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ABSTRACT
Plant development and responses to environmental cues largely depend on mobile
signals including microRNAs (miRNAs) required for post-transcriptional silencing
of specific genes. Short-range cell-to-cell transport of miRNA in developing tissues
and organs is involved in transferring positional information essential for
determining cell fate. Among other RNA species, miRNAs are found in the phloem
sap. Long-distance transport of miRNA via the phloem takes a part in regulation of
physiological responses to changing environmental conditions. As shown for
regulation of inorganic phosphorus and sulfate homeostasis, mature miRNAs rather
than miRNAs precursors are transported in the phloem as signaling molecules. Here,
a bioinformatics analysis of transcriptomic data for Cucurbita maxima phloem
exudate RNAs was carried out to elucidate whether miRNA precursors could also be
present in the phloem. We demonstrated that the phloem transcriptome contained a
subset of C. maxima pri-miRNAs that differed from a subset of pri-miRNA
sequences abundant in a leaf transcriptome. Differential accumulation of pri-miRNA
was confirmed by PCR analysis of C. maxima phloem exudate and leaf RNA samples.
Therefore, the presented data indicate that a number of C. maxima pri-miRNAs are
selectively recruited to the phloem translocation pathway. This conclusion was
validated by inter-species grafting experiments, in which C. maxima pri-miR319a
was found to be transported across the graft union via the phloem, confirming the
presence of pri-miR319a in sieve elements and showing that phloem miRNA
precursors could play a role in long-distance signaling in plants.

Subjects Cell Biology, Molecular Biology, Plant Science
Keywords miRNA, Pre-miRNA, Pri-miRNA, miRNA precursor, Phloem, Phloem RNA, RNA
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INTRODUCTION
In eukaryotes, microRNAs (miRNAs) are 20–24 nucleotide-long RNA molecules that
down-regulate gene expression by targeting mRNAs, which contain sequences
complementary to miRNA, to either translational repression coupled with mRNA decay or
endonucleolytic cleavage (Bartel, 2009). In general, miRNAs are produced from imperfect
stem-loop structures contained in long primary miRNA transcripts (pri-miRNAs) by a
stepwise endonucleolytic processing (Voinnet, 2009; Ha & Kim, 2014). In metazoans,
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pri-miRNAs are initially processed in the nucleus by a protein complex, the key
component of which is Drosha, an RNase III enzyme; the resulting stem-loop miRNA
precursors (pre-miRNAs) are exported to the cytoplasm where they are further processed
into mature miRNAs by Dicer (Ha & Kim, 2014). In plants, which do not encode
Drosha-like proteins, the consecutive steps of pri-miRNA processing into mature miRNA
are carried out by the DCL1 (Dicer-like 1) acting in cooperation with a number of other
proteins (Voinnet, 2009; Rogers & Chen, 2013). Recent data demonstrate that, unlike
metazoans, mature plant miRNAs can be produced in the nucleus and exported into
the cytoplasm in complex with AGO1 (Bologna et al., 2018), the silencing effector
capable, as a part of RNA-induced silencing complex, of cleavage of target RNA molecules
containing sites complementary to miRNAs (Baumberger & Baulcombe, 2005; Rogers &
Chen, 2013).

Most plant miRNAs regulate gene expression cell-autonomously, acting in cells where
they are produced; however, a number of miRNAs are found to be transported either from
cell to cell, or to distant plant organs via the phloem (Marín-González & Suárez-López,
2012). Short-range transport of miRNA in developing tissues and organs is involved in
transferring positional information essential for determining cell fate. For example,
transport of Arabidopsis thaliana miR165 and miR166 from abaxial epidermis of leaf
primordia to other cells takes a part in establishing abaxial/adaxial leaf symmetry by
targeting mRNAs of HD-ZIPIII transcription factors that specify adaxial cell fate (Yao
et al., 2009; Benkovics & Timmermans, 2014; Tatematsu et al., 2015). In developing roots,
miR166 transport from the endodermis toward the root axis specifies differentiation of
xylem cells in the central stele (Carlsbecker et al., 2010; Miyashima et al., 2011). Besides
miR165/miR166, short-range transport is demonstrated for maize miR390 and
Arabidopsis miR394 (Nogueira et al., 2009; Knauer et al., 2013).

In a number of studies, miRNAs are found in phloem exudate preparations (Kehr &
Kragler, 2018; Liu & Chen, 2018). In different studied species, only specific subsets of
known miRNAs are found in the phloem, demonstrating a selectivity in miRNA
phloem loading suggested to result from expression of phloem-mobile miRNA in
companion cells (CCs) (Kehr & Kragler, 2018). Long-distance transport of miRNA via
the phloem, at least when biological functions of such transport are identified, is involved
in plant responses to environmental cues (Marín-González & Suárez-López, 2012).
For example, under conditions of inorganic phosphorus (Pi) starvation, miR399 produced
in leaf vasculature is transported via the phloem to roots, where it targets PHO2
mRNA and therefore regulates plant Pi homeostasis (Pant et al., 2008; Lin et al., 2008;
Buhtz et al., 2010). Two other miRNAs, miR827 and miR2111, are also shown to be
transported from shoots to roots upon Pi starvation (Huen et al., 2017). In a similar
manner, phloem transport of miR395 to roots is involved in regulation of sulfate
homeostasis (Buhtz et al., 2010). Importantly, as shown in grafting experiments for
miR395, miR399, miR827 and miR2111, the mature miRNA rather than a miRNA
precursor is transported via the phloem (Buhtz et al., 2010; Huen et al., 2017).

