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Abstract: Rafflesiaceae is a family of endangered plants

whose members are solely parasitic to the tropical grape

vine Tetrastigma (Vitaceae). Currently, the genetics of their

crosstalk with the host remains unexplored. In this study,

we use homology-based in silico approaches to charac-

terize micro-RNAs (miRNAs) expressed by Sapria hima-

layana and Rafflesia cantleyi from published omics data.

Derived from secondary structures or hairpins, miRNAs

are small regulators of gene expression. We found that

some plant-conserved miRNA still exists in Rafflesiaceae.

Out of 9 highly conserved miRNA families in plants, 7

families (156/157, 159/319, 160, 165/166, 171, 172, 390) were

identiûed with a total of 22 variants across Rafflesiaceae.

Some miRNAs were missing endogenous targets and may

have evolved to target host miRNA, though this requires

experimental veriûcation. Rafflesiaceae miRNA promoters

are mostly inducible by ethylene that mediates stress

response in the host but could be perceived by the para-

sites as a signal for growth. This study provides evidence

that certain miRNAs with ancient origins in land plants still

exist in Rafflesiaceae, though some may have been coopted

by parasites to target host genes.

Keywords: ncRNA, gene regulation, Malpighiales, small

RNA, RNAi

1 Introduction

Rafflesiaceae is a family of endangered holoparasitic üow-

ering plants known to produce the largest üowers in the

world, and the only known plants to date to have lost their

chloroplast genomes [1,2]. All three members Sapria, Raf-

flesia, and Rhizanthes, are solely parasitic to certain species

of the plant genus Tetrastigma (Vitaceae), growing inside

host tissues as clusters of endophytic cells and laying

hidden until the time of üower development [3–5]. Germi-

nation of the seed within the host has never been observed,

and it is unknown what host metabolites induce this pro-

cess [6–8]. Inside the host, the embryo proliferates and

spreads as the host cambium divides [4], with each cluster

conceivably forming a mass of cells that give rise to clonal

buds that extrude out of the host [6]. Depending on the

species, it can take several months for the buds to develop

and reach anthesis, with some üowers reaching a meter in

diameter (R. arnoldii). However, the rarity of these holo-

parasitic plants – unique only to the dwindling forests of

Southeast Asia and endangered status [9], compounded by

their cryptic life cycle, recalcitrance to propagation [10],

and extreme host speciûcity [11] make them incredibly

challenging to study.

Genetic interactions between Rafflesiaceae holopara-

sites and their hosts remain largely unexplored. Evidently,

Rafflesia has incorporated host genes through horizontal

transfer, with up to 2% nuclear transcripts [12] and 40%
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mitochondrial genes [13] co-opted from the host. However,

the exchange of small RNAs, speciûcally micro-RNA (miRNA),

and the roles these molecules play in this parasitic system

have not been elucidated.

Discovered nearly two decades ago [14,15], miRNAs are

crucial regulators of gene expression, operating through

gene silencing or RNA interference/RNAi [16]. miRNAs

are approximately 22 nucleotides long and regulate gene

expression by pairing with target genes and disrupting

their function through cleavage or inhibition. Like their

target genes, they are also differentially expressed. In

plants, miRNA coding genes are transcribed by RNA poly-

merase II (Pol II) into longer primary miRNA (pri-miRNA).

Enzymes fold the primary miRNA into pre-miRNA with

stem-loop or hairpin structures, which are then eventually

processed into shorter (c. 22 nt) mature miRNA that can

pair and interfere with gene expression of their target

transcripts [17]. miRNAs are essential for plant develop-

ment and stress responses [18].

Parasitic plants are constantly communicating with

their hosts, and in these communications, miRNA is known

to be involved, for example, in the reciprocal delivery of

miRNAs between Cuscuta spp. (dodder) and their respec-

tive hosts [19]. There are indications that miRNAs accumu-

late in the haustoria when Cuscuta campestris parasitizes

Arabidopsis thaliana and Nicotiana benthamiana [20]. These

trans-species miRNAs cause mRNA cleavage, secondary

siRNA (small-interfering RNA) production, and decreased

mRNA accumulation in the hosts, suggesting their role as

a virulence factor. On the other hand, N. tabacum is able to

genetically silence Dodder’s STM gene involved in the para-

site’s formation of haustoria [21]. Regardless of host species,

interface-induced miRNAs in C. campestris are consistently

induced and also occur in C. campestris haustoria formed

without the presence of a host [22]. A recent study identiûed

trans-kingdom RNA silencing mechanisms involved in melon

resistance to broomrape, highlighting miRNAs targeting dis-

ease resistance genes and uncovering pathways critical for

host defense [23]. Similar mechanisms of miRNA exchange

are also expected between Rafflesiaceae members and their

hosts. Elucidating the genetics of these small regulatory

molecules could yield basic insights on how to attenuate

host immune response, for instance, to facilitate Rafflesia-

ceae parasitism that could beneût ex situ propagation appli-

cations and conservation efforts.

In this study, we aimed to characterize miRNA (the

“hairpin”) in various members of Rafflesiaceae using in silico

approaches on publicly available data (the “haystack”). These

computational techniques have been successfully imple-

mented in miRNA mining in other plant species [24–26]. In

silico datamining can be especially useful for analyzing data

from rare plants, as obtaining permits and samples for these

plants can be challenging and costly. Nonetheless, a robust

pipeline is essential to ensure the accuracy of the results

[27]. In this study, we found evidence that some plant-con-

served miRNA still exists in Rafflesiaceae members, though

some may have been coopted by the parasites to target host

genes. We discuss these ûndings in the context of the Raf-

üesiaceae–host parasitic relationship.

2 Materials and methods

2.1 Sequence data acquisition

We collected the following published omics datasets for

analyses (plants see Figure 1): Sapria himalayana genomic

Figure 1: Rafflesiaceae plants in this study: Sapria himalayana (a) and its host, Tetrastigma cauliflorum (b), on which the S. himalayana bud (c) grows;
Rafflesia cantleyi (d) attached to an unspeciûed host. Photo credit Adhityo Wicaksono (a and c), Jeanmaire Molina (b), and Siti Munirah Mat-Yunoh (d).
Scale bars = 5 cm (a and b), 2 cm (c), and 30 cm (d).
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sequences, transcriptomic/RNA-seq data from different tis-

sues (bract, disc-stamen, inner perigone, outer perigone,

and various sections of the üower bud, BioProject ID:

PRJNA943542) [28], as well as RNA-seq data from Rafflesia

cantleyi (BioProject ID: PRJNA378435 and PRJNA481608)

including data from buds and üower [29]. The raw reads

were trimmed with Trimmomatic v0.39 [30], and quality

checked with FastQC v0.12.1 [31]. Once the adapter sequences

and bad reads had been trimmed, the reads were ready for

mapping or assembly.

We also submitted a sample of the uninfected root of

Tetrastigma cauliflorum (a host species of S. himalayana)

collected from Queen Sirikit Botanic Garden (QSBG, with

permission from the National Research Council of Thailand)

to Azenta Life Sciences (South Plainûeld, NJ, USA) for stan-

dard RNA-seq service (using Illumina HiSeq 2x150bp). The

coding sequences (CDS) de novo assembled from this RNA-

seq data were used as the host plant miRNA target gene

library for identiûed S. himalayana miRNAs. We also used

the CDS of Vitis vinifera [32], the closest relative of Tetra-

stigma as a host proxy for target gene identiûcation

(described below). Moreover, the CDS for Manihot escu-

lenta and A. thaliana [32] were also obtained for additional

miRNA identiûcation using BLAST, as described below.

2.2 Transcriptome mapping and de novo

assembly

We conducted a de novo assembly of S. himalayana RNA-

seq data and mapped these RNA-seq reads to its reference

genome. Since no reference genome was available for

R. cantleyi and T. cauliflorum, we performed de novo assembly

on their RNA-seq data using Trinity v2.15.1 [33]. We used

Galaxy Europe (https://usegalaxy.eu; The Galaxy Commu-

nity 2022) pipelines of HISAT2 v2.2.1 [34] for mapping,

StringTie v2.2.1 [35] or Salmon v1.10.1 [36] for transcript

per million (TPM) value quantiûcation, as well as bedtools

v2.30.0 package [37] getFASTA to obtain the FASTA sequence

of the mapped transcripts for miRNA identiûcation. Tran-

scriptome data were processed with TransDecoder v5.5.0

[38] to predict the CDS and peptide sequences within the

transcripts. The predicted CDS and peptide sequences were

then annotated with BLASTp and BLASTx via Diamond

v2.0.15 [39] with the UniProtKB/SwissProt database [40,41]

(update March 2023) and NCBI NR database (update July 28,

2023), with e-val cutoff at maximum 10−5. Further cross-

checking was carried out with InterProScan v5.59-91.0

[42,43] with default databases (Pfam [44], PANTHER [45],

SMART [46,47], and TIGRFAM [48]).

