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Small nucleolar RNAs (snoRNAs) are a class of conserved nuclear RNAs that play
important roles in the modification of ribosomal RNAs (fRNAs) in plants. In rubber
trees, rRNAs are run off with latex flow during tapping and need to be regenerated for
maintaining the functions of the laticifer cells. SnoRNAs are expected to play essential
roles in the regeneration of rRNAs. However, snoRNAs in the rubber tree have not been
sufficiently characterized thus far. In this study, we performed nuclear RNA sequencing
(RNA-seq) to identify snoRNAs globally and investigate their roles in latex regeneration.
We identified a total of 3,626 snoRNAs by computational prediction with nuclear RNA-
seq data. Among these snoRNAs, 50 were highly expressed in latex; furthermore,
the results of reverse transcription polymerase chain reaction (RT-PCR) showed the
abundant expression of 31 of these snoRNAs in latex. The correlation between snoRNA
expression and adjusted total solid content (TSC/C) identified 13 positively yield-
correlated snoRNAs. To improve the understanding of latex regeneration in rubber
trees, we developed a novel insulated tapping system (ITS), which only measures the
latex regenerated in specific laticifers. Using this system, a laticifer-abundant snoRNA,
HbsnoR28, was found to be highly correlated with latex regeneration. To the best of our
knowledge, this is the first report to globally identify snoRNAs that might be involved
in latex regeneration regulation and provide new clues for unraveling the mechanisms
underlying the regulation of latex regeneration.

Keywords: snoRNAs, Hevea brasiliensis, non-coding RNA sequencing, laticifer-abundant, latex regeneration

INTRODUCTION

Small nucleolar RNAs (snoRNAs), which range from 50 to 300 nt in size (Kiss, 2002), are a
distinct class of non-coding RNAs (ncRNAs) that play important roles in ribosomal RNA (rRNA)
maturation by guiding ribose 2’-O-methylation or pseudouridylation modification of the precursor
rRNA (Tollervey and Kiss, 1997; Bachellerie et al., 2002; Watkins and Bohnsack, 2012). Generally,
there are two subclasses of snoRNAs: C/D box snoRNAs and H/ACA box snoRNAs (Dieci et al.,
2009). The C/D box snoRNAs are characterized by conserved 5'-end C box sequence (RUGAUGA)
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and 3’-end D box sequence (CUGA), and some contain less
conserved internal copies of each box, known as C’ box and
D’ box, respectively (Watkins et al., 2000; Kiss, 2002; Lui and
Lowe, 2013). This subclass of snoRNAs guides methylation at the
2-hydroxyl group (2’-O-ribose methylation) in rRNAs, transfer
RNAs (tRNAs), and small nuclear RNAs (snRNAs) (Brown et al.,
2003). Typically, H/ACA box snoRNAs have ACA motifs at
the 3’-end and common hairpin-hinge-hairpin-tail secondary
structures with H box (ANANNA) in the hinge region (Kiss-
Laszl6 et al., 1998; Lui and Lowe, 2013). H/ACA box snoRNAs
guide pseudouridine modification in rRNAs and snRNAs, which
convert uridine into pseudouridine (W) (Tollervey and Kiss,
1997; Watkins and Bohnsack, 2012).

However, several previous studies have shown that
many snoRNAs known as “orphan snoRNAs” have typical
characteristics of snoRNAs but lack complementarities to
snRNA, rRNA, tRNA, or other reported RNAs (Bachellerie et al.,
2002). In addition to canonical modification functions, some
snoRNAs were involved in the process of pre-mRNA alternative
splicing. For example, compelling evidence has been gathered
for the SNORDI115 family of snoRNAs, which were found to
be deleted in individuals with Prader-Willi syndrome (PWS),
to direct alternative splicing of the serotonin receptor subtype
(5-HT2CR) pre-mRNA (Kishore and Stamm, 2006; Doe et al.,
2009; Kishore et al., 2010). In addition, snoRNAs can be further
processed into small ncRNA (sno-miRNAs), which are almost
similar in function to the miRNAs (Lee et al., 1993; Ender et al.,
2008; Kawaji et al., 2008; Taft et al., 2009; Burroughs et al., 2011).
Understanding the emerging relationship between snoRNAs and
RNA silencing may reveal more about the role of RNA in gene
regulation (Lui and Lowe, 2013). Additionally, snoRNAs regulate
chromatin assembly and are involved in cellular response to
stress (Nicoloso et al., 1996; Chow and Heard, 2009; Michel et al.,
2011; Schubert et al., 2012). Thus, these findings suggest that the
potential roles of snoRNAs should be extensively investigated.

To date, snoRNAs have not been extensively studied in plants,
and only a few studies have reported snoRNAs in Arabidopsis
thaliana, Oryza sativa (rice), and other plants. To date, 295
and 544 snoRNA genes were discovered in A. thaliana and
rice, respectively (Liang-Hu et al, 2001; Chen et al, 2003;
Liu et al, 2012). Recently, the emergence of high-throughput
next-generation sequencing (NGS) technology has facilitated
the rapid identification of ncRNAs, such as snoRNAs, and the
determination of their expression profiles at a genome-wide level
in different species. Global identification and analysis of snoRNAs
in rice showed 433 snoRNA candidates, including 125 previously
un-annotated snoRNAs based on their structural features and
common motifs (Liu et al., 2012). In maize, high-throughput
sequencing was performed to identify a total of 169 ncRNAs,
including 70 snoRNAs. Moreover, target site analysis revealed
that 22 snoRNAs can guide to 38 sites of 2’-O-methylation
and pseudouridylation modification of rRNAs and snRNAs (Li
etal, 2018). A combination of high-throughput sequencing and
massive analysis of complementary DNA (cDNA) ends (MACE)
was used to identify the complete tomato pollen sncRNAome,
namely, miRNAs, snoRNAs, and tRNAs, and the regulatory
network of these small RNAs was integrated into heat stress

response in different stages of the development of tomato pollens
(Bokszczanin et al., 2015).