The presence of pre-miRNAs in the phloem has not been analyzed so far, as the
reported studies have been aimed at detection of mature miRNAs and therefore limited to
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analyses of short phloem RNA fractions (Kehr & Kragler, 2018). In this article, to elucidate
whether pre-miRNAs could be present in the phloem, we carried out a systematic analysis
of transcriptomic data for Cucurbita maxima long phloem RNAs. We demonstrate that
the phloem transcriptome contains a number of pri-miRNA sequences and that different
pri-miRNA subsets are abundant in the phloem and leaf transcriptomes. Differential
accumulation of some pri-miRNAs is confirmed by PCR analysis of C. maxima phloem
and leaf RNA samples. Therefore, the presented data indicate that C. maxima pri-miRNAs
can be selectively recruited to the phloem translocation pathway.

MATERIALS AND METHODS
Sequence analysis
Primary data of transcriptomic sequencing of C. maxima phloem sap (SRX146322) and
leaf mesophyll (SRX4058941) were downloaded using fastq-dump of NCBI SRA Toolkit
2.9.0 (http://ncbi.github.io/sra-tools/). Reads quality check was performed by FastQC
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Phloem and leaf tissue
transcriptomes were de novo assembled by SPAdes 3.12.0 (Bankevich et al., 2012) in
“RNA” mode. Transcripts containing potential miRNA precursors were identified by
using BLAST (Altschul et al., 1990) with Cucumis melo pre-miRNAs annotated at miRBase
(Kozomara & Griffiths-Jones, 2014) as queries. Alignments of primary reads with
assembled contigs were performed using Bowtie2 (Langmead & Salzberg, 2012) and
visualized with Integrative Genomics Viewer (Thorvaldsdottir, Robinson &Mesirov, 2013).
All selected contigs were individually analyzed using BLAST to confirm the presence of
full-length pre-miRNA region. The local coverage distribution plots were built using
“ggplot2” add-on to R language, and Shapiro–Wilk test was performed by the language
R built-in “shapiro.test” function.

Isolation and analysis of phloem exudate RNA
To obtain the phloem exudate of C. maxima (cultivar Big Max), plant leaves were cut out
with a razor blade, and exudate droplets appeared on the petiole cuts were collected by a
micropipette, immediately mixed with ice-cold buffer (0.08 M Tris-HCl, 4 mM EDTA,
0.08 M 2-mercaptoethanol, pH 8.6), and stored at −70 �С.

Total RNA was isolated from phloem exudate and leaf samples using ExtractRNA
reagent (Evrogen, Moscow, Russia) and treated with RNase-free DNase I (ThermoFisher
Scientific, Waltham, MA, USA). Equal amounts of RNA quantified by NanoDrop 2000
(ThermoFisher Scientific, Waltham, MA, USA) were used for reverse transcription carried
out using RevertAid reverse transcriptase (ThermoFisher Scientific, Waltham, MA, USA)
and non-anchored oligo(dT)20 as a primer. For detection of pri-miRNAs and TCTP
mRNA, specific primers were used (Table S1); 30 and 40 amplification cycles were used for
detection of TCTP mRNA and pri-miRNAs, respectively.

Grafting
Inter-species grafting experiments were carried out using the “side-grafting” method
(Tiedemann, 1989). Cut-off epicotyls of C. melo with one true leaf were grafted upon
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C. maxima plants with ten leaves. The cut of C. maxima stem was made in the region of
intercalary meristem of the third true leaf, where the cutoff C. melo epicotyl was placed.
The incision site was wrapped with Parafilm, and the plants were kept under high
humidity conditions until scions started to grow.

RESULTS AND DISCUSSION
To determine whether pre-miRNAs could be present in the phloem, we analyzed a
library of primary reads (NCBI Sequence Read Archive Accession SRX146322) obtained
earlier by new-generation sequencing of long RNAs from C. maxima phloem sap. As a
first step, phloem primary reads were assembled into a transcriptome (Fig. 1). As a
control, a C. maxima leaf transcriptome was assembled on the basis of a library of leaf
mesophyll RNA primary reads (Accession SRX4058941). To identify leaf and phloem
transcriptome contigs containing sequences of pre-miRNAs, we carried out a BLAST
search of the transcriptomes using pre-miRNAs as queries. Since C. maxima pre-miRNAs
are not annotated, and their sequences are not known, for BLAST searches we used
pre-miRNA of C. melo, the only Cucurbitaceae species with annotated pre-miRNA.
Totally, sequences of 120 C. melo pre-miRNA were used as queries. Outputs of
BLAST searches were filtered to select C. maxima sequences that could be confidently
identified as pre-miRNAs. Therefore, only contigs giving local alignments with C. melo
pre-miRNA sequences with e-values less than 1E−15 were selected for further analysis.

primary reads

transcriptome
contigs

candidate
pri-miRNA

abundant
pri-miRNA

assembly

selection of contigs with
high local coverage 

analysis of read 
distribution in contigs 

search for contigs
with similarity to
C.melo pre-miRNAs

leaf phloem

2.95x106 4.87x106

65627

57

96318

35

11 112

Figure 1 Transcriptome analysis workflow. Numbers in ovals indicate numbers of sequences at each
step of the analysis. Full-size DOI: 10.7717/peerj.8269/fig-1
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As a result, 35 and 57 candidate pri-miRNA sequences were identified in transcriptome
contigs of phloem and leaf, respectively (Fig. 1).