2.3 miRNA mining

To identify the miRNA, INFERNAL v1.1.4 [49] via Galaxy

Europe (https://usegalaxy.eu) [50] was used. Rfam database

v14.9 was used as the template for covariant models [38,51]

and all miRNAs were sorted from all noncoding RNAs

(ncRNAs) within the database. To identify possible conver-

gently evolved miRNA between Rafflesiaceae and Cuscuta

and Orobanche, stem-loop sequences of miRNA of C. cam-

pestris (30 miRNA) and Orobanche aegyptica (12 miRNA)

from a previous study [20] were also converted into CM

with CMBuild feature from INFERNAL package. CMSearch

feature from the INFERNAL package was used to identify

shim and rcan miRNAs from the genomic and transcrip-

tomics sequences. The CMSearch was run twice for puta-

tive miRNA, applying either e-val < 1 × 10−5 to ûlter results,

or using the “trusted cutoff” threshold in the model (http://

eddylab.org/infernal/). Later, both results were compared,

and the matching sequences were evaluated for variations

and named using the miRNA nomenclature (sensu Zan-

gishei et al. [20]) for each species. This resulted in pre-

cursor miRNA (with stem-loop/hairpin structures), from

which, the mature miRNA sequences were identiûed.

To ûnd additional miRNA in S. himalayana, we also

blasted all miRNA hairpins (from https://mirbase.org/

download/) against the assembled genome and transcrip-

tomes of S. himalayana (max e-val < 1 × 10−5) using Geneious

Prime (Biomatters, Ltd.) with results for “query centric

alignment” to identify hairpins that have hits. These hits

were then blasted against each of the CDS datasets: A.

thaliana, M. esculenta, V. vinifera, T. cauliflorum, S. hima-

layana, and R. cantleyi and binned into “has hits” vs “no

hits.” Those with “no hits” were collected and assumed to

be non-coding RNAs that were then manually searched in

PmiREN (Plant miRNA Encyclopedia [28]) to determine if the

miRNA was conserved (i.e., with a signiûcant hit of max e-

val < 0.0001 against known plant miRNA). This worküow of

ûnding additional miRNA was repeated for R. cantleyi.

To conûrm the valid stem-loop miRNA sequences,

sequences with no mature sequence identiûed were omitted.

We also conûrmed if the putative miRNAs were plant-based

according to Rfam (https://rfam.org), RNAcentral (https://

rnacentral.org), and miRbase (https://www.mirbase.org).

Additionally, for S. himalayana, miRNAs predicted from

the transcriptomic data were also cross-checked against its

reference genome. We were unable to perform this for

R. cantleyi which has no reference genome available yet. After

all the putative miRNA were detected, alignment and hairpin

secondary structures were predicted using RNAstructure at

Dynalign Web Server (https://rna.urmc.rochester.edu/

RNAstructureWeb/Servers/dynalign/dynalign.html) [52] at

In silico exploration of plant microRNA in Rafflesiaceae  3



default settings. The images of the secondary structures

were then merged, labeled, and had the mature sequences

highlighted using Photoshop CS6 (Adobe). The TPM counts

(transcript per million counts) of the miRNA genes were

visualized using heatmaps generated by Heatmapper

(http://www.heatmapper.ca/expression) [53].

2.4 miRNA promoter analysis

To analyze the promoter region for cis-acting regulatory

elements of the genomic-identiûed miRNA genes, we

extracted the 2k-bp upstream sequences of each miRNA

gene and processed them using PlantCARE [54]. The target

of PlantCARE elements comprises of three subjects: (1) phy-

tohormones (ABRE, CGCTCA-motif, ERE, GARE-motif, P-box,

TATC-box, TCA-element, TGA-element, and TGACG-motif), (2)

abiotic and biotic stress responses (ARE, AT-rich sequence

Box 4, G-box, GA, GATA, LTR, MBS, TC-rich repeats, and

WUN motif), and (3) growth and development (CAT-box,

circadian, GCN4-motif, MSA-like, MYB, and O2-site) [55].

2.5 miRNA target prediction

To identify the target genes for the resulting miRNA

sequences, TargetFinder v1.7 [56] was used to predict miRNA

targets based on complementarity scoring, using a threshold

score of ≤4 to indicate high-conûdence miRNA-mRNA inter-

actions. CDS datasets for each species were utilized, and for

S. himalayana and R. cantleyi, searches were performed

against endogenous CDS as well as the host and proxy spe-

cies CDS for cross-species targets. S. himalayana miRNAs

(shim-miRNAs) were then searched against the CDS of S.

himalayana (hereafter, “shim”) to identify endogenous genic

targets, as well as searched against the CDS of T. cauliflorum

(“tcau”) and of V. vinifera (“vvin,” host proxy) to determine

genic targets of shim-miRNA in the host. Similarly, the same

procedure was applied to other R. cantleyi (hereafter, “rcan”)

miRNA against their respective CDS data to determine endo-

genous targets, as well as against tcau and vvin CDS to deter-

mine putative host targets.

3 Results

3.1 Rafflesiaceae miRNA

Out of 9 deeply conserved miRNA families in plants (Table 1;

[27]), we characterized 7 miRNA families with a total of 22

variants in both S. himalayana and R. cantleyi. The miRNA

family with the highest number of members is the mir159/

319 family, with 3 members in S. himalayana and 4 members

in R. cantleyi (see Tables 2 and 3 for details).

Among the miRNA hairpin structures in Rafflesiaceae

(Figure 2), the mir159/319 family has relatively longer stem

structures (Figure 2c), while mir166, mir171_1, mir172, and

mir390 families have notably large loops (Figure 2f–i).

A putative convergently evolved miRNA, shim-mir5,

similar to cca-mir5 [20] was also detected in S. himalayana

(Figure 3). However, we did not ûnd potential endogenous

nor host targets for shim-mir5.

Table 1: Plant-conserved miRNA including Rafflesiaceae miRNA from this study

Family A. thaliana

(Dicot)

(miRBase

v22.1)

Populus

trichocarpa

(Dicot) (miRBase

v9.2 cit. Axtel

et al. [57])

Oryza sativa

(Monocot)

(miRBase

v22.1)

Selaginella

moellendorffi

(Lycopod) (Axtel

et al. [57] +

miRBase v22.1)

Physcomitrella

patens (Moss)

(miRBase v9.2 +

Axtel et al. [57])

S. himalayana

(Dicot) (this

study)

Rafflesia

cantleyi

(Dicot) (this

study)

mir156/157 19 11 12 5 3 2 1
mir172 5 4 1 1
mir170/171 4 11 9 4 2 1 1*
mir165/166 9 17 14 3 13 2 2
mir159/319 6 15 8 2 5 4 4
mir396 2 7 9 1
mir168 2 2
mir160 3 8 6 2 9 1
mir390 2 4 1 3 1 1

*Note: Truncated mir171_1 in R. cantleyi is excluded.

4  Adhityo Wicaksono et al.



3.2 Rafflesiaceae miRNA targets

miRNAs bind to speciûc gene targets to regulate gene

expression. Using TargetFinder against respective CDS,

we predicted potential endogenous (shim, rcan) and host

targets (tcau, vvin) (Table 4). The transcriptome data for

tcau (total of 181,320,714 reads totaling 54,396 Mb, with

90.04% bases with Q score ≥30) were de novo assembled

as described above. CDS sequences were then retrieved

from this and used for host target prediction in Targetûnder,

though CDS for vvin, which is better annotated, was also

used if there were no targets found using tcau CDS.

mir171_1 was predicted to consistently target Scarecrow-

like protein (SCL) in all species. mir159/mir319 and mir390

have the same endogenous targets: MYB and YfaU, respec-

tively in both shim and rcan. However, mir390 has a dif-

ferent target in the host proxy (LRR RLK, MIK2). There were

also instances when either shim or rcan has the same target

as the host (or host proxy). For example, mir156, mir166, and

mir172 present the same target for rcan and vvin.