The rubber tree (Hevea brasiliensis) is a tropical perennial crop
originating in the Amazon basin and is the most economically
important tropic crop in many tropical countries that provides
the largest renewable natural rubber (NR) for the industry
(Lau et al, 2016). The rubber tree latex is the cytoplasm
of laticifers, and the latex exudes when the bark is tapped.
A major part of the latex consists of rubber particles, lutoids,
and other cytoplasmic components; in addition, it contains a
small amount of laticifer nuclei (Shearman et al., 2014). High
turgor pressure in the laticifers results in the release of the
cytoplasm from the laticifers (Dickenson, 1965). However, biotic
and abiotic stresses, namely, drought, salinity, temperature,
mechanical wounding, and pathogen attacks, are the main factors
affecting the production of latex (Jaspers and Kangasjarvi, 2010).
During tapping, rRNA and proteins are run off from the laticifers
and need to be re-synthesized before the next tapping to ensure
the continuous yield of latex (McMullen, 1962). rRNAs are the
fundamental component of ribosomes, which are the machinery
for protein synthesis (Yamashita et al., 2016). Therefore, rRNA
maturation, during which proteins required to maintain the
biological activity in laticifers are synthesized, is considered
to be the first step in latex regeneration. rRNAs are first
transcribed as pre-rRNAs, and only after 2'-O-methylation or
pseudouridylation modifications they are processed into mature
rRNAs (Tupy, 1988). Therefore, snoRNAs are expected to play
important roles in latex regeneration. To date, a few snoRNAs
have been identified in H. brasiliensis, and their functional roles
in H. brasiliensis are largely unknown (Gébelin et al., 2012);
therefore, deep sequencing should be performed to identify
and analyze the snoRNAs and will contribute to a better
understanding of the mechanism underlying the regulation of
their expression (Chow et al., 2007).

In this study, we constructed and sequenced a non-coding
RNA population ranging from 50 to 300 nt from the rubber
tree leaves and latex samples for global screening and identifying
potential functional snoRNAs in the rubber tree. We identified
a total of 3,626 snoRNAs by this extensive analysis, and showed
that 50 of them were highly expressed in latex; the expression
of 31 out of the 50 snoRNAs in latex was confirmed by reverse
transcription polymerase chain reaction (RT-PCR). The results
of the analysis of the correlation between snoRNA expression
and latex yield showed that 13 laticifer-abundant snoRNAs were
highly associated with latex yield and total solid content (TSC).
HbsnoR28 was highly correlated with latex regeneration in the
depletion test. Thus, our results improve the understanding of
latex metabolism and regeneration in the rubber tree.

MATERIALS AND METHODS

Preparation of the Plant Material

Five-year-old mature rubber trees (H. brasiliensis cv. Reyan7-33-
97) were maintained at the experimental plantation of the Rubber
Research Institute, Chinese Academy of Tropical Agricultural
Sciences (Danzhou, Hainan, China). The leaves from the first
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umbrella were harvested, and the latex was collected using the
conventional S/2 d/3 (half spiral cut tapped at the third daily
frequency) tapping system. Samples from 10 tapped trees were
combined into one biological replicate. Each experiment was
conducted using at least three replicates. Total latex production
was measured using the conventional approach of S/2 d/3 and
was weighed as TSC after air drying at 60°C.

Isolation of Nuclear RNA and
Construction of Complementary DNA
Libraries of Non-coding RNAs

The leaves were cut into 0.5- to 1-cm-wide strips. The samples
were treated with cellulase (R-10; Solarbio®, Beijing, China)
to produce protoplasts (Tang et al, 2007). The protoplasts
were washed five times with a washing buffer (154 mM
NaCl, 125 mM CaCl,, and 5 mM KCIl) and preserved at
—80°C. The nuclei were isolated using a nuclear isolation
buffer [NIB; 10 mM N-2-hydroxyethylpiperazine-N-2-ethane
sulfonic acid (HEPSE), 0.8 M sucrose, 5 mM MgCl,, 5 mM
ethylenediamine tetraacetic acid (EDTA), pH 7.6, and then 0.07%
B-mercaptoethanol after autoclaving]. The nuclei of laticifer
cells present in the latex were centrifuged at 16,000 rpm for
2 h under 4°C using an ultracentrifuge (Sovall™ LYNX 4000;
Thermo Fisher Scientific™, United States). We collected only
the precipitate containing most of the lutoid and a small amount
of laticifer nuclei. The pellet was washed two times by violent
vortexing and resuspending in the NIB. Then, the TRIzol
method (Invitrogen™, United States) was used to isolate the
nuclear RNAs according to the protocol of the manufacturer.
The concentrations of samples were measured using an
ultra-microspectrophotometer (NanoDrop2000; Thermo Fisher
Scientific™, United States). Furthermore, rRNAs were isolated
using Ribo-Zero rRNA Removal Kits (Plant Leaf, MRZPL116;
Illumina®, United States) according to the standard protocol.

The sequencing libraries were constructed as previously
described (Deng et al., 2006). Briefly, RNA fractions of 50-500 nt
in length were isolated by polyacrylamide gel electrophoresis
(PAGE) and sequentially ligated to the 5 and 3’ end adaptors.
Then, the adapter-ligated RNAs were reverse transcribed using
primers with partial complementarity to the adaptors. The
cDNAs with both end adaptors were subsequently sequenced
using HiSeq2500 (Illumina, United States).

Data Analysis and de novo

Transcriptome Assembly

Raw reads were trimmed using Trim_Adaptor script' with
the minimum clip length fixed at six nucleotides. The clean
paired-end reads were assembled using the Trinity program
(Trinityrnaseq_r20131110) with the following parameters:
seqType, fastaq; JM, 500G; minimum k-mer value, 1; CPU,
32 (Grabherr et al.,, 2011). The clean reads were mapped onto
the reference genome of the rubber tree (Tang et al, 2016)
with Tophat2 v2.1.0. to calculate the mapping location using
default parameters. For differential expression calculation, RSEM

Uhttps://gist.github.com/zachcp/c45433307a292513af41

v1.2.8 was used according to protocols previously described
(Cheng et al., 2018).