To identify pre-miRNAs most abundant in the phloem, we further analyzed primary
transcriptomic data for candidate pri-miRNAs. The abundance of a given contig in a
transcriptome is typically characterized by the “average coverage” (AC) value that is, the
average number of primary reads per one nucleotide in the contig. To determine whether
a high AC value reflected a high abundance of reads covering pre-miRNA regions,
phloem and leaf transcriptome contigs with highest AC values were analyzed in more
detail. Primary reads were aligned to transcriptome contigs, and plots of reading depth that
depict the number of reads covering each contig position were generated. It was found that
pre-miRNA regions were highly covered by reads in three phloem contigs with highest
AC values (P21134, P19669 and P10713) and one such leaf contig (L16156) (Fig. 2),
whereas in leaf contigs L5508 and L11031 peaks of reading depth were located away
from pre-miRNA regions, which had a scarce coverage. Further analysis revealed that the
coverage peaks in these two contigs corresponded to protein-coding regions (Fig. 2).
The open reading frame (ORF) in contig L11031 was found to encode the annotated
C. maxima 17.8-kDa class I heat shock protein (Accession XP_022978137), whereas the
ORF found in contig L5508 was located in the opposite strand relative to pre-miRNA and

Figure 2 Analysis of primary reads distribution in contigs with highest average coverage (AC) value in leaf and phloem transcriptomes. In
presented graphs, the number of reads covering each contig position (Y axis) is plotted against the position in contig (X axis). Pre-miRNA regions are
shown as orange boxes, ORFs are shown by blue arrows. Sites of splicing (exon–exon junctions) revealed by comparisons with respective genomic
sequences are indicated by red triangles. The maximum coverage value for each graph is indicated in square brackets.

Full-size DOI: 10.7717/peerj.8269/fig-2
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encoded an uncharacterized C. maxima protein (Accession XP_022987876) carrying a
vicinal oxygen chelate (VOC) family domain. Comparison with corresponding C. maxima
genomic sequence revealed that the contig L5508 corresponded to a single genomic locus
and contained four exon junction sites in the polarity of VOC ORF-containing mRNA
(Fig. 2). Therefore, likely as a result of inaccuracy in de novo transcriptome data assembly
known to be prone to artifacts (Cerveau & Jackson, 2016), the contig L5508 combined
sequences of two RNAs of opposite polarities encoded by neighboring C. maxima genes
and differed drastically in their transcription levels in leaf. Similarly, the contig L11031
likely combined sequences of two transcripts with different expression levels. Therefore, in
both L5508 and L11031 contigs, the AC values did not reflect the abundance of respective
pre-miRNA sequences in the transcriptome. We concluded that, in general, the AC
parameter could not be used for identification of most abundant pri-miRNA.

To characterize the abundance of pre-miRNA sequences in transcriptomes in a more
adequate way, we introduced the “local coverage” (LC) value defined as the number of
reads covering a central nucleotide of mature miRNA in a given pre-miRNA-containing
contig. To analyze LC values calculated for candidate pri-miRNA sequences, histograms of
contig counts plotted for 10-unit bins of the LC value were built (Fig. 3). For both leaf and
phloem transcriptomes, the LC value had right-skewed distributions, and, according to
Shapiro–Wilk test suitable for analysis of small datasets, in both cases the LC value
distributions were not normal (W = 0.41422, p-value = 3.397E−10 for phloem contigs;
W = 0.49014, p-value = 8.882E−13 for leaf contigs). Assuming that the LC values likely
deviate from a unimodal distribution, we considered groups of contigs with LC > 30
(Fig. 3) as cohorts of pre-miRNA-containing transcripts of high relative abundance in both
transcriptomes.

Finally, as a result of all filtering stages, totally 11 contigs with highly represented
pre-miRNA sequences were selected for the phloem transcriptome and 11 such

Figure 3 Histograms of local coverage (LC) value distribution showing contig counts plotted for
10-unit bins of the LC value. According to Shapiro–Wilk test, distribution of LC value is not normal
(p-value = 8.882E−13 for leaf contigs; p-value = 3.397E−10 for phloem contigs).

Full-size DOI: 10.7717/peerj.8269/fig-3
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contigs—for the leaf transcriptome (Fig. 3; Fig. S1). These two sets had two common
contigs (Fig. 1; Table 1), suggesting that the phloem transcriptome contained a specific
array of pri-miRNA species.