Table 2: List of identiûed and validated miRNAs in S. himalayana from the reference genome

miRNA

Family

Rfam ID miRNA S. himalayana Stem-Loop miRNA Sequence Length

(nt)

S. himalayana

Mature miRNA

Sequence

Length

(nt)

mir156 RF00073 mir156 UGACAGAAGAGAGAGAGCUCAACCCGGCAUUAACCUAAGAGAGUCUUGGU-
UAUGGUGGGAGUGUGCUCUUUCUUCUUCUGUCA

83 UGACAGAAGA-
GAGAGAGCUC

20

mir157 n/a mir157 UGUUGACAGAAGAUAGAGAGCACCGAUGAUGGCGUGCAAUAGUUGCAAAC-
CAAUCAUUCGUGCUCTCUAGCTCCUGUCAUCAU

83 UUGACAGAAG-
AUAGAGAGCAC

21

mir159 RF00638 mir159a GGCAGUUAGGUAGGGCUCCUUGACGUCCAAAUGAGGGUCUAAAUGAGCAG-
GGUAGCUGCCUAGUUAUGUgCUCCACGCUUCCACCCCGUCGAUGUAGUAAU-
AUGGGGGUAGGAUUGAGGAUUGCUUAGCCAGGGAGCUUUCCAACUCAUCU-
UUAAGUCUCUUUUUGGAUUGAAGGGAGCUCUGCUUCCUCUUUUC

195 UUUGGAUUGA-
AGGGAGCUCUG

21

mir159b GGCAGUUGGGUAGAGCUCCUUCAAGUCCAACAUAGGGUCUAACUGAGUAAG-
CAGGCUGCUUGGUUAUGGACUCCACAGUCCCGCUCCAUUGAAGcAGUGCUA-
CCAGAGUAGGCUUGAGGAUUGCUUAGCCGGGGAGCUUUCUAACUCAAuUG-
UUAGCUCCUUUUUUGGAUUGAAGGGAGCUCUACUUAACUCGUUU

196 UUUGGAUUGA-
AGGGAGCUCUA

21

mir159c UGCGGUGGGGUAGAGCUCCUCGAAGUCCAACAGAGGGUCUAACUGAGUCA-
GGUAGCUGCUUGGUUAUGGACUCCACCGUCCCACUCCAUCGAAUcUGCAUC-
AUGGGAGUAGGCUUGGGGGCCGCUUAGCCAGGGAGCUUCCAGCUCAACGU-
UAUAUCCAUUCUUGGAUUGAAGGGAGCUCUACUUCCCCUUCUC

194 CUUGGAUUGA-
AGGGAGCUCUA

21

mir160 RF00247 mir160 CUGUGCCUGGCUCCCUGUAUGCCAUAUGCGGAGCCCAUUGAGAUGUCAAU-
AGUCUUCGUGGAUGGCAUAUGAGGGGCCAUGCAUAA

86 UGCCUGGCUC-
CCUGUAUGCCA

21

mir166 RF00075 mir166a GUUGGUAGGAAUGUUGUUUGGCUCGAGGUCAUUUAGGUUCGacgccgcgau-
guggcgugccaggccgccuuuaucgucuuccaaaagaAAUUUAGGAUCAGUUCUCGU-
UAGGAAUCAUAAGUGAUCUCGGACCAGGCUUCAUUCCUGCCAAC

152 UCGGACCAGGC-
UUCAUUCC

19

mir166b UUUGAGAGGAAUGUUGUCUGGCUCGAAAACUUAGUUUCUUCAUGAUCCAG-
AUCAUCGUgcaccuguAGAUCUCACAGAUUUAUGGGUUCUUUUAGAUcUGUG-
UUGUCGGACCAGGCUUCAUUCCCCCCAAU

131 UCGGACCAGGC-
UUCAUUCCCC

21

mir171_1 RF00643 mir171_1 GUGUCACUUUGAUGUUGGCCCGGUUCACUCAGAGCGAGGCUAGGUUCUgu-
uuuuuuuccuauuuuuauugguuacgaucauccuauGCCUUUGAUUGAGCCGCGC-
CAAUAUCUUAGUGAACCUU

124 UUGAGCCGCG-
CCAAUAUC

18

mir172 RF00452 mir172 CUGUUUGCUGGUGCAGCAUCUUCGAGAUUCACAAGCCUuuauuaggguuaca-
gucACUGGGUUUCAGUCUUAAUUUAAUUUUAACACAGAAACCCUUUUUGUA-
UGAGAAUCUUGAUGAUGCUGCAGCGGCAAUGGG

136 AGAAUCUUGA-
UGAUGCUGCAG

21

mir319 RF03483 mir319 AAGGAGCUUUCUUCAGUUCAGUUCAUGGCAAGAAACAGCCUCAAAACUGCU-
GCUGAAUCGUUGGGUCAGGAACCCAUCAUCATCGUUUUUGAAUAAGGAAGG-
CUAGGUCGCGGCAAGCGAGAUGAGUUUAUGATCCAUCGAAGCAGGAGCUGU-
GUUAGGCUAUGCUUGUCGCGGCUUGGACUGAAGGGAGCUCCCU

196 UUGGACUGAA-
GGGAGCUCCC

20

mir390 RF00689 mir390 AGCAUGGAACAAUCCGUCGAGCUCAGGAGGGAUAGCGCCAUGAAUAAAAA-
UCGUGCUCGUCAGUUUUGUUCCGACGCUAUCUAUUCUGAGCUUGACAGCU-
UCUUCUUGCU

110 GAGCUCAGGA-
GGGAUAGCGCC

21

mir395 RF00451 mir395 AUGUCCCCUAGAGUUCCCUUGACCACUUCAUCGGGGACCUUCUUUAAUGGC-
UUCCUACUGAAGUGUUUGGGGGAACUCCUGGUUCCAU

88 CUGAAGUGUU-
UGGGGGAACUC

21

Note: Bold-faced sequences in the stem-loop sequences refer to miRNA mature sequences.

In silico exploration of plant microRNA in Rafflesiaceae  5



3.3 miRNA expression levels

miRNA showed differential expression between bud and

üower stages (Figure 4). Though expression was missing

for certain miRNA (black), mir159 was slightly more upre-

gulated in buds for both rcan and shim. mir166 was

detected in both buds and üowers of both rcan and shim,

with shim-mir166a having a more pronounced expression

in the üower. mir171_1, though expressed in both species,

had relatively low expression in both stages.

3.4 Features of miRNA gene promoters

The cis-acting elements for phytohormonal inüuence, stress

and environmental responses, and developmental responses

Table 3: Validated miRNA families in Rafflesia cantleyi from the RNAseq data

miRNA

family

Rfam ID miRNA Ra. cantleyi stem-loop miRNA sequence Length

(nt)

Ra. cantleyi

Mature miRNA

sequence

Length

(nt)

mir156 RF00073 mir156 UGUUGACAGAAGAUAGUGAGCACAGAUGAUGGCGUGCAAUGGAUGCAAA-
CUAAUCAUUCGUGCUUUCUAGCUUCUGUCAUCA

82 UGUUGACAGA-
AGAUAGUGAG-
CA

22

mir159 RF00638 mir159a UGCGAUUGGGUAGAGCUCCUUGACGUCCAACAAAGGGUCUAACUGAGUCAG-
GUAGCUGCUUGGUUAUGGAUUCCACCAUCCCACUCCAUUGAAUcUGUAUUA-
UGGGAGUAGGUUUGAGGAUUGCUUAGCCAGGGAGCUUUCUAACUCAUGGU-
UAUAUCCCUUCUUGGAUUGAAGGGAGCUCUACUUCCGCUUCUC

195 CUUGGAUUGA-
AGGGAGCUCUA

21

mir159b GAUAGGGUAGAGCUCCUUGAAGUCCAACGUAGGGUAUAACUGAGUAAGAUA-
GUUGCUUGGUUAUGGACUCCACAGUCCAAUUCCAUCAAGAUGUGUAAUGG-
GAAUACGCUUGAGGAUUGCAUAGCGAGGGAACUUUCUUGCUCGUaGUUAU-
UUCUCUUCUUUGGAUUGAAGGGAGCUCUACUUAUUUUCGUU

