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MicroRNA166 (miR166) is highly conserved and has diverse functions across plant
species. The highbush blueberry (Vaccinium corymbosum) genome is thought to
harbor 10 miRNA166 loci (Vco-miR166), but the extent of their evolutionary
conservation or functional diversification remains unknown. In this study, we identified
six additional Vco-miR166 loci based on conserved features of the miR166 family.
Phylogenetic analyses showed that mature Vco-miR166s and their precursor cluster in
several clades are evolutionary conserved with diverse species. The cis-regulatory
elements in the Vco-miR166 promoters indicated functions related to different
phytohormones and defense responses. We also identified putative targets of vco-
miR166s, which targeted the same gene families, suggesting the functional
conservation and diversification of Vco-miR166 family members. Furthermore, we
examined the accumulation patterns of six mature Vco-miR166s in response to abiotic
stresses by stem-loop reverse RT-gPCR, which revealed their upregulation under freezing,
cold, and heat stress, while they were downregulated by drought compared to control
growth conditions. However, Vco-miR166 members showed different expression patterns
when exposed to salt stress. These results showed that conserved Vco-miR166 family
members display functional diversification but also coordinately influence plant responses
to abiotic stress.

Keywords: miR166, highbush blueberry, evolutionary conservation, functional diversification, abiotic stress, target
genes

INTRODUCTION

MicroRNAs (miRNAs) are small [20-24 nucleotides (nt)] non-coding regulatory RN As derived
from longer precursor (pre-miRNA) molecules with stem-loop structures. The pre-miRNA is
processed by DICER LIKE1 (DCL1) into the mature miRNA, which then interacts with its
target transcripts. Mature miRNAs mediate almost all plant cellular and metabolic processes by
regulating gene expression at the posttranscriptional level (Thakur et al., 2011; Fang and Wang,
2021).
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In plants, miR166 is a highly conserved miRNA implicated
in a wide range of cellular and physiological processes by
regulating its cognate target genes encoding members from
the homeodomain leucine zipper (HD-ZIP III) family of
transcription factors (Miyashima et al., 2013; Singh et al,
2014; Yadav et al., 2021). Recent evidence showed that the
miR166 family plays crucial roles in response to abiotic stress.
In mulberry (Morus multicaulis), miR166f targets the
transcripts encoding an HD-ZIP III transcription factor
whose expression is induced by drought stress and is a
positive regulator of drought stress tolerance (Li R. et al,
2018). In Arabidopsis (Arabidopsis thaliana), multiple
miR166 members accumulate when seedlings are exposed
to low temperature (Zhou et al., 2008). In potato (Solanum
tuberosum), the levels of miR166 family members were
downregulated by 4°C treatment but were upregulated by
salt stress (Kitazumi et al., 2015; Ou et al., 2015). In barley
(Hordeum vulgare), miR166 was induced in leaves upon
dehydration stress (Kantar et al., 2010). In wild emmer
wheat (Triticum turgidum), miR166 was downregulated by
drought stress (Kantar et al., 2011). In soybean (Glycine max),
miR166 members play an important role in response to cold,
drought, and salinity stress (Li et al., 2017).

Blueberries (Vaccinium spp.) are an economically important
small fruit crop. The main distribution of commercial
blueberries from northern to southern China comprises
lowbush blueberry (V. angustifolium), highbush blueberry (V.
corymbosum), and rabbiteye blueberry (V. ashei). The
complement of miRNAs has been identified in blueberries
using high-throughput sequencing. For example, 412
conserved miRNAs belonging to 29 families were identified
in fruits from rabbiteye blueberry (Yue et al., 2017); similarly,
127 known and 101 novel miRNAs were identified from flowers,
young fruits, and ripe fruits of rabbiteye blueberry (Li G. et al.,
2018). In highbush blueberry, 84 known miRNAs and 16 novel
miRNAs were identified from fruits, with 10 miRNAs from
miR166 family (Hou et al., 2017). However, the function of
miR166s in highbush blueberry fruits and the genomic sequence
of miR166 loci are unknown. In particular, the response of the
highbush blueberry miR166s to abiotic stress has not been
reported.

As mature miRNAs are highly conserved within the same
family, sequence prediction allows the identification of multiple
members of a given miRNA family, including miR166 (Li et al.,
2017). The sequence and assembly of the highbush blueberry
genome were recently completed, opening the doors to a
systematic identification of miRNAs and their precursors in
this species (Colle et al., 2019). In this study, we predicted the
sequences of miRNA166 family members, their precursors, and
their encoding genes by mining the highbush blueberry genome
sequence. We demonstrated the evolutionary conservation and
functional diversification of this family based on a sequence
analysis of mature Vco-miR166s, Vco-miR166 loci, and Vco-
miR166 promoters and predicted vco-miR166 target genes. We
also examined the accumulation patterns of six Vco-miR166s in
response to abiotic stresses. The results help elucidate the
functions of the miR166 family in highbush blueberry.