In recent decades, it has been discussed whether (or to what extent) the phloem exudate
preparations supposed to represent the content of sieve elements (SEs) could be, as a result
of destructive methods used for phloem exudate collection, contaminated by
macromolecules from other cells and tissues (Atkins, Smith & Rodriguez-Medina, 2011;
Schulz, 2017). Identification of different sets of abundant pri-miRNA in the phloem and
leaf transcriptomes demonstrated that the presence of pri-miRNAs in the phloem exudate
unlikely resulted from a contamination by pri-miRNAs abundant in leaves. This
conclusion was further supported by analysis of relative abundance of mRNAs in the
phloem and leaf transcriptomes. For example, the number of reads corresponding to
mRNA of rubisco small subunit presumed to be incapable of phloem transport was found
to be 2,031,410 and 18,233 for leaf and phloem transcriptome, respectively, whereas the
abundance of reads corresponding to the translationally controlled tumor protein (TCTP)
mRNA (NCBI accession number XM_023119399) known to be phloem-mobile

Table 1 Relative abundance of pre-miRNA-containing sequences in Cucurbita maxima phloem and leaf transcriptomes.

Pre-miRNA Similarity to
C. melo pre-miRNA

Leaf contigs Phloem contigs

Length e-value Name Length AC LC Name Length AC LC

miR156b 45 1E−15 L16156 1,300 108.4 268 No match

miR156c 103 3E−40 L1898 3,420 23.1 73 No match

miR156e 93 2E−23 L16749 1,261 11.2 48 No match

miR156i 121 4E−22 L20685 1,010 8.3 31 No match

miR159a 209 2E−65 L24286 804 14.7 23 P21134 784 72.9 148

miR166d 120 1E−25 L28720 589 1.8 4 P19669 841 98.0 162

miR166e 287 3E−32 L23584 842 7.2 19 P31502 479 20.7 41

miR167b 98 7E−35 L25833 721 23.9 52 No match

miR167e 107 9E−22 L25150 758 74.8 275 No match

miR168 218 2E−52 L23344 856 12.5 46 P7902 1,508 10.9 56

miR169f 102 3E−26 L31431 494 28.8 82 No match

miR171i1 187 8E−43 L9649 1,849 6.0 11 P3867 1,986 48.0 133

miR171i2 192 2E−26 L8895 1,930 24.7 31 P5314 1,784 11.3 23

miR319a 188 2E−70 No match P20012 828 42.9 53

miR319d 192 1E−53 No match P20793 797 20.8 36

miR390a 116 5E−24 No match P37982 364 26.7 111

miR390b 135 3E−21 No match P38121 362 18.9 49

miR393a 113 9E−28 L11031 1,718 80.8 5 P10713 1,292 102.9 1,042

miR396b1 149 5E−32 L19994 1,055 16.8 50 P29987 513 22.8 61

miR396b2 150 2E−18 L21853 939 14.7 66 No match

Note:
AC, average coverage; LC, local coverage. Gray shading indicate selected contigs carrying sequences highly similar to C. melo pre-miRNA (e-value < 1E−15) and having
high LC value (LC > 30); their counterparts in phloem or leaf transcriptomes (not shaded) are shown for comparison; “no match” indicates that this particular sequence is
not found in phloem or leaf transcriptome. Sequences with indices 1 and 2 in miRNA names correspond to different C. maxima genomic loci.
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(Toscano-Morales et al., 2014; Thieme et al., 2015) did not show so dramatic difference
between the leaf and phloem transcriptomes (56,579 and 201,834 reads, respectively).
Therefore, the presence of a particular RNA in the phloem transcriptome did not correlate
with its level in leaf.

It should be noted that the abundance of pri-miRNAs in the phloem was considerably
lower compared to that of TCTP mRNA. For two most abundant phloem pri-miRNA,
pri-miR166d and pri-miR393a (Table 1), read numbers normalized per 100 nucleotides
were 213.4 and 214.9, respectively, whereas for TCTP mRNA this value was approximately
100-fold higher (22,729.1). One could assume that the observed lower amounts of
pri-miRNA sequences are consistent with regulatory, rather than structural, miRNA
functions.

To experimentally verify sequence analysis data, we attempted to detect pri-miRNAs in
phloem exudate RNA preparations. As a control, RNA was isolated form C. maxima leaf
samples taken from leaf blade areas excluding main veins. In these experiments, three
pri-miRNA of similar abundance were analyzed, namely pri-miR319a that is, present,
according to transcriptome analysis, in the phloem but not in leaves, pri-miR167b found in
leaves but not in the phloem, and pri-miR396b1 identified in both leaf and phloem
transcriptomes (Table 1). Reverse transcription and PCR with specific primers revealed
that for pri-miR319a and pri-miR396b1 products of expected size could be detected in the
phloem, whereas for pri-miR167b and pri-miR396b1–in leaf RNA (Fig. 4A), validating
therefore the transcriptome analysis data. It should be noted that differential detection of
pri-miR319a and pri-miR167b confirmed that samples were not cross-contaminated,
and that specific accumulation of some pri-miRNA, such as pri-miR319a, in the
phloem did not result from their high-level expression in leaf tissues. Thus, based on
transcriptomic data and experimental RNA detection, we conclude that a subset of
C. maxima pri-miRNAs is selectively accumulated in the phloem.