192 UUUGGAUUGA-
AGGGAGCUCUA

21

mir159c CGAGGCUGGGUAGAGCUCCUUGAAGUCCAACAUAGGAUCUGACGGAgCAAG-
CGAGCUCCUUGGUUAUGGACUCCACAGUCCCACUCCACCGAAGCUGCGCAU-
GGGAGUUGGCUUGAGGAUUGCUUAGCCAUGGAGCUUUCUAACUCGUCGUU-
AAAUCCCGUUUUGGAUUGAAGGGAGCUCUACUUCCUCUUUCU

194 UUUGGAUUGA-
AGGGAGCUCUA

21

mir159d GGCGAUAGGGUAGAGCUCCUUGAAGUCCAACGUAGGGUAUAACUGAGUAA-
GAUAGUUGCUUGGUUAUGGACUCCACAGUCCAAUUCCAUCAAGAUGUGUAA-
UGGGAAUACGCUUGAGGAUUGCAUAGCGAGGGAACUUUCUUGCUCGUaGU-
UAUUUCUCUUCUUUGGAUUGAAGGGAGCUCUACUUAUUUUCGUU

195 UUUGGAUUGA-
AGGGAGCUCUA

21

mir166 RF00075 mir166a UUUGAGAGGAAUGUUGUCUGGCUCGAAAACUUAAUUUCUUCAUGAUCCAG-
AUCAUCGCCUUCcuguAGAUCUCACAGAUUUAUGGGUUCUGUUAGAUcUGU-
GUUGUCGGACCAGGCUUCAUUCCCCCCAAU

131 UCGGACCAGGC-
UUCAUUCCCC

21

mir166b UUUGAGGGGAAUGUUGUUUGGUUCAAGCAACCCGUUCGAUCGGAUCGAGU-
GGGUUCCCAUUUGGCUACAUUUCUCGGACCAGGCUUCAUUCCCCACGAA

99 UCGGACCAGGC-
UUCAUUCCCC

21

mir171_1 RF00643 mir171_1 UAAUAAGUAAGGUAUUGGCGCGCCUCAAUCCACUUGCUUUGGUCUUCGauu-
guuCGCCUGGUUGAAAGUAAGUUAGAUUGAGCCGCGCCAAUAUCUGACUU-
UUACUG

107 GAUUGAGCCG-
CGCCAAUAUC

20

mir171_1t* GUGUCACUUUGAUGUUGGCCCGGUUCACUCAGAGCGAGGCUAGGUUCUgu-
uuuuuucauauuuuuauugguaacgaucauccuacGCCUUUGAUUGAGCCGCGCC-
AAU

108 GAUUGAGCCG-
CGCCAAU

17

mir172 RF00452 mir172 CUGUUUGCUGGUGCAGCAUCUUCGAGAUUCACAUACCUuuauuaacguuacag-
uUAUGGGAUUCAGUCUUAAUUUCAUUUUGACACAGAAACCGUUUUUGUAU-
GAGAAUCUUGAUGAUGCUGCAGCGGCCAUGAG

135 AGAAUCUUGA-
UGAUGCUGCA

20

mir319 RF03483 mir319 GGAGCUUUCUUCAGUUCAGUUCAAGGCAGAAACAGCUUAAAAACUGCUGCU-
GAAUCGUUGGGUCACGAACACAUCAUCUUUUGAAGAAGAGAUACUUGGUAG-
CGAGAAGCGAGAUGUGUUUUUGAUCCAUCGAAGCAGGAGCUGAGUUGGGC-
UAUGCUUGUCGCGGCUUGGACUGAAGGGAGCUCC

186 CUUGGACUGA-
AGGGAGCUCC

20

mir390 RF00689 mir390 UGGAGUAAUCUGUUGAGCUCAGGAGGGAUAGCGCCAUGAAUAAAAAUCUU-
GCUCGUGAGuuuuguuccGACGCUAUCUAUUCUGAGCUUUACGGCUUCUUC-
UU

103 AGCUCAGGAG-
GGAUAGCGCC

20

Note: Sequence marked with <t= and asterisk (*) is truncated and excluded from the structural prediction.
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(Figure 5) were analyzed for shim, which has its reference

genome published [28]. It appears that the shim-miRNA gene

promoters were dominated by ethylene response elements

(ERE), light-responsive Box-4 elements, and MYB transcrip-

tion factor-related elements.

4 Discussion

4.1 Plant-conserved miRNAs exist in

Rafflesiaceae

miRNA has been considered molecular taskmasters, regu-

lating many biological processes through gene silencing or

RNA interference/RNAi [16]. Out of 9 highly conserved

miRNA families in plants [27], we identiûed 7 families

(156/157, 159/319, 160, 165/166, 171, 172, 390) with 22 variants

(total 12 miRNAs found in S. himalayana and 10 in R. can-

tleyi; Tables 1–3; Figure 2). In addition, we recovered

miR395 (from shim). This number of miRNA families is

comparatively small compared to photosynthetic plants.

Between Arabidopsis and Oryza, 91 potentially conserved

miRNAs have been identiûed [58]. Our homology-driven

methods identiûed conserved miRNAs but likely missed

novel ones speciûc to Rafflesiaceae. Between the holopar-

asites C. campestris and Orobanche aegyptiaca, the same

conserved miRNAs detected in Rafflesiaceae were also

found, though there were a few more, such as miR164,

miR168, miR396, and miR398, that were present in both

C. campestris and O. aegyptiaca (and other photosynthetic

plants [20]) but lacking in Rafflesiaceae. It is possible that

Figure 2: The identiûed miRNA precursor stem-loop minimal free energy structures with the mature miRNA sequences marked in purple in both shim
and rcan. shim-mir395 is not shown as it is based on genomic evidence. miRNA: mir156 (a), mir157 (b), mir159 (c), mir319 (d), mir160 (e), mir166 (f),
mir171_1 (g), mir172 (h), and mir390 (i).

Figure 3: The identiûed miRNA precursor stem-loop structures for
shimmir5 next to cca-mir5 from Zangishei et al. [20] with the mature
miRNA sequences marked in purple. mir5: C. campestris (cca) (a) and
S. himalayana (shim) (b).
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our in silico methods may not have mined all plant-con-

served miRNAs in Rafflesiaceae, but the evolutionary loss

of these miRNAs due to their unique life cycle may be an

alternate explanation. Cai et al. [2] reported that 44% of

genes conserved in eurosids were lost in Sapria, as a result

of genome streamlining or the tendency toward reduction

in non-coding DNA which has been documented in many

obligate parasites, whether bacterial or eukaryotic.

Each miRNA family has a different hairpin structure.

For instance, the miR159/319 family in this study has the

longest stem structures, while miR166, for example, has a

shorter stemwith much bigger loop structures. Unfortunately,

the reason behind the diversity in hairpin size is still not yet

explained. Hypothetically, a longer hairpinmight prolong its

existence in the cytoplasm before being cleaved into mature

miRNA, as its structure would be thermodynamically more

stable [59] or a long hairpin RNA by itself could act as RNA

silencing agent [60]. The shorter hairpin, on the other hand,

would be immediately processed to produce a mature

miRNA sequence. This would require more tests, including

3Dmodeling followed bymiRNA–mRNA docking simulation,

and molecular dynamics to conûrm the structural stabi-

lity [61,62].

4.2 Putative genic targets of detected

miRNA

Though conserved miRNAs were characterized, not all

Rafflesiaceae miRNAs were found to have endogenous tar-

gets and may have evolved to target host miRNA, though

this requires experimental veriûcation. Parasites have been

Table 4: Putative target genes of shim and rcan miRNA (endogenous and in host tcau and in host proxy vvin). Only the highest-scoring targets are
indicated. *mir395 was predicted from genomic evidence. n/a = no target found

miRNA Targets in

S. himalayana (shim) R. cantleyi (rcan) T. cauliflorum (tcau) V. vinifera (vvin)

mir156 CSL D1 SPL n/a SPL

mir157 n/a n/a n/a SPL

mir159 Ty3-G, MYB, non-LTR retrotransposon
reverse transcriptase

MYB, Networked 1D TNT, SRP72 Ty3-G, MYB, SPOROCYTELESS,
PUMILIO 24

mir160 n/a n/a n/a ARF

mir166 n/a HD-Zip n/a HD-Zip
mir171_1 SCL SCL SCL SCL

mir172 n/a RAP2-7/AP2 n/a RAP2-7/AP2

mir319 MYB MYB n/a UNE12

mir390 YfaU YfaU n/a LRR RLK, MIK2

mir395* n/a n/a n/a APS1

Figure 4: The TPM values for each miRNA for both S. himalayana and R.

cantleyi. The gradient of white (zero) to red (high) shows the degree of
expression (black not found/not applicable).
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shown to synthesize and deliver miRNAs that target mRNA

in their host primarily to subvert the host immune response

[63]. For some miRNA, we found internal targets (i.e., within

Rafflesiaceae) that were annotated similarly to host targets

(Table 4), and we think that in these cases, the miRNA is

involved in endogenous genetic regulation of the parasite

itself, rather than the host. For example, miR156/157 and

miR165/166 were recovered from non-infective portions of

C. campestris [20], suggesting these are probably involved in

endogenous genetic regulation of the parasite. The same two

miRNA families were recovered in Rafflesiaceae. In addi-

tion, we characterized miR171 and miR172 in Rafflesiaceae,

whose targets were similar in both host and parasite.