Vco-miR166 in Highbush Blueberry

MATERIALS AND METHODS

Plant Materials and Stress Treatments
One-year-old plants from the highbush blueberry cultivar
‘Bluecrop’, grown in a growth chamber, were used for salt,
drought, freezing, cold, and heat treatments. Plants were also
maintained in tissue culture on modified woody plant
medium with Murashige and Skoog (MS) vitamins, 1.0 mg/
L trans-zeatin, and 3% (w/v) sucrose. Plants were subcultured
every 28 d and were used for drought stress. All plants used
for stress treatments were grown at 25°C under a 16-h-light/
8-h-dark photoperiod. Plants were exposed to —5°C for 0, 0.5,
1,2,4, or 6 h for freezing treatment; 4°C for 0, 2, 4, 6, 9, 12, for
24 h as cold treatment; and 40°C for 0, 0.5, 1, 1.5, 2, and 3 h as
heat treatment. Plants were watered with a 200 mM NaCl
solution for 0, 1, 2, 6, 9, 12, or 24 h as salt treatment. For
drought treatment, plants in tissue culture were transferred to
medium (overlaid with 20% (w/v) PEG-6000 for 1 day, and
then PEG-6000 was removed) for 0, 1, 2, 6,9, 12, and 24 h. For
all treatments, the 0-h treatment served as the control. Leaves
were collected and immediately frozen in liquid nitrogen for
microRNA extraction.

Identification of Novel MiR166s in Highbush
Blueberry

The precursor sequences of miR166 from sweet orange (Citrus
sinensis), grape (Vitis vinifera), and apple (Malus domestica)
were downloaded from the miRbase database (https://www.
mirbase.org) and used as a query against the V. corymbosum
cv. Draper v1.0 genome scaffolds database (https://www.
vaccinium.org/). Homologs were screened as previously
described (Li et al.,, 2017; Hou et al., 2017). The secondary
structures and the negative minimal folding free energy
(MFE) of each miRNA were assessed and computed using
the RNAfold WebServer (http://rna.tbi.univie.ac.at/cgi-bin/
RNAWebSuite/RNAfold.cgi) (Mathews et al., 2004; Gruber
et al., 2008). The minimal folding free energy index (MFEI)
was calculated with the following equation: MFEI = [(MFE/
length of the RNA sequence) *100]/(G + C)%. The candidates
were then confirmed by comparison with miR166s from other
species using the NCBI database (https://www.ncbi.nlm.nih.
gov). The mature miR166s of highbush blueberry were
predicted by searching against the miRbase database using
the precursor sequences of miR166 of highbush blueberry.

Phylogenetic Analysis and Sequences

Alignment

Phylogenetic trees were separately constructed using the
UPGMA method with the MEGA X program from miR166
precursors and mature miR166s from highbush blueberry
(Vco-miR166s), grape (Vvi-miR166s), sweet orange (Csi-
miR166s), and apple (Mdm-miR166s) (Kumar et al., 2018).
Sequence alignments were performed using DNAMAN
software, version 8.192.
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Vco-miR166 in Highbush Blueberry

TABLE 1 | Characteristics of three newly identified miR166 precursors in highbush blueberry.

Locus ID Length NM? MFEP MFEI°  Sequence region on
(nt) kcal/mol Draper genome

\Vco- 107 3 -45.30 0.85 9,638,758-9,638,864
miR166g

\Vco- 114 3 -51.70 1.08  37,329,235-37,329,348
miR166h

\Vco- 186 4 -67.9 0.89  28,809,023-28,809,208
miR166i

ANM, number of mismatches between predicted 3' and 5' arms of the miRNA.
PMinimal folding free energy.
°Minimal folding free energy index.

Promoter Analysis of Vco-miR166s

The upstream sequences of Vco-miR166s were retrieved
from the highbush blueberry genome (https://www.
vaccinium.org/). The transcription start sites (TSSs) and
TATA-box of Vco-miR166s were predicted by TSSP
software in Softberry (http://linuxl.softberry.com/berry.
phtml?topic=tssp&group=programs&subgroup=promoter).
About 1,600 bp of sequence upstream of the TSS was analyzed
for the presence of known cis-acting regulatory sequences
held in the PlantCARE database (http://bioinformatics.psb.
ugent.be/webtools/plantcare/html/).