Identification of Small Nucleolar RNAs
and Prediction of Modification Sites in
the Ribosomal RNAs Sequence

Small nucleolar ribonucleic acid candidates were identified using
snoScan 0.9b (Lowe and Eddy, 1999) and snoSeeker v1.1 (Yang
et al, 2006) on the basis of the assembled transcriptome.
On the basis of the known modification sites in A. thaliana,
O. sativa, and other model organisms, we predicted the
putative modification sites on the rRNA sequence according to
consensus rRNA sequence between the rubber tree and the model
plant organisms. Guide snoRNA candidates were identified by
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FIGURE 1 | Ribonucleic acid (RNA) sequencing of the nuclei prepared from
(A) latex and (B) leaves of the rubber tree. The reads were mapped onto the
rubber tree genome and (C) percentages of the mapped reads on each
region were calculated. As the read is 150 nt, one reads may map onto
several regions.

TABLE 1 | List of putative modification sites on ribosomal RNA (rRNA) sequences
in Hevea brasiliensis.

rRNA 2'-0- Methylation site Pseudouridylation site
LSU 107 23
SSU 74 16
5.8S 2 2
Total 183 41

rRNA, ribosomal RNA; LSU, large subunit; SSU, small subunit.
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FIGURE 2 | Flowchart of identification and prediction of small nucleolar RNAs
in the rubber tree.

comparing them with rRNA sequences in H. brasiliensis with
the following parameters: C/D box snoRNA > 14 and H/ACA
box snoRNA > 40. If the snoRNA candidates were located
in the exon, the threshold value would be set higher (C/D
box snoRNA > 20, H/ACA box snoRNA > 45). To remove
rRNAs and other structural gene sequences from the snoRNA
candidates, the candidates were aligned to the eukaryotic rRNA
sequences (download from ftp://ftp.ncbi.nlm.nih.gov/blast/db/),
and the published rubber tree EST sequences (Ko et al., 2003;
Cheng et al., 2016) using BLASTn v2.8.1 RSEM v1.2.8 (Li and
Dewey, 2011) and EBSeq v1.32.0 (Leng et al., 2016) software
were used to analyze the expression levels of snoRNA candidates
in the leaves and latex with the false discovery rate (FDR)
value set at 0.05.

Identification of Putative Small Nucleolar
RNA Target Sites

Methylation sites in the rRNAs were computationally predicted
using the CDSeeker program by scanning for complementary
regions of the snoRNAs from corresponding 5.8S, 18S, and 28S
sequences in H. brasiliensis. The first nucleotide of the D or D’ box

was included in the guide sequence, because this position may
participate in the formed duplex. One mismatch, two GU base
pairs, and no bulges were allowed in the duplex between the guide
and the rRNA region containing the target sequence. Typically,
the H/ACA box snoRNAs are distinguished by the presence
of an ACA motif at the 3’-end and a common hairpin-hinge-
hairpin-tail secondary structure with the H box (ANANNA) in
the hinge region.

Analysis of the Expression of Small
Nucleolar RNAs

Total RNAs were extracted from the leaves and latex using
the Trizol method. We reverse-transcribed 2 pg of total RNA
to ¢cDNA using a SuperScript III reverse transcriptase Kit
(Invitrogen, United States) according to the protocol of the
manufacturer. All the expression analyses were conducted with
three biological replicates. HbI5I was used as the internal
reference for gene expression analyses. Semi-quantitative PCR
was performed using the following conditions: 95°C for
5 min, followed by 30 cycles of denaturing at 95°C for
15 s, annealing at 60°C for 30 s, and elongation at 72°C
for 30 s. About 10 pl of the PCR product was analyzed by
agarose gel electrophoresis. Quantitative RT-PCR (qRT-PCR) was
performed to detect the expression level of each snoRNA in
the hybrid population. Specific primers for respective snoRNAs
(Supplementary Table 4) were designed using Primer 5, and all
of the amplified fragments were sequenced for target verification.
The qRT-PCR reaction was performed on the LightCycler
2.0 System (Roche Diagnostics, Penzberg, Germany) using the
SYBR Green premix kit (TaKaRa, Dalian, China) according to
the instructions of the manufacturer. The relative abundance
of transcripts was calculated using the Light Cycler Relative
Quantification Software. Spearman’s correlation was performed
with adjusted TSC (TSC/C) and qRT-PCR results using R scripts.

Latex Regeneration Using an Insulated
Tapping System

We designed an insulated tapping system (ITS) in this study
(Figures 6A,B). Briefly, a 50-cm-tall bark was insulated by
girding the trunk at a height of 50 and 100 cm. The girding was
carefully performed to cut the yellow layer, where, the laticifers

TABLE 2 | Statistics of identification of latex-abundant small nucleolar RNAs (snoRNAs) in Hevea brasiliensis.

Analysis steps snoScan (C/D guide) CDSeeker ACASeeker Total number
Guide Orphan Guide Orphan

Primary prediction 11269 642 546 409 9259 22125

Removal of EST 1538 174 100 86 1728 3626

Differential expression 198 23 8 12 193 434

Removal of redundancy 172 18 7 11 147 355

High expression in latex 19 2 1 1 27 50

Semi-quantitative PCR 12 0 1 18 31

Related to latex regeneration 3 0 1 9 13

EST, expressed sequence tag.
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(C) RT-PCR validation of 19 latex-abundant H/ACA subfamily snoRNAs.

