced into the Agrobacterium strain GV3101 to transform Col-0 wild-type. Resulting transgenic

lines were confirmed by genomic PCR and crossed with transgenic lines containing the binary vector pSRN (KanR) harboring the

companion cell-specific and ethanol-inducible CoYMV::alcR alcA::mCherrySKL constructs (Figures S5A and S5B; Table S1).

EtOH induction was performed 7 days after grafting on plants grown on plates (0.5 MS, 1% sucrose) by evaporation of 10%

EtOH in a closed container in a Percival growth chamber for 24 h under long-day conditions as described above.

Methylated RNA Immuno-precipitation (MeRIP)
Total RNA was purified from 10-day-old seedlings or leaves from 6-week-old adult plants. RNA isolation was performed using TRIzol

(Ambion) according to the manufacturer’s instructions. Instead of chloroform, 1-bromo,3-chloro-propane was used to improve

DNA/RNA separation. Quality controlled (Bioanalyzer RNA 6000 Nano Kit; Agilent) RNA samples were DNase I digested following

the protocol supplied by TURBO-DNAfree Kit (Ambion) and, for the seedling samples, also ribo-depleted using the RiboMinus Plant

Kit for RNA-Seq (Invitrogen). The treated RNA samples were sonicated (Covaris S220 sonication system; microtube AFA Fiber Pre-

Slit Snap-Cap 63 16 mm [Lot No 002516, Part No 520045]), to yield an average size of 100 nt (confirmed by Bioanalyzer RNA 6000

Nano Kit; Agilent) and then used as input material for RNA immunoprecipitation (RIP) with an antibody specifically binding to m5C

nucleotides present in single-stranded nucleic acids (AB Clone 10G4, Zymo Research). For this purpose 12.5 mg of sonicated

RNAandH2Oup to 100 mLwere added in lowbinding tubes, incubated for 10min at 70�C in awater bath and cooled down 10minutes

on ice-water mix. 20 mL of the RNA were saved as the Input sample (freeze at �80�C). The residual 80 mL were filled with H2O up to

1720 mL and distribute the solution to 4 low-binding tubes: 430 mL for each of the 3 IPs and 430 mL for the mock sample

(without antibody). Each reaction was supplied with 50 mL 10xMeRIP buffer (100mMNa- Phosphate pH 7.0, 1.4MNaCl, 0.5% Triton

X- 100), 10 mL a- 5mC antibody (1 mg/ml, ZymoResearch) in the IP samples or 10 mL of H2O in theMock sample and 10 mL RNasin Plus

40 U/ml (Promega). The tubes were incubated 12 - 14 hours at 4�C rotating overhead. The protein G magnetic beads were prepared

immediately before addition by washing three times for 5 minutes with 1x MeRIP buffer (800 mL buffer for 40 mL beads). The beads

were resuspended in the same volume of 1xMeRIP buffer as taken initially and 40 mL of prepared beads were added to each sample.

The samples kept rotating overhead for 2 more hours at 4�C. After the end of incubation time the samples were placed on the mag-

netic rack and the liquid was removed (discarded or saved for controls). Five washing steps followed by resuspending the beads in
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700 mL of 1x MeRIP buffer supplied with 0.01% Tween 20 and incubating for 10 min at RT, rotating overhead. After the last wash, the

beads were resuspended in 200 mL Proteinase K digestion buffer (50 mM Tris–HCl, pH 8.0, 10mM EDTA, 0.5% SDS) with 3.5 mL

RNase grade Proteinase K from Ambion (20mg/mL stock RNase free) and incubated at 50�C for 3 hours on a shaker.