In rcan, miR156/157 targets SQUAMOSA PROMOTER

BINDING PROTEIN-LIKE (SPL) family involved in leaf/

root development, üowering, and stress response [64].

Since we did not detect a genic target in tcau, perhaps

due to poor gene annotation, we explored vvin as host

proxy and identiûed the same genic target: SPL. miR156

delays üowering by targeting SPL transcription factors,

while miR172 has the opposite effect, promoting üowering

by depleting Apetala2/AP2 [64,65]. Both of these miRNAs

conceivably interact with one another to regulate üow-

ering in Rafflesiaceae. However, the internal target of

miR156 in shim was CSL D1 (cellulose synthase-like D1 pro-

tein) which regulates plant organ size through cell division

and has been found to be highly expressed in immature

tissues [66], which may explain the limited expression in

the mature shim üower (Figure 4), though absent in its bud.

The absence of expression of certain miRNA (Figure 4, black)

could be an artifact of limitations in data quality and/or

computational miRNA mining approaches.

Though we did not ûnd an internal target for miR172 in

shim, in rcan, miR172 potentially targets RAP2-7, a member

of Apetala2/AP2 involved in üowering regulation and

innate immunity (The Arabidopsis Information Resource/

TAIR). In vvin (none found in tcau), RAP2-7 was also

detected as a target. RAP2-7 is an ethylene-responsive tran-

scription factor, which confers a delay in üowering time

and is upregulated during pathogen attack [41]. miR172

expression in rcan and shim (Figure 4), and consequent

RNAi of RAP2-7 may be a mechanism to control the para-

site’s üowering, while trans-species regulation could sup-

press host immunity.

miR166 also had similar genic targets in rcan and in

vvin (none found in shim and tcau) – homeobox-leucine

zipper protein (HD-zip) ATHB-15 which regulates vascular

development in the inüorescence [67]. Thus, higher expres-

sion of this miR166 in both shim and rcan üower (vs bud,

Figure 4) may be indicative of increased regulation of

xylem development in this stage [68]. The putative genic

target of miR171 for all taxa examined here (shim, rcan,

tcau, vvin) was SCL (scarecrow-like). Overexpression of

miR171 and concomitant silencing of SCL genes resulted

Figure 5: The identiûed features of the S. himalayana miRNA gene promoters located 2k bp proximal to the gene (a). The detected cis-acting
regulatory elements or CARE motifs were summed (b, gray bars) to show which motifs are highly represented on each miRNA gene. The number
of the detected miRNA with the motifs was also summed (b, blue lines).
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in Arabidopsis and rice showing branching defects and

late üowering suggesting conserved function of miR171 in

plants [69]. This miRNA also regulates various plant responses

including phase transitions, somatic embryogenesis, hormone

signaling, and stress responses [70] which may explain the

expression of miR171 in both bud and üower, though more so

in the üower of both species, shim and rcan (Figure 4).

miR159 and miR319, which are related in origin but

considerably diverged in function [71] were also detected

in shim, but only miR159 was identiûed in rcan. Genic

targets include members of MYB (miR159) and UNE12, a

type of TCP/TEOSINTE BRANCHED1/CYCLOIDEA/PROLIFER-

ATING CELL FACTOR (miR319), which are involved in male

function and leaf development/hormone synthesis [64,72]

respectively. Greater expression of miR159 in shim and

rcan buds (vs üowers, Figure 4) suggests repression of

GAMYB (gibberellin-induced MYB) and possible attenua-

tion of male development [73]. Though miR319 targets

MYB in both rcan and shim, another potential genic target

in shim is “unnamed protein product”with the top blast hit

“non-LTR retrotransposon reverse transcriptase from Cus-

cuta epithymum.” Since this was not recovered as a target

in rcan, it is not clear if this is a case of convergent evolu-

tion in holoparasites. >70% of genic targets in Cuscuta are

involved in silencing transposable element (TE) expression

[20]; thus, it is not unlikely that shim-miR159 has evolved

this new TE-related target. A transposon protein was also

retrieved as a target in tcau for miR159 (Retrovirus-related

Pol polyprotein from transposon TNT), as well as in vvin

(Ty3-G Gag-Pol) in addition to MYB. In rcan, another puta-

tive internal target was Networked 1d/kinase interacting

(KIP1-like) which is a pollen protein [74], and thus relevant

to the expected target of miR159 with respect to male

development.

miR160 was detected in shim but not in rcan. This

miRNA targets auxin response factors (ARF), which are

involved in multiple stages of plant development including

embryo, leaf, root, üower, and seed development. No endo-

genous target was found in shim and in tcau. The lack of a

target in shim could indicate differential regulation in host

and parasite, perhaps allowing shim to escape miR160

auxin regulation facilitating the development of the üower’s

giant size. In the host proxy vvin, miR160 targets wereARF17

and ARF18, involved in anther dehiscence [75] and repres-

sion of AGAMOUS that controls stamen-petal organ speciû-

cation [76], respectively.

The plant conserved miR390 was also identiûed in

both shim and rcan buds (Figure 4) targeting the speciûc

enzyme 2-keto-3-deoxy-L-rhamnonate aldolase (YfaU) endo-

genously, but in the host proxy vvin (none found in tcau)

genic targets include MDIS1-interacting receptor-like kinase

2 (MIK2) and probable LRR receptor-like serine/threonine-

protein kinase (LRR RLK). These identiûed targets differ

from the expected targets of TAS3 implicated in ARF repres-

sion and indirect miR165/166 regulation [64]. YfaU is an

enzyme that speciûcally catalyzes the reversible retro-aldol

cleavage of 2-keto-3-deoxy-L-rhamnonate to pyruvate and

lactaldehyde [41] and is involved in the rhamnose catabolic

pathway. Rhamnose sugars are commonly found in plant

pectins. MIK2 and LRR RLK are involved in the activation

of plant immune response against various pathogens [77].

The disparate targets of this miRNA imply different genetic

regulatory mechanisms, one that prevents breakdown of

rhamnose in the parasite, whichmay be important for infec-

tion as observed in plant pathogens [78,79] while concomi-

tantly disrupting immune response in its host.

4.3 miRNA in plant parasites

Like Cuscuta, Rafflesiaceae seemed to have lost multiple

conserved miRNAs of core eudicots (miR164, 167, 168, 169,

394, 396, 397 [80]) involved in leaf and root development

and immune resistance [64]; these processes rendered

obsolete by the parasitic lifestyle [20]. Though Cuscuta

was missing miR395, we found genomic evidence for miR395

in shim, albeit missing in its transcriptome. Though there

was no endogenous target found in shim, we detected ATP

sulfurylase 1 (APS1, Table 4) as a target in the host proxy

vvin. We speculate that by inhibiting host APS, which pro-

motes sulfur uptake and assimilation [81], it allows the accu-

mulation of metabolically essential sulfate in host shoots

[82] to which Sapria is attached.

Novel miRNA may arise from de novo emergence or

neofunctionalization or horizontal gene transfer [20]. We

attempted to determine if miRNAs that Zangishei et al. [20]

identiûed as novel in C. campestris are present in Rafflesi-

ceae, as a result of convergent evolution. This was moti-

vated by their ûnding that there were some new miRNAs

identiûed in Cuscuta, for example, Ccamp-miR15 with a

sequence similar to more related Solanum lycopersicum,

and even in the more distant Oryza sativa. We found a

homolog in shim (shim-mir5, Figure 3) to cca-mir5 charac-

terized by Zangishei et al. [20] in C. campestris, but we did

not ûnd an endogenous target, nor potential host targets

(results not shown).