FIGURE 3 | Identification of latex-abundant small nucleolar RNA (snoRNAs). (A) Heatmap of differential expressed (DE) snoRNA expression between latex and leaf
by comparative transcriptomic analysis. (B) Reverse transcription polymerase chain reaction (RT-PCR) validation of 12 latex-abundant C/D subfamily snoRNAs.
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are abundant while causing no damage to the inner watery layer,
which transports nutrients. In the ITS, the tapping will exude the
latex only from the dedicated 50-cm bark, and the transportation
of nutrients will not be affected.

RESULTS

Nuclear RNA Sequencing and Data
Analysis

To identify snoRNAs globally in the rubber tree, we constructed
two ¢cDNA libraries using the total RNAs extracted from the
nuclei of the latex (Figure 1A) and leaves (Figure 1B) of
the rubber tree. Then, RNA-seq was performed and 4-Gb
clean paired-end reads data were obtained for each sample.
A total of 27 million raw reads were obtained for the leaf
samples and 21 million for the latex, with the Q30 of each
sample higher than 90% (Supplementary Table 1). After filtering
adapter sequences and discarding low-quality reads, the reads
were mapped to the draft rubber tree genome (Liu et al,

2019). The mapping results indicated that the majority of
sequences were in the exon and intergenic regions (Figure 1C),
demonstrating that the RNAs extracted from the crude nuclei
contained abundant amounts of mRNA and pre-mRNA. The
nucleic transcriptome was then de novo assembled using the
Trinity program (Grabherr et al., 2011). To reduce redundancy,
only isoforms that had the highest expression level within
each subcomponent were selected. Then, contigs that match
with the rubber tree structural genes and EST sequences were
removed. Finally, a total of 229,669 contigs representing unique
transcripts were obtained, with an average length of 1,499 nt
and N50 of 1,188 nt. These contigs were used as the ncRNA
transcript repertoire from the rubber tree latex and leaf for
further analysis.

Computational Identification of Small
Nucleolar RNAs

To identify snoRNA candidates, the rRNA modification sites
of 2’-O-methylation and pseudouridylation were first predicted
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TABLE 3 | List of 50 laticifer-abundant expressed small nucleolar RNA (snoRNA) candidates in Hevea brasiliensis.

Name Original ID Length Class Predicted using RealFC
HbsnoR1 comp134121_c0_seq4 71 C/D guide snoScan 5273.50
HbsnoR2 comp135067_c1_seq25 91 C/D guide snoScan 5142.20
HbsnoR3 comp133339_c1_seq1 80 C/D guide snoScan 5110.30
HbsnoR4 comp127218_c0_seq2 112 C/D guide snoScan 4702.82
HbsnoR5 comp134112_c0_seq38 106 C/D guide snoScan 4036.87
HbsnoR6 comp138449_c0_seq9 98 C/D guide snoScan 3803.49
HbsnoR7 comp136167_c0_seq?2 85 C/D guide snoScan 3440.23
HbsnoR8 comp127540_c0_seq7 114 C/D guide snoScan 311.90
HbsnoR9 comp136053_c0_seq5 79 C/D guide snoScan 98.57
HbsnoR10 comp112986_c0_seq1 105 C/D guide snoScan 53.87
HbsnoR11 comp136053_c0_seq1 79 C/D guide snoScan 44.37
HbsnoR12 comp55259_c0_seq1 90 C/D guide snoScan 6.50
HbsnoR13 comp132131_c0_seq2 109 C/D guide snoScan 5.73
HbsnoR14 comp125573_c0_seq3 129 C/D guide snoScan 5.12
HbsnoR15 comp136113_c0_seq10 114 C/D guide snoScan 4.51
HbsnoR16 comp132232_c0_seq?2 158 C/D guide snoScan 4.05
HbsnoR17 comp132541_c0_seqb 76 C/D guide snoScan 3.57
HbsnoR18 comp131062_c0_seq3 103 C/D guide snoScan 3.56
HbsnoR19 comp135337_c0_seq?2 85 C/D guide snoScan 3.04
HbsnoR20 comp130910_c0_seq1 70 C/D guide CDSeeker 2.85
HbsnoR21 comp138599_c0_seq5s 143 C/D guide CDSeeker 2.84
HbsnoR22 comp123171_c0_seq1 130 orphan CDSeeker 4.93
HbsnoR23 comp127086_c0_seq5 129 H/ACA guide ACASeeker 12485.31
HbsnoR24 comp138286_c0_seq14 157 orphan ACASeeker 14668.81
HbsnoR25 comp83639R_c0_seq3 145 orphan ACASeeker 8562.99
HbsnoR26 comp125664_c0_seq1 161 orphan ACASeeker 5303.07
HbsnoR27 comp86093_c0_seq1 122 orphan ACASeeker 4788.97
HbsnoR28 comp117226_c0_seq1 137 orphan ACASeeker 4759.08
HbsnoR29 comp133438_c0_seql7 145 orphan ACASeeker 4527.53
HbsnoR30 comp135975_c0_seqi2 131 orphan ACASeeker 3567.82
HbsnoR31 comp89929_c0_seq?2 142 orphan ACASeeker 2788.92
HbsnoR32 comp136348_c1_seq1 124 orphan ACASeeker 353.33
HbsnoR33 comp132848_c0_seq1 138 orphan ACASeeker 226.49
HbsnoR34 comp113290_c0_seq3 121 orphan ACASeeker 77.61
HbsnoR35 comp129581_c0_seq?2 147 orphan ACASeeker 60.00
HbsnoR36 comp132931_c0_seq2 122 orphan ACASeeker 22.58
HbsnoR37 comp129581_c0_seq3 147 orphan ACASeeker 17.36
HbsnoR38 comp1156823_c0_seq1 125 orphan ACASeeker 12.87
HbsnoR39 comp141150_c0_seq1 142 orphan ACASeeker 10.58
HbsnoR40 comp137921_c0_seq3 143 orphan ACASeeker 9.69
HbsnoR41 comp136512_c0_seq1 157 orphan ACASeeker 8.06
HbsnoR42 comp136486_c0_seq1 141 orphan ACASeeker 6.90
HbsnoR43 comp134776_c0_seq?2 140 orphan ACASeeker 5.84
HbsnoR44 comp137994_c0_seq3 135 orphan ACASeeker 5.14
HbsnoR45 comp135572_c0_seq1 143 orphan ACASeeker 4.97
HbsnoR46 comp137742_c0_seq1 149 guide ACASeeker 4.44
HbsnoR47 comp131146_c0_seq?2 152 orphan ACASeeker 3.45
HbsnoR48 comp134726_c0_seq6 139 orphan ACASeeker 3.44
HbsnoR49 comp135184_c1_seq?2 156 orphan ACASeeker 3.26
HbsnoR50 comp136849_c0_seq1 144 orphan ACASeeker 2.41