The extraction of RNA was then performed by adding 800 mL Trizol (Ambion) per sample and according to the manufacturer‘s pro-

tocol. Glycoblue was added to precipitate RNA and all tubes were pre-cooled to be used in the precipitation step. All RNA samples

were resuspended in 20 mL RNase-free H2O. To use in qPCR assays, reverse transcription was done following the AMV Reverse

Transcriptase protocol (Promega) with random hexamers. TruSeq RNA v2 was chosen as the RNA-seq library prep kit (directional)

for deep sequencing of the INPUT and IP samples from Arabidopsis seedlings (for sample replicates and sequencing details see

Table S2). IP RNA samples from Arabidopsis rosette leaves were deep sequenced with Hiseq4000 SE50 and the Input RNA with

BGISEQ-500 SE50.

The such enriched and fragmented MeRIP RNA was used for RNA-seq. Seedling A. thaliana Col-0 m5C RNA samples (input RNA

used as reference) and three parallel MeRIPs (technical replicates) performed on 2.5 mg RNA (each ribo-depleted and sonicated RNA)

and on one mock sample (negative control, beads with no antibody) were submitted to RNaseq. Ribominus plant Kit from Invitrogen

(Catalog number: A1083808) was used to remove rRNA from the RNA samples. From 40 mg of total RNA, about 12.5 mg of ribo-

depleted RNA were obtained in 80 ml total volume. 4 different ribodepletion reactions were done at the same time, each with

10 mg of RNA, for each of the two sets of plant cultures used in this study (a total of 8 ribodepletion reactions). This whole procedure

was performed with two independent sets of seedling cultures (biological replicates), growing in parallel (manually randomized

position) in the environmentally controlled chamber. For adult plants, 2.5 mg of sonicated RNA were used for the input sample,

the MeRIP assay, and the mock.

Sequencing and Analysis of MeRIP
All MeRIP samples - two input and one IP sample for MeRIP seedlings; one input and one IP sample for MeRIP rosette leaves - were

submitted to single-end sequencing with a read length of 50 bases (BGI, China) (Table S2). Reads were subjected to quality control

with FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/), non-anchored adaptors were trimmed from the 30 end
of reads using cutadapt [55], and trimmed reads shorter than 48 nt were discarded. For seedling datasets, consistency between rep-

licates was evaluated using Pearson’s correlation (r = 0.91). All trimmed reads were mapped to the Arabidopsis genome sequence

(TAIR10 annotation) using STAR [52] allowing up to 6%ofmismatches and intron sizes less than 10 kb. Uniquely mapping reads were

retained for further analysis (note that we also discarded readsmapping around rDNA annotated regions on chromosome 2 and 3, as

these regions are not well annotated). Reads failing the vendor/platform quality check (SAM flag 0x200) were discarded. In order to

identify RNAs that potentially harbor m5C methylation sites, we used two different methods and only kept those reported by both

methods. First, we adapted a previously published method for MeRIP-Seq peak detection [29]. We divided the entire Arabidopsis

genome into 25-nt discrete, non-overlapping windows and counted, for Input and MeRIP (IP) samples, the number of uniquely map-

ped reads, considering only the last mapped nucleotide, within each window. The Fisher Exact Test (FET) was used to determine

windows significantly enriched in each MeRIP sample (considered independently) compared to input. The Benjamini-Hochberg pro-

cedurewas used to correct for multiple testing. Finally, independent q-valueswere combined using Fisher’smethod for eachwindow

and final q-values < 0.05 were considered significant. This strategy allowed us to identify MeRIP peaks with high confidence. Given

that sequenced reads (48–50 nt) derive from 100-nt RNA fragments, we expect peaks to cover at least two consecutive windows.

Thus, enriched windows that are singletons were discarded. Second, MeRIP peaks were also detected using MACS2 [53]; a peak

caller typically used for ChIP-seq analysis. For downstream analysis, only transcripts found enriched by bothmethodswere selected.