Prediction and Functional Analysis of

Vco-miR166 Targets

The target sequences of highbush blueberry Vco-miR166s
were predicted with the psRNATarget program (http://
plantgrn.noble.org/psRNATarget/) against American
cranberry (Vaccinium macrocarpon) transcripts (Polashock
et al,, 2014; Dai et al,, 2018). The obtained target sequences
were then used to query target genes in the V. corymbosum cv.
Draper v1.0 genome transcript database (Colle et al., 2019).
The functions of Vco-miR166s target genes were predicted by
BLAST against the Swiss-Prot database (https://ww.uniprot.
org). Genetic similarity and genetic distance were calculated
by DICE and Nei’s similarity coefficient, respectively. The
phylogenetic tree was constructed using the UPGMA method
with NTSYSpc-2.11 F software.

Reverse-Transcription Quantitative PCR
(RT-qPCR)

The microRNAs were extracted using an EASYspin Plant
microRNA rapid extraction kit (Aidlab, Beijing, China) from
control and abiotic stress samples. Reverse transcription and
qPCR were performed with the Mir-X miRNA gqRT-PCR TB
Green Kit (Takara Inc., Dalian, China) using specific stem-loop
RT and forward RT-qPCR primers. qPCR was conducted using
the ABI StepOnePlus Real-Time PCR System using U6 as the
reference. Primer sequences are listed in Supplementary
Table S1.

Scaffold_ID Sequence comparison with similar species in NCBI
on Draper Accession Species Name Identity
genome (%)
VaccDscaff1 KT004773 Camellia sinensis ~ Csi- 90
miR166g
VaccDscaff19 NR_127759  Vitis vinifera Wi- 90
miR166g
VaccDscaff33 NR_107,986 Solanum Sly- 63
lycopersicum miR166b
RESULTS

Identification and Characterization of
Vco-miR166s in Highbush Blueberry

Based on the conserved features shared by pre-miR166s
sequences from sweet orange (Citrus sinensis), grape (Vitis
vinifera), and apple (Malus domestica), we performed a
BLAST search of the highbush blueberry genome. We
identified three new pre-miR166s, designated here Vco-
miR166g, h, and i, following a previous report (Hou et al,
2017) (Table 1). The length of these three new pre-miRNAs
ranged from 107 to 186nt, with three to four predicted
mismatches between the 5 and 3’ arms of the miRNA
(Supplementary Figure S1). The minimal folding free energy
(MFE) of these new mature Vco-miRNAs was lower (from —67.9
to —43.30) and their MFE index (MFEI) (from 0.85 to 1.08) was
higher than those of transfer RNAs (tRNAs), ribosomal RNAs
(rRNA), and messengers RNAs (mRNAs). These results suggest
that these predicted precursors may be bona fide precursors of
highbush blueberry miRNAs.

BLAST analysis determined that Vco-miR166g, Vco-
miR166h, and Vco-miR166i precursors share 90%, 90%, and
63% identity with Csi-miR166g, Vvi-MIR166g, and Sly-miR166 b
precursors, respectively. We thus concluded that these precursors
likely belong to the miR166 family of miRNAs (Table 1). At the
same time, these three precursors from highbush blueberry
showed conserved features in the 3’ arm and differ by several
bases in the 5’ arm with other plant species (Supplementary
Figure S2).

From the three pre-miR166s above, we predicted six putative
mature miR166 sequences (Table 2), located along the 3’ or 5'
arm of the secondary stem-loop structure of each pre-miR166
sequence by searching against the miRbase database. We
designated these candidate miRNAs as Vco-miR166g-3p, Vco-
miR166g-5p, Vco-miR166h-3p, Vco-miR166h-5p, Vco-
miR166i-3p, and Vco-miR166i-5p. We noticed that the
sequence of Vco-miR166i-3p was identical to that of Vco-
miR166b-3p, while Vco-miR166i-5p was identical to Vco-
miR166d-5p. In addition, BLAST analysis showed that Vco-
miR166g-3p, Vco-miR166h-3p, and Vco-miR166i-3p are
identical in sequence to known mature miR166s from other
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TABLE 2 | Characteristics of six newly identified mature miR166s in highbush blueberry.