according to the known sites in A. thaliana, O. sativa, and including 183 2'-O-methylation sites and 41 pseudouridylation
other model organisms. In total, 224 potential modification sites (Table 1 and Supplementary Figure 1). These rRNA
sites were identified on the rRNA sequences in the rubber tree, modifications were further used as the input for C/D and H/ACA

Frontiers in Plant Science | www.frontiersin.org 6 October 2021 | Volume 12 | Article 731484


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Chen et al.

SnoRNAs Related to Latex Regeneration

A

a3 me 198
3-UUAUUUACGUAG-S'
HbsnoRs I
5"-GA-~EUGAUGA---UCU-AAUAAAUGAAUCUGA} - CUU--AACUUGU - UCA-{CUGAJUA-3'
249 Me 239
3-GUAGUCUCGUU-S'

Hbsnor11 M

5'-GAAAJRUGAUGA—~ACU--CAUCACAGAGAACUGA} ---CAU-- fRAGUUAC-CUG-EUGAIGU-3'

m w261
5-6CUAGGCAGAUCS'
Hbsnor2 [ 1
5-UCCAAUGAUGA---AGC—CGGCCCGUGGAGCUGAY -ACU- AUGTUGH - GUC-—FUGAIAG 3
so1 Me 788
3 AUUACAUAGGLCUC'S'
HosnoRt T

5-UACCIAUGAUGAHUAAUAAUGAAUCCAAAGGEUGG -~ GCA--AUGAGUCEUCCACUUACCUCUGAJAU-3'

1080 Me 1070
3-CGGCCGCCUC -5

— [T
5-UCCA RUGAUGA]--AGC-GCCCGUGGAGCUGA}--ACU--BUGCUGAH--GUC-- AUGRHAG-3'

1202 Me 1189
3-CACAACCCAGUUU-5'
HbsnoR? TEHETE

5-GAUG-JGUGAUGA]---AGC- --GUAUUGGUUCAAAICUGA]---UCA- --[AGUCAUG]- --CGU-[CUGH- AA-3

1381 Me 1370
3-GACCEGCECCUCS'
Hosnor2 FEATIH
5'-UCCA-AUGAUGA}--AGC---CGGCCCGUGGAGCUGA---ACU--{AUGCUGA}--GUC--AUGAIAG-3'

1425 Me 1413
3-AGUUUGAAGGA -5'

HbsnoR12 ”HH'” l

N e YN v B ey Y v o

1431 Me 1418
3-AUAACGGAGUUUG-5'

HbsnoR7 HITTE T

5-GAUG-[GUGAUGA- --AGC---GUAUUGGUUCAAAICUGA]- - -UCA- --[AGUCAUG]- --CGU-[CUGA-AA-3'

1546 Me 1535
3-GUAGUGCUACUU -5

HbsnoR15
5-GAAAJAUGAUGA}-ACU-~CAUCACAGAGAACUGA —CAU--JAAGUUAG--CUG-- [CUGAIGU-3'
1555 e 1542
3-AGAUAGGGGUAGU -5'
HosnoR1s M

5'-GAAAJAUGAUGA-ACU--{CUGA}-—CAU-{BAGUUAG--CUG--UCUAUCCUCUUCAUEUGALGU-3'

1757, Me 1746
3-GCOGGCGACCU -5'
Hbsnor2 [T 1

5"-UCCA-AUGAUGA}--AGC---CGGCCCGUGGAGCUGA~ACU-- AUGCUGA--GUC-AUGAIAG-3'

2798 v 2788
3-UCGAA---GU---UUAA-5'
HbsnoR23 1 1

U [rcA-aca-3

122 ve 107
3-AAGAGUUCGACCCGA-5'
Hosnors M T
5-CUUU[AUGAUGA}-AUG-—UUCUUACACUGGGCUUBUGH ~GCA-—~{AUACUUA}-AGU--{CUGAHUG-3'

307 Me 297
3-AAAUGGCGGGS'

HbsnoR19 [ARINl
5"-UCUCAUCAUGA}--CAU---UUUACCUCCACUGA--UCG-{AUGAUUG}-~-GCU--CUGAIGA-3'
876 Me 861
3-CCGGAGGUGGUCUCAA-5'
HbsnoR11 I
5"-GCUCAUGAUGA--AUC--GGCCCCCGCCAGCGUUCUGT--GCU-JAGUCUAGH--UCA--{AUGAJGC-3'

1076 Me 1056
3-AAUUUCAAACUCUU-5'

HbsnoR3 [T
5-UGGGAUGAUGG]--AUC--BEUGA:--UAG-{AUGUUAGH-CUU---UUAAAGUUUGAGAACUGAJAC-3'

1489 ve1479
3-AGUUUCAAGA-S'

HosnoR12 I

5-AGUG AUGAUGA] - UCAAACUUCUUEUGA}-~ACC--AGCUUAUGGAGAUCUCUGATGG-3'