The identiûed miRNA promoters in S. himalayana con-

tained multiple ethylene-responsive-binding elements (ERE,

Figure 5). Ethylene, a stress response mediator produced

during biotic and abiotic stress (e.g., pathogens, drought,

or heat) [83], may act as a growth signal for the parasite.
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This could explain the increased presence of ERE in Rafflesia-

ceae miRNA promoters, potentially reüecting an evolutionary

adaptation to host-derived ethylene during parasitism. Inter-

estingly, the ûnding that ethylene-reception mutants of the

parasitic plant Phtheirospermum japonicum are unable to

invade host roots [84] lends credence to this hypothesis in

Sapria, which may have convergently evolved to recognize

ethylene as a growth signal. In addition to ERE, light-respon-

sive elements (BOX4, Figure 5) were identiûed in Rafflesia-

ceae miRNA promoters, implying phototropic response in

Rafflesiaceae [85]. As expected, like any other plant, motifs

for the large family of MYB were abundant in shim miRNA

promoters (Figure 5) as these transcription factors are

involved in various plant processes including biotic and

abiotic stress responses, development, differentiation, and

metabolism [86].

4.4 Limitations and future studies

This study provides a foundation for understanding miRNA

roles in parasitism within Rafflesiaceae. However, given

that miRNA covariance models were derived from the

Rfam database and previous studies, further research will

be essential to identify putative novel miRNAs speciûc to

Rafflesiaceae species. This includes expanding research

beyond R. speciosa and S. himalayana to other Rafflesiaceae

members. Additionally, experimental validation through

small RNA sequencing at the host-parasite interface will

be crucial to conûrm the miRNAs discovered here and to

identify any novel miRNAs that might play unique roles in

parasitism.

Despite these limitations, our ûndings reveal a subset

of conserved plant miRNAs in R. speciosa and S. hima-

layana, highlighting similarities between these parasitic

plants, as well as in comparison to their host plants.

These insights serve as an important preliminary step

toward understanding miRNA evolution and function in

parasitic plants, setting the stage for deeper explorations

into the molecular mechanisms underlying Rafflesiaceae-

host interactions.

5 Conclusion

In this study, we used homology-based in silico approaches

to characterize conserved miRNAs in Rafflesiaceae from

published omics data. Though this approach limited us

from characterizing novel miRNA that may have evolved

because of its specialized parasitic relationship with

Tetrastigma, our study provided conûrmation that certain

miRNA that have ancient origins in land plants [80] and are

also present in Rafflesiaceae. Despite the unique adapta-

tions of Rafflesiaceae to a parasitic lifestyle, they retain a

subset of miRNAs commonly found in non-parasitic plants,

such as mir156, mir159, and mir166, which likely contribute

to essential regulatory functions. Differential expressions

across developmental stages further indicate that miRNAs

may help coordinate growth and interaction with host

plants. Small RNA sequencing at the host–parasite junction

could conûrm the miRNA characterized in this study, as

well as shed light on the cryptic genetics that underlie the

development of the world’s largest üowers, including how

these unique miRNAs are involved in gene silencing/RNAi

of host genes to facilitate and sustain Rafflesiaceae infec-

tion. Future studies exploring novel miRNAs unique to

these species may yield insights into the evolution and

specialization of parasitic plants.

Acknowledgments: The authors are thankful to Hannes

Ruwe (Georg-August-Universität Göttingen) for his helpful

guidance, as well as Xuelian Guo and her team (Chinese

Academy of Sciences) for the S. himalayana data used in

this study. Dr. Guo also provided ncRNA annotated data

from her previous study. We express our gratitude to

Piyakaset Suksathan (QSBG), Hans Bänziger and Stephen

Elliot (Chiang Mai University), Stephen Jones (US Botanic

Garden), Adriane Tobias (University of the Philippines Los

Banos), and Surasak Narkburi for support during ûeld

work. This article is dedicated to the late Dr. Wattana

Tanming.

Funding information: Some of this work was supported by

the National Science Foundation (Plant-Biotic Interactions)

Award #2346626 and USBG cooperative grant to JM.

Author contributions: AW conceived the study after dis-

cussion with AAP. AW and JM collected the sample of T.

cauliflorum at QSBG. K-LW and MNMI processed and

assembled the reads of T. cauliflorum genome from the

existing database for the initial transcriptome assembly

testing. AW consulted the simulation bioinformatics with

AAP and details about miRNA with KM. AW and JM ana-

lyzed the data. All authors equally contributed to writing

the manuscript.

Conflict of interest: Authors state no conüict of interest.

Data availability statement: The datasets generated during

and/or analyzed during the current study are available

from the corresponding author on reasonable request.

In silico exploration of plant microRNA in Rafflesiaceae  11



References

[1] Molina J, Hazzouri KM, Nickrent D, Geisler M, Meyer RS,
Pentony MM, et al. Possible loss of the chloroplast genome in the
parasitic üowering plant Rafflesia lagascae (Rafflesiaceae). Mol Biol
Evol. 2014;31(4):793–803.

[2] Cai L, Arnold BJ, Xi Z, Khost DE, Patel N, Hartmann CB, et al. Deeply
altered genome architecture in the endoparasitic üowering plant
Sapria himalayana Griff. (Rafflesiaceae). Curr Biol.
2021;31(5):1002–11.e9.

[3] Nikolov LA, Tomlinson PB, Manickam S, Endress PK, Kramer EM,
Davis CC. Holoparasitic Rafflesiaceae possess the most reduced
endophytes and yet give rise to the world’s largest üowers. Ann
Bot. 2014;114(2):233–42.

[4] Mursidawati S, Wicaksono A, Teixeira, da Silva JA. Development of
the endophytic parasite, Rafflesia patma Blume, among host plant
(Tetrastigma leucostaphylum (Dennst.) Alston) vascular cambium
tissue. S Afr J Bot. 2019;123:382–6.

[5] Bascos EMA, Fernando ES, Duya MV, Rodriguez LJV. Beginnings of a
plant parasite: early development of Rafflesia consueloae inside its
Tetrastigma host. Planta. 2021;254(3):61.

[6] Wicaksono A, Mursidawati S, Molina J. A plant within a plant:
Insights on the development of the Rafflesia endophyte within its
host. Bot Rev. 2021;87(2):233–42.

[7] Molina J, Nikolic D, Jeevarathanam JR, Abzalimov R, Park E-J,
Pedales R, et al. Living with a giant, üowering parasite: metabolic
differences between Tetrastigma loheri Gagnep. (Vitaceae) shoots
uninfected and infected with Rafflesia (Rafflesiaceae) and potential
applications for propagation. Planta. 2021;255(1):4.

[8] Molina J, Wicaksono A, Michael TP, Kwak SH, Pedales RD, Joly‐
Lopez Z, et al. The seed transcriptome of Rafflesia reveals horizontal
gene transfer and convergent evolution: Implications for conser-
ving the world’s largest üower. Plant People Planet. 2023. doi: 10.
1002/ppp3.10370.

[9] Malabrigo Jr P, Tobias AB, Witono J, Mursidawati S, Susatya A, Siti‐
Munirah MY, et al. Most of the world’s largest üowers (genus
Rafflesia) are now on the brink of extinction. Plant People Planet.
2023. doi: 10.1002/ppp3.10431.

[10] Molina J, McLaughlin W, Wallick K, Pedales R, Marius VM,
Tandang DN, et al. Ex situ propagation of Philippine Rafflesia in the
United States: Challenges and prospects. Sibbaldia: Int J Bot Gard
Hortic. 2017;15:77–96.

[11] Pelser PB, Nickrent DL, Barcelona JF. Untangling a vine and its
parasite: Host speciûcity of Philippine Rafflesia (Rafflesiaceae).
TAXON. 2016;65(4):739–58.

[12] Xi Z, Bradley RK, Wurdack KJ, Wong KM, Sugumaran M, Bomblies K,
et al. Horizontal transfer of expressed genes in a parasitic üow-
ering plant. BMC Genomics. 2012;13(1):227.

[13] Xi Z, Wang Y, Bradley RK, Sugumaran M, Marx CJ, Rest JS, et al.
Massive mitochondrial gene transfer in a parasitic üowering plant
clade. PLOS Genet. 2013;9(2):e1003265.