To determine whether pri-miRNAs could be transported over long distances via the
phloem, C. melo was grafted upon C. maxima. Twenty days after grafting, phloem
exudate preparations were collected separately from scion and rootstock of grafted plants,
as well as from control non-grafted C. melo plants. RNA from these samples was analyzed
by reverse transcription and PCR with primers specific for C. maxima pri-miR319a,
which has been confidently identified in C. maxima phloem sap (Fig. 4A). As a positive
control for RNA transport across the graft union, C. maxima phloem-mobile TCTP
mRNA was detected. Since the primers, which have been used for pri-miR319a detection
in leaf and phloem exudate samples, could not discriminate between C. maxima and
C. melo pri-miR319a sequences, another pair of primers was designed to specifically detect
C. maxima pri-miR319a, but not that of C. melo (Table S1). Similarly, TCTP primers were
designed to anneal to the respective sequence of C. maxima, but not C. melo. Using
C. maxima TCTP-specific primers, PCR products of expected size were obtained for both
rootstock and scion RNA, but not for control non-grafted C. melo plants (Fig. 4C).
Sequencing of rootstock- and scion-specific PCR products revealed that their sequences
were identical to that of C. maxima TCTP mRNA. This observation demonstrated that in
the analyzed grafting TCTP mRNA was transported from C. maxima rootstock to C. melo
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scion, as has been previously reported for TCTP mRNA in heterografting experiments
involving other plant species (Toscano-Morales et al., 2014; Thieme et al., 2015). When
amplification was carried out with primers specific for C. maxima pri-miR319a, PCR
products of expected size (276 bp) were found for RNA samples from both rootstock and
scion of grafted plant, but not for C. melo RNA sample (Fig. 4C). Sequence analysis
confirmed that both these products derived from C. maxima rather than C. melo pri-
miR319a. Therefore, these data demonstrate that pri-miR319a is able to be transported
across the graft union via the phloem. In should be emphasized that the presence of a
rootstock-specific pri-miRNA in the scion phloem exudate could not result from a
contamination of scion exudate preparation by RNAs from surrounding tissues and could
result only from long-distance transport of pri-miRNA molecules containing in rootstock
phloem SEs. Thus, the observed rootstock-to-scion phloem transport of pri-miR319a
confirms that detection of this particular pri-miRNA in phloem exudate preparations by
bioinformatics and PCR analysis does reflect its presence in the phloem SEs.

Two models for pri-miRNA entering the phloem SEs can be envisaged. First, since the
size exclusion limit of specialized pore-plasmodesmata units interconnecting SEs and CCs

Figure 4 Detection of pri-miRNA in the phloem. Detection of pri-miRNA (A) and TCTP RNA
(B) in RNA preparations from phloem exudate and leaf samples. Reverse transcription was carried out
with oligo-dT as a primer; pri-miRNA sequences and TCTP RNA were amplified with pairs of specific
primers. (C) Detection of pri-miR319a transport across the graft union. Reverse transcription was carried
out with oligo-dT as a primer. TCTP and pri-miR319a were amplified with specific primers designed to
anneal to respective sequences of C. maxima, but not C. melo. The sizes of pri-miR319a-specific products
in A and C are 162 bp and 276 bp, respectively, as these products were obtained with different pairs of
specific primers (Table S1). Water, a control sample without input RNA. M, DNA size marker; lengths of
individual DNA fragments in bp are indicated. Full-size DOI: 10.7717/peerj.8269/fig-4
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is considerably higher compared to plasmodesmata between other cell types (Oparka &
Cruz, 2000; Lee & Frank, 2018), and a nonspecific loss of proteins from CCs to SEs
has been suggested (Paultre et al., 2016), RNAs synthesized in CCs might also escape into
SEs, and therefore the phloem loading of particular pri-miRNAs can result from their
specific expression in CCs. This model implies that pri-miRNA loading into SEs is a
nonspecific process independent of pri-miRNA structure. Second, in accordance with
the current view on RNA phloem transport, pri-miRNA can be directed to the phloem
translocation pathway by their structural elements serving as specific signals for
phloem targeting. Such signals might enable RNA translocation through all types of
plasmodesmata, and therefore CC-specific expression can be non-essential for pri-miRNA
loading into phloem SEs. Further experiments are required to study these two possibilities.
In particular, regarding the pri-miR319a transport, it is important to understand whether
the pri-miR319a ability for phloem transport correlating with its presence of in the phloem
exudate but not leaf samples results from CC-specific pri-miR319a expression, and
whether pri-miR319a structural elements are essential to enable its transport into the
phloem SEs. In any case, the pri-miRNA phloem loading is an alternative to pri-miRNA
processing and, conceivably, can depend on pri-miRNA ability to avoid processing and
exit the nucleus in an unprocessed form. One can hypothesize that such an ability is
specified by RNA-binding proteins that can, upon interacting with specific signals in pri-
miRNAs, (i) exclude them from a pool of molecules that undergo processing and (ii) direct
their nuclear export and further entering the phloem translocation pathway.