Thus, for the MeRIP samples, we obtained two sets of m5Cmethylated transcripts identified by Meyer et al. and MACS2 peak calling

for (i) seedlings identified independently in two replicates (n = 182) and (ii) rosette leaves from adult plants identified in one replicate

(n = 416) (Data S1). Both lists overlap by 66 transcripts. MeRIP peak distribution along putative methylated transcripts was plotted

using an ad hoc script that computes the surface covered by each detected MeRIP peak along a meta-transcript formed by the

merged exons. Transcripts were sorted by length from top to bottom and were centered at the CDS start position. Additionally,

we plotted the relative frequency of methylation sites across the relative lengths of the UTR and CDS regions.

Nanopore Sequencing and Analysis
The nanopore sequenced samples are from 3-week-old soil grown seedlings. After total RNA extraction with TRIzol followed by

DNase I treatment, mRNAs were enriched with oligotex mRNA mini kit (QIAGEN, Cat#: 70022). Around 500 ng mRNA were used

for direct RNA sequencing library preparation. The library was constructed strictly with the protocol provided by the Nanopore com-

pany (https://store.nanoporetech.com/media/wysiwyg/Example_Direct_RNA_Sequencing_Protocol_v4.pdf). The kit for the library

preparation is SQK-RNA001. The prepared library was then loaded to R9.4 flowcell and sequenced with MinION device for 24 hours.

The acquired fast5 files were analyzed with Tombo package (V 1.4) (https://github.com/nanoporetech/tombo) to predict the

modifications of the RNA sequences. The model of ‘‘m5C’’ was implemented to detect possible cytosine modification in each

read. The score on each site indicated the fraction of a possible modification on a given site and only the sites with > 90% fraction

were selected for further analysis (Data S1).
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Arabidopsis Hypocotyl Grafting
Arabidopsis seeds were grown vertically on the plates (1/2 MS salts, 1% sucrose, and 0.68%micro agar [Duchefa Biochemie]) under

short-day condition in a controlled environmental chamber (Percival) for 7-8 days. Seedlings with similar size and evenly elongated

hypocotyls were cut in the upper half of the hypocotyl with a sterile razor blade. Silicon micro-tubing (0.3 mm internal diameter) was

used to support graft junctions. Grafted plants were transferred to new plates (1/2 MS salts, 1% sucrose, 1% micro agar [Duchefa

Biochemie]) and grown vertically under short-day condition. Adventitious roots forming above the junction were removed every

two days. Ten days after grafting, plants were used to detect YFP fluorescence in the scion and stock using CLSM. Two weeks after

grafting, scion and root tissues were harvested for RNA isolation and detection of transcripts by RT-PCR using oligo(dT) primer for

the RT reaction and specific primers for the PCR amplification.

Expression Constructs
To produce YFP reporter fusion with wild-type TCTP1 and synthetic TCTP1 (TCTP1M), the full-length wild-type CDSwas PCR-ampli-

fied from a cDNA library (FK734/FK735) and TCTP1M was synthetized (IDT Genomics), respectively. Both of them were cloned into

the pENTR4 (Addgene/Invitrogen) vector using NcoI and XhoI restriction sites and transferred into the pEarlygate104 binary vector

[56] by LR recombinase reaction. For the TCTP1D30 (FK734/FK1201), TCTP1D50 (FK1202/FK735), and TCTP1D50D30 (FK1203/
FK1204) constructs, we used the same strategy. For the TCTP1DA (FK1205/FK1206) construct, two DNA fragments of TCTP1DA

cDNAs were amplified by in-fusion PCR from the pENTR4-TCTP1 template (Table S1), ligated into pENTR4-TCTP1DA (In-Fusion

HD cloning Kit), and transferred into the pEarlygate104 binary vector by LR recombinase reaction (Data S2). All YFP-TCTP1 con-

structs were verified by Sanger sequencing prior to introduction into the Agrobacterium strains GV3101 or ALG1, and transformation

of Col-0 plants by double floral dipping.