[14] Reinhart BJ, Weinstein EG, Rhoades MW, Bartel B, Bartel DP.
MicroRNAs in plants. Genes Dev. 2002;16(13):1616–26.

[15] Rhoades MW, Reinhart BJ, Lim LP, Burge CB, Bartel B, Bartel DP.
Prediction of plant microRNA targets. Cell. 2002;110(4):513–20.

[16] Choudhary A, Kumar A, Kaur H, Kaur N. MiRNA: the taskmaster of
plant world. Biologia. 2021;76(5):1551–67.

[17] Zhang B, Pan X, Cobb GP, Anderson TA. Plant microRNA: A small
regulatory molecule with big impact. Dev Biol. 2006;289(1):3–16.

[18] Chaudhary S, Grover A, Sharma PC. MicroRNAs: Potential targets
for developing stress-tolerant crops. Life. 2021;11(4):289.

[19] Meitha K, Esyanti RR, Hanisia RH. Green pesticide: Tapping to the
promising roles of plant secreted small RNAs and responses
towards extracellular DNA. Non-coding RNA Res. 2021;6(1):42–50.

[20] Zangishei Z, Annacondia ML, Gundlach H, Didriksen A,
Bruckmüller J, Salari H, et al. Parasitic plant small RNA analyses
unveil parasite-speciûc signatures of microRNA retention, loss, and
gain. Plant Physiol. 2022;190(2):1242–59.

[21] Alakonya A, Kumar R, Koenig D, Kimura S, Townsley B, Runo S, et al.
Interspeciûc RNA interference of SHOOT MERISTEMLESS-Like
Disrupts Cuscuta pentagona plant parasitism. Plant Cell.
2012;24(7):3153–66.

[22] Hudzik C, Maguire S, Guan S, Held J, Axtell MJ. Trans-species
microRNA loci in the parasitic plant Cuscuta campestris have a U6-
like snRNA promoter. Plant Cell. 2023;35(6):1834–47.

[23] Mao J-C, Yan M, Li J-H, Yang J-Y, Wang H-J. The role of small RNAs in
resistant melon cultivar against Phelipanche aegyptiaca parasitiza-
tion. Front Microbiol. 2024;15:1408926.

[24] Zinati Z, Shamloo-Dashtpagerdi R, Behpouri A. In silico identiûca-
tion of miRNAs and their target genes and analysis of gene co-
expression network in saffron (Crocus sativus L.) stigma. Mol Biol
Res Commun. 2016;5(4):233–46.

[25] Jike W, Sablok G, Bertorelle G, Li M, Varotto C. In silico identiûcation
and characterization of a diverse subset of conserved microRNAs in
bioenergy crop Arundo donax L. Sci Rep. 2018;8(1):16667.

[26] Chaudhary V, Jangra S, Yadav NR. In silico identiûcation of miRNAs
and Their targets in cluster bean for their role in development and
physiological responses. Front Genet. 2022;13:930113.

[27] Ha M, Pang M, Agarwal V, Chen ZJ. Interspecies regulation of
microRNAs and their targets. Biochim Biophys Acta.
2008;1779(11):735–42.

[28] Guo X, Hu X, Li J, Shao B, Wang Y, Wang L, et al. The Sapria

himalayana genome provides new insights into the lifestyle of
endoparasitic plants. BMC Biol. 2023;21(1):134.

[29] Mohd-Elias N-A, Rosli K, Alias H, Juhari MAA, Abu-Bakar MF, Md-
Isa N, et al. Transcriptome analysis of Rafflesia cantleyi üower
stages reveals insights into the regulation of senescence. Sci Rep.
2021;11(1):23661.

[30] Bolger AM, Lohse M, Usadel B. Trimmomatic: a üexible trimmer for
Illumina sequence data. Bioinformatics. 2014;30(15):2114–20.

[31] Andrews S. FastQC: a quality control tool for high throughput
sequence data. Cambridge, United Kingdom: Babraham
Bioinformatics, Babraham Institute; 2010.

[32] Yates Andrew D, Allen J, Amode RM, Azov AG, Barba M, Becerra A,
et al. Ensembl Genomes 2022: an expanding genome resource for
non-vertebrates. Nucleic Acids Res. 2021;50(D1):D996–1003.

[33] Grabherr MG, Haas BJ, Yassour M, Levin JZ, Thompson DA, Amit I,
et al. Full-length transcriptome assembly from RNA-Seq data
without a reference genome. Nat Biotechnol. 2011;29(7):644–52.

[34] Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced aligner with
low memory requirements. Nat Methods. 2015;12(4):357–60.

[35] Pertea M, Pertea GM, Antonescu CM, Chang T-C, Mendell JT,
Salzberg SL. StringTie enables improved reconstruction of a
transcriptome from RNA-seq reads. Nat Biotechnol.
2015;33(3):290–5.

[36] Patro R, Duggal G, Love MI, Irizarry RA, Kingsford C. Salmon pro-
vides fast and bias-aware quantiûcation of transcript expression.
Nat Methods. 2017;14(4):417–9.

12  Adhityo Wicaksono et al.



[37] Quinlan AR, Hall IM. BEDTools: a üexible suite of utilities for com-
paring genomic features. Bioinformatics. 2010;26(6):841–2.

[38] Haas BJ, Papanicolaou A, Yassour M, Grabherr M, Blood PD,
Bowden J, et al. De novo transcript sequence reconstruction from
RNA-seq using the Trinity platform for reference generation and
analysis. Nat Protoc. 2013;8(8):1494–512.

[39] Buchûnk B, Xie C, Huson DH. Fast and sensitive protein alignment
using DIAMOND. Nat Methods. 2015;12(1):59–60.

[40] Consortium TU. UniProt: a hub for protein information. Nucleic
Acids Res. 2014;43(D1):D204–12.

[41] Consortium TU. UniProt: the Universal Protein Knowledgebase in
2023. Nucleic Acids Res. 2022;51(D1):D523–31.

[42] Quevillon E, Silventoinen V, Pillai S, Harte N, Mulder N, Apweiler R,
et al. InterProScan: protein domains identiûer. Nucleic Acids Res.
2005;33(suppl_2):W116–20.

[43] Jones P, Binns D, Chang H-Y, Fraser M, Li W, McAnulla C, et al.
InterProScan 5: genome-scale protein function classiûcation.
Bioinformatics. 2014;30(9):1236–40.

[44] Bateman A, Coin L, Durbin R, Finn RD, Hollich V, Griffiths‐Jones S,
et al. The Pfam protein families database. Nucleic Acids Res.
2004;32(suppl_1):D138–41.

[45] Mi H, Lazareva-Ulitsky B, Loo R, Kejariwal A, Vandergriff J, Rabkin S,
et al. The PANTHER database of protein families, subfamilies,
functions and pathways. Nucleic Acids Res.
2005;33(suppl_1):D284–8.

[46] Schultz J, Copley RR, Doerks T, Ponting CP, Bork P. SMART: a web-
based tool for the study of genetically mobile domains. Nucleic
Acids Res. 2000;28(1):231–4.

[47] Letunic I, Khedkar S, Bork P. SMART: recent updates, new devel-
opments and status in 2020. Nucleic Acids Res.
2020;49(D1):D458–60.

[48] Haft DH, Loftus BJ, Richardson DL, Yang F, Eisen JA, Paulsen Ian T,
et al. TIGRFAMs: a protein family resource for the functional
identiûcation of proteins. Nucleic Acids Res. 2001;29(1):41–3.

[49] Nawrocki EP, Eddy SR. Infernal 1.1: 100-fold faster RNA homology
searches. Bioinformatics. 2013;29(22):2933–5.

[50] Community TG. The Galaxy platform for accessible, reproducible
and collaborative biomedical analyses: 2022 update. Nucleic Acids
Res. 2022;50(W1):W345–51.

[51] Griffiths-Jones S, Bateman A, Marshall M, Khanna A, Eddy SR. Rfam:
an RNA family database. Nucleic Acids Res. 2003;31(1):439–41.

[52] Harmanci AO, Sharma G, Mathews DH. Efficient pairwise RNA
structure prediction using probabilistic alignment constraints in
Dynalign. BMC Bioinf. 2007;8(1):130.

[53] Babicki S, Arndt D, Marcu A, Liang Y, Grant JR, Maciejewski A, et al.
Heatmapper: web-enabled heat mapping for all. Nucleic Acids Res.
2016;44(W1):W147–53.