The functional significance of pri-miRNA phloem transport is currently unclear.
To serve as a signal-transducing molecule, a pri-miRNA should be processed into
mature miRNA after delivery to target cells that, in turn, requires import of pri-miRNA
into the nucleus, where the processing of pre-miRNAs giving rise to mature miRNA
occurs in plant cells (Bologna et al., 2018). Nuclear import of RNA is not widespread;
however, a few examples of such a process are documented. For instance, small
nuclear RNAs, the key components of spliceosomes, are transported to the cytoplasm to
form a complex with a number of proteins that is, imported back into the nucleus
(Becker et al., 2019). The tRNA nuclear-cytoplasmic traffic is known to be bidirectional: in
addition to conventional flow of tRNAs from the nucleus to the cytoplasm, cytoplasmic
tRNAs are imported back to the nucleus (Chatterjee et al., 2018). We hypothesize that
pri-miRNA nuclear import can employ one of the pathways used by other cell RNAs.
On the other hand, one cannot exclude that, as an alternative, pri-miRNA signaling
functions could be unrelated to the production of mature miRNA.

CONCLUSION
Mature miRNA are transported through the phloem to contribute to plant responses to
environmental cues. Here, using analysis of transcriptomic data and detection of
pri-miRNA in phloem exudate samples, we demonstrate that precursors of particular
miRNAs are present in the phloem and can be transported via the phloem, potentially
taking a part in long-distance miRNA signaling.

Tolstyko et al. (2019), PeerJ, DOI 10.7717/peerj.8269 10/13

http://dx.doi.org/10.7717/peerj.8269
https://peerj.com/


ACKNOWLEDGEMENTS
We are grateful to Dr. S.Y. Morozov for helpful discussions.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This work was supported by the Russian Science Foundation (Grant 17-14-01032).
The funders had no role in study design, data collection and analysis, decision to publish,
or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
Russian Science Foundation: 17-14-01032.

Competing Interests
The authors declare that they have no competing interests.

Author Contributions
� Eugeny Tolstyko performed the experiments, analyzed the data, prepared figures and/or
tables, approved the final draft.

� Alexander Lezzhov performed the experiments, analyzed the data, prepared figures and/
or tables, authored or reviewed drafts of the paper, approved the final draft.

� Andrey Solovyev conceived and designed the experiments, analyzed the data,
contributed reagents/materials/analysis tools, prepared figures and/or tables, authored
or reviewed drafts of the paper, approved the final draft.

Data Availability
The following information was supplied regarding data availability:

Raw data on assembled contigs identified as abundant in the phloem and leaf
transcriptomes are available in the Supplemental Files.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.8269#supplemental-information.

REFERENCES
Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. 1990. Basic local alignment search tool.

Journal of Molecular Biology 215(3):403–410 DOI 10.1016/S0022-2836(05)80360-2.

Atkins CA, Smith PMC, Rodriguez-Medina C. 2011. Macromolecules in phloem exudates—
a review. Protoplasma 248(1):165–172 DOI 10.1007/s00709-010-0236-3.

Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS, Lesin VM,
Nikolenko SI, Pham S, Prjibelski AD, Pyshkin AV, Sirotkin AV, Vyahhi N, Tesler G,
Alekseyev MA, Pevzner PA. 2012. SPAdes: a new genome assembly algorithm and its
applications to single-cell sequencing. Journal of Computational Biology 19(5):455–477
DOI 10.1089/cmb.2012.0021.

Tolstyko et al. (2019), PeerJ, DOI 10.7717/peerj.8269 11/13

http://dx.doi.org/10.7717/peerj.8269#supplemental-information
http://dx.doi.org/10.7717/peerj.8269#supplemental-information
http://dx.doi.org/10.7717/peerj.8269#supplemental-information
http://dx.doi.org/10.1016/S0022-2836(05)80360-2
http://dx.doi.org/10.1007/s00709-010-0236-3
http://dx.doi.org/10.1089/cmb.2012.0021
http://dx.doi.org/10.7717/peerj.8269
https://peerj.com/


Bartel DP. 2009. MicroRNAs: target recognition and regulatory functions. Cell 136(2):215–233
DOI 10.1016/j.cell.2009.01.002.

Baumberger N, Baulcombe DC. 2005. Arabidopsis ARGONAUTE1 is an RNA slicer that
selectively recruits microRNAs and short interfering RNAs. Proceedings of the National Academy
of Sciences of the United States of America 102(33):11928–11933 DOI 10.1073/pnas.0505461102.

Becker D, Hirsch AG, Bender L, Lingner T, Salinas G, Krebber H. 2019. Nuclear pre-snRNA
export is an essential quality assurance mechanism for functional spliceosomes. Cell Reports
27(11):3199–3214.e3 DOI 10.1016/j.celrep.2019.05.031.

Benkovics AH, Timmermans MCP. 2014. Developmental patterning by gradients of mobile small
RNAs. Current Opinion in Genetics and Development 27:83–91 DOI 10.1016/j.gde.2014.04.004.