RNA and Protein Isolation
Grafted scion and stock tissues (from > 5 plants) were independently collected in 2 mL tubes containing metal beads. After freezing,

750 ml TRIzol Reagent (Invitrogen) was added and samples were homogenized (20 s, vortex) and incubated for 5 minutes at room

temperature (RT) to permit complete dissociation of the nucleoprotein complexes. After chloroform extraction (0.2 mL per

0.75 mL of TRIzol Reagent) the upper aqueous phase containing RNA was used for RNA isolation and the phenol phase for protein

isolation (see below). The RNA phase was transferred to 1.5 mL RNase-free tubes and 1 volume isopropanol and 1/10 volume 3 M

NaOAc (pH 5.2) were added to precipitate total RNA. The RNA pellets were washed twice with 1 mL ice-cold 80% ethanol and once

with 1mL 99%ethanol, resuspended in 10 - 25 ml DEPC treatedH2O, and stored at�80�Cuntil further use. Protein isolation: the lower

phenol phase (protein fraction) was submitted to protein precipitation by adding 1.5 mL isopropanol, incubate at RT for 10 min and

centrifuge at 12000 g for 10 min at 4�C. The pellet was washed twice with 2 mL 0.3 M guanidine hydrochloride (in 95% ethanol) and

incubation for 20 min at room temperature. After centrifugation (5 min, 7500 g at 4�C) the protein pellets were washed once with 99%

ethanol and resuspended in 50 to 200 ml gel loading buffer containing 1% (w/v) SDS at 50�C in a water bath. After centrifugation

(10 min, 10,000 g at 4�C) the supernatant containing the protein fraction was used immediately, avoiding any freezing-thawing,

for SDS-PAGE and western blot detection.

Reverse Transcription Reaction and PCR
Reverse transcription (RT) was performed with the AMV Reverse Transcriptase (Promega) using total RNA (�1.5 mg) and oligo(dT)

primer, denatured at 70�C for 10 min, annealing incubation for 5 min at 37�C. The RT reaction was done at 42�C for 90 min, and

72�C 10 min for inactivation. RT-PCR was conducted under standard PCR conditions with the DreamTaq DNA Polymerase (Thermo

Scientific) using ACTIN2 primers (Table S1) to confirm cDNA quality (28 cycles). For the detection of low-abundant transcripts

originating from grafted plant tissue (root or shoot) the cDNA samples were submitted to 45 PCR cycles or, as indicated in the legend

text, to 50 PCR cycles to ensure lack of presence.

Quantitative RT-PCR Assays
To measure the levels of mobile and mobile/methylated transcripts, total RNA was submitted to quantitative real-time PCR using an

ABI System Sequence Detector (Applied Biosystems 7900HT) as described previously [16]. Three technical replicates were

measured for each sample. Thermal cycling was as follows: Step 1: 1 cycle, 2 min at 50�C; Step 2: 1 cycle, 10 min at 95�C; Step
3: 40 cycles, 15 s at 95�C, 1 min at 60�C. Dissociation step: 15 s at 95�C, 15 s at 60�C, 15 s at 95�C. qRT-PCR primers are listed

in Table S1.

Western Blotting
To detect the protein expression levels of YFP-TCTP1, YFP-TCTP1D30, YFP-TCTP1D50, YFP-TCTP1D50D30, and YFP-TCTP1DA,

total proteins mixed with loading buffer were boiled at 95�C for 5 min in 1% SDS solution. The samples were separated on 10%

SDS-PAGE gel and then transferred to nitrocellulose membranes. The membranes were blocked using 5% low-fat milk in 1xTBS-

Tween solution and incubated with 1:10,000 diluted primary antibody 3H9 a-GFP (lot: 50530, ChromoTek) and 1:20,000 diluted

anti-rat IgG secondary antibody (Promega). For the detection, the ECL Prime Western Blotting Detection Reagent (GE Healthcare)

was used and the chemiluminescent signals were visualized using the ChemiDoc MP Imaging system (Bio-Rad).
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5-Azacytidine (Aza) Treatment
Transgenic 35S::YFP-TCTP1 and 35S::YFP plants were hypocotyl-grafted with Col-0 roots. Seven days after grafting the plants were

transferred to 50mL Falcon tubes supplemented with 1xMSmedium containing 0 mM (control), 100 mMor 150 mMAzacytidine (Stock

50 mM, Sigma) and exposed to long day conditions (16h light / 8h dark; 21�C) on a shaker (90 rpm) for 14 days. CLSM images were

taken as described below.