1517 Me 1507
3-AGUGUACCUUG -5'
— I 1
5-GAA UGG~ ACU-—UCACAGAGAHEUGA}-—CAU- FAGUUAG--CUG- 0GR 6U-3
1678 Me 1661
3-CCGGGGGCGGCUGCAGAG -5'
HbsnoR11 I

5"-GCUCAUGAUGA---AUC---GGCCCCCGCCAGCGUUCUGCUGAT--GCU--{AGUCUAGH--UCA-{AUGAIGC-3"

1679 Me 1663
3- CCGGGGGCGGCUGCAG -5'
HbsnoR11 [T 1
5-GCUC{AUGAUGA--AUC---GGCCCCCGCCAGCGUUCUGG-GCU--AGUCUAGH-UCA--{AUGAIGC-3'
9 Me 2037
3-GCCGUGCGCCGE-S'
HbsnoR2 NI

5'-UCCARUGAUGA}--AGC--CGGCCCGUGGAGCUGA--ACU-{AUGCUGA--GUC—RUGAIAG-3"

2086y, 2075
3-CCGGGGECCUCS'
Hbsnor2 HIET 1
5'-UCCAJAUGAUGA--AGC-~GGCCCGUGGAGCUGAH~ACU-- AUGCUGA -~ GUC--AUGAIAG-3'
209 e 2086
3-CGGECCCCUL- 5'
HbsnoR2 i

5'-UCCAJAUGAUGA}--AGC--GCCCGUGGAGCUGA---ACU--AUGCUGA}--GUC-AUGAIAG-3'

2810 Me 2795
3-GACUGUGGAGAUCGA-S'
HbsnoR13 IEEEA
5'-GUAGAUGAUGA}--AGC---CUGCCGCUUCUAGCUGAUGAJAGA{AGUAUUGY-GCA-CUGAIAG-3"
2810 Me 279
3-GACUGUGGAGAUCG-S'
Hosnor13 HEEEA
5-GUAG{AUGAUGA}--AGC---CUGCCGCUUCUAGCUGA-AGAJAGUAUUG---GCA—CUGAFAG-3"
2814 ye 2803
3-GAMAGACUGUG-S'
HbsnoRs [T |
5-GGAAJGUGAUGAH--UCC---CUUUUCUGAUGEAGA}--CUA--JAUGACGA}-UCG-CUGAHUC-3'
2874 Ve 2864
3-uccuacuuuUliceu -5'

HbsnoR1s [T
5-GAAAJAUGAUGA -~ACU-~AGCAUCACAGAGAACUGH-~—CAU--{RAGUUAT-CUG-—EUGAIGU-3'

2908 Me 289
3-AAGACGAAGUGUUACU -5'
HbsnoR1s NI 1
5"-GAAAJAUGAUGA}--ACU--UUCAGCAUCACAGAGAACUGAT--CAU-- {AAGUUAGH--CUG--CUGA}GU-3'
3156 . 3144
3-CAGCGAAGACCG -5'
HbsnoR13 I
5'-GUAG{AUGAUGA}--AGC--GCCGCUUCUAGCUGA AGA{AGUAUUG - GCA---EUGAJAG-3'

3259 Me 3247
3-GCCGGGCGCGCCG-5'
HbsnoR2 T 11

5-UCCA-JAUGAUGA]--AGC--~CGGCCCGUGGAGICUGA---ACU---[AUGCUGA]- -~ GUC---[AUGA]-AG-3

FIGURE 4 | (A) Predicted targeting sites of C/D subfamily small nucleolar RNA (snoRNAs) on (A) 18S and (B) 28S rRNA. The nucleotides under 2’-O-methylation
were indicated in red color. The C box was shown in blue, while the D box was in green. (C) Predicted targeting sites of H/ACA subfamily snoRNAs on 28S rRNA,
the nucleotide under pseudouridylation was indicated in green color. H box is shown in yellow and the ACA box in purple.

snoSeeker programs (Yang et al, 2006). A total of 22,125
snoRNA candidates were predicted, namely, 11,269 and 10,856
identified using snoScan and snoSeeker, respectively. Then,
these candidate snoRNAs were subjected to a series of filtering

subfamily snoRNA computation according to the pipeline shown
in Figure 2.

For snoRNA computation, the ncRNA transcript repertoire
was analyzed with the snoScan (Lowe and Eddy, 1999) and
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steps (Figure 2) to remove any possible contaminations and
the sequences belonging to coding genes. Subsequently, 3,626
snoRNA candidates were retained, in which 1,712 were guided
C/D snoRNAs, 86 guided H/ACA snoRNAs, and 1,828 were
orphan snoRNAs (Table 2).

Identification of Latex-Abundant Small
Nucleolar RNAs

To elucidate the potential regulatory roles of snoRNAs in latex
regeneration, we analyzed the expression of snoRNAs in the latex
and leaves. The expression profiles of 3,626 candidate snoRNAs
were calculated and the differentially expressed (DE) snoRNAs
were identified. Because of differences in the abundance of
total reads between the leaves and latex samples, the pre-rRNA,
which only exists in the nucleus, was used as the reference for
normalization of snoRNA expression. Our results showed that 50
snoRNAs were highly expressed in latex (Figure 3A). Among the
latex-abundant snoRNAs, 22 belong to the C/D subfamily and 28
belong to the H/ACA subfamily (Table 3).

Semi-quantitative RT-PCR was performed to verify the
expression levels of laticifer-abundant expressed snoRNAs
identified from RNA-seq data analysis. The pre-rRNA transcript
was used as the reference gene because mature rRNAs are not
present in the nucleus. The amplification fragment of pre-rRNAs
was designed to span the internal transcribed spacer 1 (ITS1).
Among the 50 latex-abundant snoRNAs, 31, including 12 C/D
snoRNAs (12 guides) (Figure 3B) and 19 H/ACA snoRNAs (1
guide, 18 orphans) (Figure 3C) were highly expressed in laticifer
compared with leaves (Table 2). The RT-PCR results further
confirmed that these snoRNA were present abundantly in the
latex (Figure 3).