Bologna NG, Iselin R, Abriata LA, Sarazin A, Pumplin N, Jay F, Grentzinger T, Dal Peraro M,
Voinnet O. 2018.Nucleo-cytosolic shuttling of ARGONAUTE1 prompts a revised model of the
plant microRNA pathway. Molecular Cell 69(4):709–719 DOI 10.1016/j.molcel.2018.01.007.

Buhtz A, Pieritz J, Springer F, Kehr J. 2010. Phloem small RNAs, nutrient stress responses, and
systemic mobility. BMC Plant Biology 10(1):64 DOI 10.1186/1471-2229-10-64.

Carlsbecker A, Lee J-Y, Roberts CJ, Dettmer J, Lehesranta S, Zhou J, Lindgren O, Moreno-
Risueno MA, Vatén A, Thitamadee S, Campilho A, Sebastian J, Bowman JL, Helariutta Y,
Benfey PN. 2010. Cell signalling by microRNA165/6 directs gene dose-dependent root cell fate.
Nature 465(7296):316–321 DOI 10.1038/nature08977.

Cerveau N, Jackson DJ. 2016. Combining independent de novo assemblies optimizes the coding
transcriptome for nonconventional model eukaryotic organisms. BMC Bioinformatics 17(1):525
DOI 10.1186/s12859-016-1406-x.

Chatterjee K, Nostramo RT, Wan Y, Hopper AK. 2018. tRNA dynamics between the nucleus,
cytoplasm and mitochondrial surface: location, location, location. Biochimica et Biophysica Acta
Gene Regulatory Mechanisms 1861(4):373–386 DOI 10.1016/j.bbagrm.2017.11.007.

Ha M, Kim VN. 2014. Regulation of microRNA biogenesis. Nature Reviews Molecular Cell Biology
15(8):509–524 DOI 10.1038/nrm3838.

Huen AK, Rodriguez-Medina C, Ho AYY, Atkins CA, Smith PMC. 2017. Long-distance
movement of phosphate starvation-responsive microRNAs in Arabidopsis. Plant Biology
19(4):643–649 DOI 10.1111/plb.12568.

Kehr J, Kragler F. 2018. Long distance RNA movement. New Phytologist 218(1):29–40
DOI 10.1111/nph.15025.

Knauer S, Holt AL, Rubio-Somoza I, Tucker EJ, Hinze A, PischM, Javelle M, Timmermans MC,
Tucker MR, Laux T. 2013. A protodermal miR394 signal defines a region of stem cell
competence in the Arabidopsis shoot meristem. Developmental Cell 24(2):125–132
DOI 10.1016/j.devcel.2012.12.009.

Kozomara A, Griffiths-Jones S. 2014. miRBase: annotating high confidence microRNAs using
deep sequencing data. Nucleic Acids Research 42(D1):D68–D73 DOI 10.1093/nar/gkt1181.

Langmead B, Salzberg SL. 2012. Fast gapped-read alignment with Bowtie 2. Nature Methods
9(4):357–359 DOI 10.1038/nmeth.1923.

Lee J-Y, Frank M. 2018. Plasmodesmata in phloem: different gateways for different cargoes.
Current Opinion in Plant Biology 43:119–124 DOI 10.1016/j.pbi.2018.04.014.

Lin S-I, Chiang S-F, Lin W-Y, Chen J-W, Tseng C-Y, Wu P-C, Chiou T-J. 2008. Regulatory
network of microRNA399 and PHO2 by systemic signaling. Plant Physiology 147(2):732–746
DOI 10.1104/pp.108.116269.

Tolstyko et al. (2019), PeerJ, DOI 10.7717/peerj.8269 12/13

http://dx.doi.org/10.1016/j.cell.2009.01.002
http://dx.doi.org/10.1073/pnas.0505461102
http://dx.doi.org/10.1016/j.celrep.2019.05.031
http://dx.doi.org/10.1016/j.gde.2014.04.004
http://dx.doi.org/10.1016/j.molcel.2018.01.007
http://dx.doi.org/10.1186/1471-2229-10-64
http://dx.doi.org/10.1038/nature08977
http://dx.doi.org/10.1186/s12859-016-1406-x
http://dx.doi.org/10.1016/j.bbagrm.2017.11.007
http://dx.doi.org/10.1038/nrm3838
http://dx.doi.org/10.1111/plb.12568
http://dx.doi.org/10.1111/nph.15025
http://dx.doi.org/10.1016/j.devcel.2012.12.009
http://dx.doi.org/10.1093/nar/gkt1181
http://dx.doi.org/10.1038/nmeth.1923
http://dx.doi.org/10.1016/j.pbi.2018.04.014
http://dx.doi.org/10.1104/pp.108.116269
http://dx.doi.org/10.7717/peerj.8269
https://peerj.com/


Liu L, Chen X. 2018. Intercellular and systemic trafficking of RNAs in plants. Nature Plants
4(11):869–878 DOI 10.1038/s41477-018-0288-5.

Marín-González E, Suárez-López P. 2012. And yet it moves: cell-to-cell and long-distance
signaling by plant microRNAs. Plant Science 196:18–30 DOI 10.1016/j.plantsci.2012.07.009.