[54] Lescot M, Déhais P, Thijs G, Marchal K, Moreau Y, Van de Peer Y,
et al. PlantCARE, a database of plant cis-acting regulatory elements
and a portal to tools for in silico analysis of promoter sequences.
Nucleic Acids Res. 2002;30(1):325–7.

[55] Iqbal Z, Iqbal MS, Sangpong L, Khaksar G, Sirikantaramas S,
Buaboocha T. Comprehensive genome-wide analysis of calmo-
dulin-binding transcription activator (CAMTA) in Durio zibethinus

and identiûcation of fruit ripening-associated DzCAMTAs. BMC
Genomics. 2021;22(1):743.

[56] Fahlgren N, Carrington JC. miRNA target prediction in plants. In:
Meyers BC, Green PJ, editors. Plant MicroRNAs: Methods and pro-
tocols. Totowa, NJ: Humana Press; 2010. p. 51–7.

[57] Axtell MJ, Snyder JA, Bartel DP. Common functions for diverse small
RNAs of land plants. The Plant Cell. 2007;19(6):1750–69.

[58] Bonnet E, Wuyts J, Rouzé P, Van de Peer Y. Detection of 91 potential
conserved plant microRNAs in Arabidopsis thaliana and Oryza sativa

identiûes important target genes. Proc Natl Acad Sci.
2004;101(31):11511–6.

[59] Long X, Luo T, Yuan P, Gan Y, Liu H, Deng Z, et al. Hairpin switches-
based isothermal transcription ampliûcation for simple, sensitivity
detection of MicroRNA. Anal Chem. 2023;95(37):13872–9.

[60] Svoboda P, Cara AD. Hairpin RNA: a secondary structure of primary
importance. Cell Mol Life Sci. 2006;63(7):901–8.

[61] Ivan J, Nurdiansyah R, Parikesit AA. Computational modeling of
AGO-mediated molecular inhibition of ARF6 by miR-145. Indones J
Biotechnol 25(2):102–8.

[62] Singh KP, Gupta S. 3D modeling of non-coding RNA interactions. In:
Schmitz U, Wolkenhauer O, Vera-González J, editors. Systems
biology of MicroRNAs in cancer. Cham: Springer International
Publishing; 2022. 281–317.

[63] Wang M, Weiberg A, Lin F-M, Thomma BPHJ, Huang HD, Jin H.
Bidirectional cross-kingdom RNAi and fungal uptake of external
RNAs confer plant protection. Nat Plants. 2016;2(10):16151.

[64] Dong Q, Hu B, Zhang C. microRNAs and their roles in plant devel-
opment. Front Plant Sci. 2022;13:824240.

[65] Ó’Maoiléidigh DS, van Driel AD, Singh A, Sang Q, Le Bec N,
Vincent C, et al. Systematic analyses of the MIR172 family members
of Arabidopsis deûne their distinct roles in regulation of APETALA2
during üoral transition. PLOS Biol. 2021;19(2):e3001043.

[66] Li W, Yang Z, Yao J, Li J, Song W, Yang X. Cellulose synthase-like D1
controls organ size in maize. BMC Plant Biol. 2018;18(1):239.

[67] Kim J, Jung J-H, Reyes JL, Kim Y-S, Kim S-Y, Chung K-S, et al. microRNA-
directed cleavage of ATHB15 mRNA regulates vascular development
in Arabidopsis inüorescence stems. Plant J. 2005;42(1):84–94.

[68] Mursidawati S, Wicaksono A. Tissue differentiation of the early and
the late üower buds of Rafflesia patma Blume. J Plant Dev.
2020;27:19–32.

[69] Curaba J, Talbot M, Li Z, Helliwell C. Over-expression of
microRNA171 affects phase transitions and üoral meristem deter-
minancy in barley. BMC Plant Biol. 2013;13(1):6.

[70] Pei LL, Zhang LL, Liu X, Jiang J. Role of microRNA miR171 in plant
development. PeerJ. 2023;11:e15632.

[71] Li Y, Li C, Ding G, Jin Y. Evolution of MIR159/319 microRNA genes
and their post-transcriptional regulatory link to siRNA pathways.
BMC Evol Biol. 2011;11(1):122.

[72] Nag A, King S, Jack T. miR319a targeting of TCP4 is critical for petal
growth and development in Arabidopsis. Proc Natl Acad Sci.
2009;106(52):22534–9.

[73] Millar AA, Lohe A, Wong G. Biology and function of miR159 in
plants. Plants. 2019;8(8):255.

[74] Skirpan AL, McCubbin AG, Ishimizu T, Wang X, Hu Y, Dowd PE, et al.
Isolation and characterization of kinase interacting protein 1, a
pollen protein that interacts with the kinase domain of PRK1, a
receptor-like kinase of Petunia. Plant Physiol. 2001;126(4):1480–92.

[75] Xu X-F, Wang B, Feng Y-F, Xue J-S, Qian X-X, Liu S-Q, et al. AUXIN
RESPONSE FACTOR17 directly regulates MYB108 for anther dehis-
cence1. Plant Physiol. 2019;181(2):645–55.

[76] Chen J, Li Y, Li Y, Li Y, Wang Y, Jiang C, et al. AUXIN RESPONSE
FACTOR 18–HISTONE DEACETYLASE 6 module regulates üoral
organ identity in rose (Rosa hybrida). Plant Physiol.
2021;186(2):1074–87.

In silico exploration of plant microRNA in Rafflesiaceae  13



[77] Hou S, Liu D, Huang S, Luo D, Liu Z, Xiang Q, et al. The Arabidopsis

MIK2 receptor elicits immunity by sensing a conserved signature
from phytocytokines and microbes. Nat Commun. 2021;12(1):5494.

[78] Ma L, Salas O, Bowler K, Oren-Young L, Bar-Peled M, Sharon A.
Genetic alteration of UDP-rhamnose metabolism in Botrytis cinerea

leads to the accumulation of UDP-KDG that adversely affects devel-
opment and pathogenicity. Mol Plant Pathol. 2017;18(2):263–75.

[79] Santhanam P, Boshoven JC, Salas O, Bowler K, Islam MT, Saber MK,
et al. Rhamnose synthase activity is required for pathogenicity of
the vascular wilt fungus Verticillium dahliae. Mol Plant Pathol.
2017;18(3):347–62.

[80] Axtell MJ, Bartel DP. Antiquity of MicroRNAs and their targets in
land plants. Plant Cell. 2005;17(6):1658–73.

[81] Liang G, Yu D. Reciprocal regulation amongmiR395, APS and SULTR2;1
in Arabidopsis thaliana. Plant Signal Behav. 2010;5(10):1257–9.

[82] Liang G, Yang F, Yu D. MicroRNA395 mediates regulation of sulfate
accumulation and allocation in Arabidopsis thaliana. Plant J.
2010;62(6):1046–57.

[83] Müller M, Munné-Bosch S. Ethylene response factors: a key regu-
latory hub in hormone and stress signaling. Plant Physiol.
2015;169(1):32–41.

[84] Cui S, Kubota T, Nishiyama T, Ishida JK, Shigenobu S, Shibata TF,
et al. Ethylene signaling mediates host invasion by parasitic plants.
Sci Adv. 2020;6(44):eabc2385.

[85] Li R, Zhu F, Duan D. Function analysis and stress-mediated cis-
element identiûcation in the promoter region of VqMYB15. Plant
Signal Behav. 2020;15(7):1773664.

[86] Ambawat S, Sharma P, Yadav NR, Yadav RC. MYB transcription
factor genes as regulators for plant responses: an overview.
Physiol Mol Biol Plant. 2013;19(3):307–21.

14  Adhityo Wicaksono et al.


	1 Introduction
	2 Materials and methods
	2.1 Sequence data acquisition
	2.2 Transcriptome mapping and de novo assembly
	2.3 miRNA mining
	2.4 miRNA promoter analysis
	2.5 miRNA target prediction

	3 Results
	3.1 Rafflesiaceae miRNA
	3.2 Rafflesiaceae miRNA targets
	3.3 miRNA expression levels
	3.4 Features of miRNA gene promoters

	4 Discussion
	4.1 Plant-conserved miRNAs exist in Rafflesiaceae
	4.2 Putative genic targets of detected miRNA
	4.3 miRNA in plant parasites
	4.4 Limitations and future studies

	5 Conclusion
	Acknowledgments
	References