Prediction of the Target Sites of
Latex-Abundant Small Nucleolar RNAs

To elucidate the functions of snoRNAs in the rubber tree,
we predicted their potential target sites according to sequence
recognition rules. Previous studies have indicated that snoRNAs
have a stable secondary structure and that their modification sites
(2'-O-methylation sites and pseudouridylation sites) are usually
conserved in eukaryotes, such as A. thaliana, O. sativa, and
other model organisms (Watkins and Bohnsack, 2012; Dupuis-
Sandoval et al., 2015). The 13 latex-abundant guide snoRNAs
(12, C/D subfamily member and 1, H/ACA subfamily member)
were found to target 31 specific modification sites (Figure 4).
For 18S rRNAs, there are 12 modification sites that are targeted
by seven-latex abundant snoRNAs, whereas for 28S rRNAs, the
numbers are 19 and 10. Except HbsnoR23, which was predicted
to target the pseudouridylation of U2790 of 28S rRNA, all the
other 12 snoRNAs belong to the C/D subfamily and direct
the 2'-O-methylation modification of 30 sites on 18S and 28S
rRNAs (Table 4).

Identification of Small Nucleolar RNAs
Involved in Regulating Latex

Regeneration
To identify snoRNAs that are related to latex yield potential, a
correlation analysis was conducted between the latex yield and

TABLE 4 | Targeted modification sites of 13 latex-abundant guide snoRNA on
18S and 28S rRNAs.

snoRNAs 18S rRNA 28S rRNA
2'-0-methylation site

HbsnoR1 U791 -

HbsnoR2 A265, G1074, G2041, G2079, U2090, and
G1374, and A1749 G3252

HbsnoR3 - C1060

HbsnoR5 - A2808

HbsnoR6 - G111

HbsnoR7 A1193 and A1423 -

HbsnoR8 A203 -

HbsnoR11 G242 G865, A1664, and U2041

HbsnoR12 A1417 A1482

HbsnoR13 - U2798, A2801, and A3149

HbsnoR15 U1539, U1545 A1512, U2868, and U2900

HbsnoR19 - G301
Pseudouridylation

HbsnoR23 - U2790

the expression of snoRNAs in an F1 population of Reyan66-
2 x PR107. We randomly selected a total of 50 F1 individual
trees, and the adjusted yields were ranked. In the rubber tree,
a larger girth means a longer tapping cut and usually produces
more latex, because more laticifers are present in the bark with
a larger circumference. Therefore, we estimated the potential of
latex production by normalizing the TSC by dividing with the
trunk circumference (TSC/C), which will avoid the estimation
bias caused by differences in trunk size. A Spearman correlation
was performed to assess the relationship between the expression
of snoRNAs (Figure 5A) and the ranked TSC/C (Figure 5B).
The results showed that 13 of the 26 laticifer-abundant snoRNAs
were positively correlated with latex yield potential (TSC/C)
(R? > 0.2, Figure 5C and Supplementary Table 3). Among
the snoRNAs that were correlated with latex yield, HbsnoRI,
HbsnoR23, and HbsnoR46 showed high correlation coeflicients
(R? > 0.4, Figures 5D-F). HbsnoR23 and HbsnoR1 belong to the
guide H/ACA subfamily, while HbsnoR46 is an orphan H/ACA
snoRNA. This result suggested that orphan H/ACA snoRNAs
might participate in the regulation of latex production through
pathways other than guiding rRNA modifications.

The rubber tree laticifers are connected as a network structure
that enables the latex to flow for a long distance when the bark
is tapped. Many factors influence the movement of the latex in
the laticifer network, such as laticifer turgor and plugging index.
To minimize the replenish effect of long-distance movement of
the latex, a 50-cm-tall bark was insulated by girding the trunk at
a height of 50 and 100 cm. The girding was carefully conducted
to cut the yellow layer, where the laticifers are abundant while
causing no damage to the inner watery layer, in which the
nutrients are transported (Figures 6A,B). Thus, this ITS will
exude the latex only from the dedicated 50-cm bark, and the
transportation of the nutrients will not be affected.

First, we evaluated the minimum time required for latex
regeneration in the rubber tree. We selected five individual
trees for tapping using the ITS. The trees were continuously
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FIGURE 5 | Identification of snoRNAs positively correlated with latex yield in rubber trees. (A) Heatmap showing the gPCR expression of 26 validated snoRNAs in a
Reyan66-2 x PR107 population with 50 F1 individual trees. (B) Heat map of the adjusted total solid content (TSC) (TSC/C) of F1 offspring. (C) Heat map of the
Spearman correlation coefficient for each snoRNA between expression and TSC/C in F1 offspring. A high correlation coefficient was shown in red. (D-F) Plots
showing the correlation coefficient of HbsnoR1, HbsnoR23, and HbsnoR46, respectively. At least three biological replicates were used for these studies.

tapped at intervals of 6, 12, 24, 48, and 72 h, and the TSC
was calculated. The results showed that latex can be completely
regenerated as quickly as 6 h (Figure 6C). To further investigate
the dynamics of latex regeneration, the laticifers in the ITS
were isolated by continuous tapping until no latex exuded.
After 12 h of regeneration, the trees were tapped at 30-min
intervals, and the TSC was calculated. The results indicated
that the TSC at each tapping dropped sharply in the first six
tappings and then reached a stable state (Figure 6D). After
3 h, the TSC of each tapping was maintained at a relatively
stable level, suggesting that it was regenerated in the previous
30 min. We, therefore, considered the TSC at 3 h as the
latex regeneration ability and investigated the correlation with
snoRNA expression at this time point. We investigated the
expression of 13 snoRNAs positively correlated with latex yield
by Q-PCR and calculated their correlation with adjusted TSC
(TSC/C). The results showed that one snoRNA (HbsnoR28)
displayed a high correlation coefficient (R? = 0.6039) with TSC/C
(Table 5). The examination of HbsnoR28 expression showed that
its expression was downregulated and highly consistent with

TSC/C during continuous tapping, suggesting the regulatory
roles of this snoRNA in latex regeneration (Figure 6E).