Miyashima S, Koi S, Hashimoto T, Nakajima K. 2011. Non-cell-autonomous microRNA165 acts
in a dose-dependent manner to regulate multiple differentiation status in the Arabidopsis root.
Development 138(11):2303–2313 DOI 10.1242/dev.060491.

Nogueira FTS, Chitwood DH, Madi S, Ohtsu K, Schnable PS, Scanlon MJ, Timmermans MCP.
2009. Regulation of small RNA accumulation in the maize shoot apex. PLOS Genetics
5(1):e1000320 DOI 10.1371/journal.pgen.1000320.

Oparka KJ, Cruz SS. 2000. The great escape: phloem transport and unloading of macromolecules.
Annual Review of Plant Physiology and Plant Molecular Biology 51(1):323–347
DOI 10.1146/annurev.arplant.51.1.323.

Pant BD, Buhtz A, Kehr J, Scheible W-R. 2008. MicroRNA399 is a long-distance signal for the
regulation of plant phosphate homeostasis. Plant Journal 53(5):731–738
DOI 10.1111/j.1365-313X.2007.03363.x.

Paultre DSG, Gustin M-P, Molnar A, Oparka KJ. 2016. Lost in transit: long-distance trafficking
and phloem unloading of protein signals in Arabidopsis homografts. Plant Cell 28(9):2016–2025
DOI 10.1105/tpc.16.00249.

Rogers K, Chen X. 2013. Biogenesis, turnover, and mode of action of plant microRNAs. Plant Cell
25(7):2383–2399 DOI 10.1105/tpc.113.113159.

Schulz A. 2017. Long-distance trafficking: lost in transit or stopped at the gate? Plant Cell
29(3):426–430 DOI 10.1105/tpc.16.00895.

Tatematsu K, Toyokura K, Miyashima S, Nakajima K, Okada K. 2015. A molecular mechanism
that confines the activity pattern of miR165 in Arabidopsis leaf primordia. Plant Journal
82(4):596–608 DOI 10.1111/tpj.12834.

Thieme CJ, Rojas-Triana M, Stecyk E, Schudoma C, Zhang W, Yang L, Miñambres M,
Walther D, Schulze WX, Paz-Ares J, Scheible W-R, Kragler F. 2015. Endogenous Arabidopsis
messenger RNAs transported to distant tissues. Nature Plants 1(4):15025
DOI 10.1038/nplants.2015.25.

Thorvaldsdottir H, Robinson JT, Mesirov JP. 2013. Integrative genomics viewer (IGV):
high-performance genomics data visualization and exploration. Briefings in Bioinformatics
14(2):178–192 DOI 10.1093/bib/bbs017.

Tiedemann R. 1989. Graft union development and symplastic phloem contact in the Heterograft
Cucumis sativus on Cucurbita ficifolia. Journal of Plant Physiology 134(4):427–440
DOI 10.1016/S0176-1617(89)80006-9.

Toscano-Morales R, Xoconostle-Cázares B, Martínez-Navarro AC, Ruiz-Medrano R. 2014.
Long distance movement of an Arabidopsis translationally controlled tumor protein (AtTCTP2)
mRNA and protein in tobacco. Frontiers in Plant Science 5(361):705
DOI 10.3389/fpls.2014.00705.

Voinnet O. 2009. Origin, biogenesis, and activity of plant microRNAs. Cell 136(4):669–687
DOI 10.1016/j.cell.2009.01.046.

Yao X, Wang H, Li H, Yuan Z, Li F, Yang L, Huang H. 2009. Two types of cis-acting elements
control the abaxial epidermis-specific transcription of the MIR165a and MIR166a genes. FEBS
Letters 583(22):3711–3717 DOI 10.1016/j.febslet.2009.10.076.

Tolstyko et al. (2019), PeerJ, DOI 10.7717/peerj.8269 13/13

http://dx.doi.org/10.1038/s41477-018-0288-5
http://dx.doi.org/10.1016/j.plantsci.2012.07.009
http://dx.doi.org/10.1242/dev.060491
http://dx.doi.org/10.1371/journal.pgen.1000320
http://dx.doi.org/10.1146/annurev.arplant.51.1.323
http://dx.doi.org/10.1111/j.1365-313X.2007.03363.x
http://dx.doi.org/10.1105/tpc.16.00249
http://dx.doi.org/10.1105/tpc.113.113159
http://dx.doi.org/10.1105/tpc.16.00895
http://dx.doi.org/10.1111/tpj.12834
http://dx.doi.org/10.1038/nplants.2015.25
http://dx.doi.org/10.1093/bib/bbs017
http://dx.doi.org/10.1016/S0176-1617(89)80006-9
http://dx.doi.org/10.3389/fpls.2014.00705
http://dx.doi.org/10.1016/j.cell.2009.01.046
http://dx.doi.org/10.1016/j.febslet.2009.10.076
http://dx.doi.org/10.7717/peerj.8269
https://peerj.com/

	Identification of miRNA precursors in the phloem of Cucurbita maxima
	Introduction
	Materials and Methods
	Results and discussion
	Conclusion
	flink5
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