Microscopy
To detect the presence of YFP-TCTP1 fusions in transgenic and grafted Arabidopsis plants 10 days after grafting for YFP fluores-

cence distribution we used either a Leica SP5 or a Leica SP8 confocal laser scanning microscope (CLSM) as described [16]. In

general, the CLSM settings for the detection of YFP fusion constructs and mCherrySKL fluorescence were as follows: Sequential

excitation/emission setting; excitation: 30% Argon laser 514 nm / 565 nm; emission detection: detection channel 1 (YFP / Green),

524 to 550 nm; detection channel 2 (mCherry, Propidium iodide / Red), 584 - 615 nm; detection channel 3 (auto-fluorescence, plas-

tids / Blue), 700 - 800 nm; gain (PMT), 500v-750v; pinhole 1.0 (or lower). For high-sensitive detection of YFP a HyD detector was

selected as detection channel 1 (> 100% gain) with the according YFP excitation/detection wavelength settings to assess presence

of low abundant YFP fluorescent signals in grafted plants. XYZ and YXZ stack images were assembled and processed using the

Fiji software package [51].

Analysis of mRNA Stability
Two-weeks-old wild-type and dnmt2 nsun2bmutant seedlings grown on 1/2MSplates (short day, 8 h/16 h) were harvested and incu-

bated in liquid MSmedium containing 10mM actinomycin D (Sigma) or DMSO (mock treatment) for different time periods. Total RNA

was extracted and submitted to reverse transcription and quantification of gene expression levels as described [31].

QUANTIFICATION AND STATISTICAL ANALYSIS

Data Processing and Statistical Analysis
Statistical significance of the overlap of two sets of genes and the enrichment of mobile genes or motifs was calculated using exact

hypergeometric probability or the hypergeometric test, respectively. The overlap of three set of genes was calculated using

the R package SuperExactTest [57]. These overlaps refer to Figures 1A, 1C, 1D, and S1 and are shown in the figures, figure legends

and the results section where the figures are described. TLS predictions mentioned in the results section were performed using

RNAMotif with the provided tRNA structure descriptor and default parameter settings as previously described [16]. Motif identifica-

tion as presented in Figure S1C and Results was performed with DREME [33] and the statistical significance was calculated auto-

matically by the algorithm. Standard Errors (SE) and standard deviations (SD) were calculated using Microsoft Excel standard

software.

Quantitative RT-PCR
The statistical analysis of the qRT-PCR assays shown in Figures 3C, 3D, and S3Ewas performed using two-tailed student’s T-Test for

two samples with equal variance and three technical replicates.

Plant Growth Quantification
The statistical details such as number of plants biological replicates, standard error means and significant analysis can be found in

the respective figures and figure legends. In Figures 5B and 5C graphs were created using SigmaPlot (version 14.0.) with vertical

Box-Plot Graph default calculation settings. The statistical significance of the root number and length differences between the

various graft combinations were calculated using two-tailed student’s T-Test for two samples with unequal variance. The number

of analyzed plants (n) is shown in Figure 5B. Rosette growth measurements and statistics shown in Figure S5C were done as

described [58].

DATA AND CODE AVAILABILITY

No new codes were generated in the study. The datasets generated and analyzed during the current study are available in the NCBI

Sequencing Read Archive (SRA) under BioProject ID PRJNA498623.
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