DISCUSSION

Compared with studies on snoRNA in animals, those on
snoRNAs in plants have not been extensively performed.
Previously, 295 and 544 snoRNAs have been identified in
plants such as A. thaliana (Kim et al., 2010) and O. sativa
(Liu et al, 2012), respectively. H. brasiliensis is one of the
most important industrial crops; however, a snoRNA has
not been extensively studied in H. brasiliensis thus far. To
date, only five snoRNAs have been annotated in a microRNA
transcriptome from the leaf, bark, and root tissues (Gébelin
et al., 2012). NcRNA sequencing techniques are powerful tools
for the identification of snoRNAs. The RNA sequencing of
the H. brasiliensis ncRNA library produced 229,569 sequences,
and 3,626 of them were putative snoRNA candidates. After
a further DE expression analysis and RT-PCR validation, 31
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FIGURE 6 | Latex regeneration study identified HbsnoR28 as involved in latex
regeneration regulation. (A,B) Demonstration of insulated tapping system
(ITS). (C) Latex yield comparison between conventional S/2 d/3 tapping
system and ITS with intervals of 6 to 72 h. No significant yield reduction was
found for ITS 6 h. (D) Yield (TSC) drop trends of continuous tapping with
30-min intervals. A relatively stable TSC level was achieved after 3 h. The
number denotes 14 of 50 F1 individual trees, respectively. (E) Profiles of
HbsnoR28 expression and TSC/C under continuous tapping with the ITS. At
least three biological replicates were used for these studies.

TABLE 5 | The Spearman correlation coefficient between the expression of 13
latex-yield-related small nucleolar RNAs (snoRNAs) and latex regeneration ability.

snoRNA Correlation coefficient
HbsnoR28 0.6039
HbsnoR43 0.0905
HbsnoR14 0.0707
HbsnoR49 0.0418
HbsnoR26 -0.0117
HbsnoR46 —0.0861
HbsnoR1 —0.1703
HbsnoR38 -0.2110
HbsnoR27 —0.2165
HbsnoR23 —0.2616
HbsnoR10 —0.3152
HbsnoR25 —0.3386
HbsnoR34 —0.3586

of them were identified to be latex-abundant snoRNAs. To
the best of our knowledge, the global investigation of laticifer
snoRNAs in the rubber tree have been reported for the first
time in this study, and our results may be very important
in understanding the mechanism underlying latex metabolism
and regeneration.

The functions of canonical snoRNAs are guiding the
modification of rRNAs, snRNAs, tRNAs, or known stable
RNA molecules. The most prevalent modifications found in
rRNA molecules are the methylation of the ribose moiety at
the 2'-hydroxyl group (2’-O-methylation) and the conversion
of uridine to pseudouridine (¥). In this study, 31 putative
modification sites were targeted by 13 laticifer-abundant guide
snoRNAs in H. brasiliensis. Modification sites on the rRNA
are mostly concentrated on the functionally important regions
of the ribosome according to the 3D structural map, which
would influence the activities of the ribosome. The putative
modification sites on rRNA in H. brasiliensis may provide a
clue for understanding the mechanism of how snoRNAs direct
the modification of rRNA and regulate latex regeneration. In
addition, 18 laticifer-abundant orphan snoRNAs were identified.
Currently, no target RNA molecules are reported; however, it
could be suggested that they might be involved in the regulation
of physical processes, such as RNA silencing, rRNA chaperones,
alternative splicing, and chromatin packaging.

To date, a limited number of studies have investigated
snoRNA functions associated with physiological processes in
plants. Loss of three snoRNAs (U33, U34, and U35a) in the
rpL13a locus was sufficient to induce resistance to oxidative and
lipotoxic stresses in vitro and prevented the spread of oxidative
stress in vivo (Michel et al., 2011). In the conventional tapping
system, large amounts of proteins and rRNAs are lost with
the latex exudate and need to be replenished before the next
tapping. rRNA was the first to be synthesized and is required
for peptide translation. The regeneration of RNA will directly
affect latex regeneration. Our results showed that 13 snoRNAs
were positively correlated with latex production. Among these
positively correlated snoRNAs, HbsnoR28 (H/ACA subfamily)
showed a high correlation (R? = 0.6039) with latex regeneration
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potential in our ITS. This 138-nt-long orphan H/ACA snoRNA is
novel and displays no homology with known snoRNAs in other
species. Characterization of the functions of snoRNAs will be of
great significance to examine latex metabolism and regeneration.

In this study, we developed a novel ITS, which separates the
laticifers in dedicated regions from the laticifer network of the
whole trees. The purpose of the ITS is to eliminate the long
distance transportation of the latex in the laticifer network, which
greatly influences the estimation of latex regeneration potential
because many factors influence latex flow during the tapping
process. This newly developed tapping system may cause some
damage to the tree, and cannot be implemented in the latex
harvest process for farmers. However, it has great advantages
for studying the functions of laticifers and latex metabolism and
regeneration, as the ITS simplified factors that influence latex
biosynthesis and regeneration. We suggest that this system may
have a great application significance for fundamental studies on
laticifer biology and physiology.

CONCLUSION

In summary, non-coding RNA and transcriptome libraries were
constructed in the rubber tree leaf and latex. We performed high-
throughput sequencing to identify a large number of snoRNAs
in the rubber tree, and 31 snoRNAs were confirmed to be highly
expressed in latex. Further functional analysis of these snoRNAs
will be useful for a better understanding of the complexity
and dynamics of latex regeneration in the rubber tree. Thus,
our findings might provide a valuable foundation for exploring
the snoRNA-mediated regulatory mechanism involved in latex
metabolism and regeneration.
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