Vco-miR166 in Highbush Blueberry

ID Sequence Length Homologs Species NMm?
(nt)

Vco- UCUCGGACCAGG 21 Gma-miR166h-3p, Csi-miR166 b,d,g-3p Glycine max, Citrus sinensis 0

miR166g-3p  CUUCAUUCC

Vco- GGGAAUGCUGUC 21 Csi-miR166¢-5p Citrus sinensis 1

miR166g-5p UGGUUCGAG

Vco- AUUUCGGACCAG 22 Lja-miR166-3p Lotus japonicus 0

miR166h-3p  GCUUCAUUCC

Vco- GGAAUGUUGUCU 21 Csi-miR166¢-5p, Zma-miR166g-5p, Bdi-miR166d- Citrus sinensis, Brachypodium distachyon, Aegilops 1

miR166h-5p  GGUUCGAGA 5p, Ata-miR166e-5p, Vca-miR166a-5p tauschii, Vriesea carinata

Vco- UCGGACCAGGCU 21 Bdi-miR166 b,c,d,i-3p, Gma-miR166¢,i-3p, Stu- Brachypodium distachyon, Glycine max, Solanum 0

miR166i-3p  UCAUUCCCC miR166a,c,d,h-3p, Aly-miR166h-3p, Ata- tuberosum, Arabidopsis lyrata, Aegilops tauschii,
miR166a,b,d,e-3p, Vca-miR166a,b,c-3p, Eun- Vrriesea carinata, Eugenia uniflora, Fragaria vesca,
miR166-3p, Fve-miR166d-3p, Cas-miR166¢,f-3p Camelina sativa

Vco- GGGAUGUUGUCU 21 Cly-miR166¢-5p, Zma-miR166¢-5p, Csi-miR166a,e,f-  Solanum lycopersicum, Zea mays, Citrus sinensis, 2

miR166i-5p ~ GGCUCGAUG 5p, Aly-miR166a,c,d-5p, Gma-miR166a,c-5p, Osa- Arabidopsis lyrata, Glycine max, Medicago truncatula,

miR166d-5p, Mtr-miR166g-5p, Bdi-miR166e-5p, Stu-
miR166a-5p, Vca-miR166b-5p, Eun-miR166-5p

Brachypodium distachyon, Solanum tuberosum,
Vriesea carinata, Eugenia uniflora

“Number of mismatches between predicted Vco-miR166s, and their homologs.

species, with the number of mismatches ranging between one (for
Vco-miR166g-5p and Vco-miR166h-5p) and two (for Vco-
miR166i-5p). These results thus indicated that these new Vco-
miR166 candidates do in fact belong to the miR166 family
and that the 3' arm sequences are more conserved than the
5" arm.

Conservation and Diversification of the

Vco-miR166 Family
We also aligned the sequences of pre-miR166s from highbush

blueberry and other major fruit trees (sweet orange, grape, and
apple) and produced the corresponding phylogenetic tree
(Figures 1, 2). We observed the highest degree of conservation
along the arms of the secondary stem-loop structure, especially
on the 3’ arm and in the core region of the mature miRNA (GGA
CCAGGCTTCaTTCC), with more variation flanking the mature
miRNA (Figure 1). The nine Vco-miR166s roughly clustered into
clades | and Il but largely did not cluster together within each
clade (Figure 2A). These results supported the evolutionary
conservation of miR166 family members across various plant
species.

We repeated the phylogenetic analysis separately on the 3’ and
5' arms of nine mature highbush blueberry miR166 sequences
along with related sequences from sweet orange (Figures 2B,C).
For the analysis of the 3’ arm, Vco-miR166i-3p and Vco-
miR166b-3p were identical to Csi-miR166a, ¢, d, and e-3p,
while Vco-miR166g-3p was identical to Csi-miR166b, g, and f-
3p in clade 1. Eight Vco-miR166s and seven Csi-miR166s
clustered into clade 1. For the 5 arm of miR166 sequences,
eight Vco-miR166s and eight Csi-miR166s formed four clades,
with only clade IV not including a Vco-miR166 member. These
results supported the notion that the miR166 family is highly
conserved in diverse species. Notably, Vco-miR166e-3p appeared
to be distant from other Vco-miR166s based on its position in the
phylogenetic tree, indicating the evolutionary diversification of
Vco-miR166 members.

Putative cis-Regulatory Elements of

Vco-miR166 Promoters

To explore the potential functions of Vco-miR166s, we analyzed
the putative cis-regulatory elements contained within 1,600 bp of
the Vco-miR166 promoter sequence upstream of the TSS (+1 bp)
(Supplementary Table S2). We identified core promoter
elements (TATA-box), common cis-acting elements, enhancer
regions (CAAT-box), as well as light-, phytohormone-, and
defense-related elements in all Vco-miR166 promoter regions.
Several Vco-miR166 promoters also contained elements related to
the cell cycle and meristem expression, seed development,
synthesis, and metabolism (Supplementary Table S3). Table 3
summarizes the phytohormone- and defense-related elements in
Vco-miR166 promoters. For plant hormone-related elements,
77.8% (7/9) of Vco-miR166 promoters harbored gibberellin-
and abscisic acid-responsive elements, with 66.7% (6/9) of
Vco-miR166 promoters also presenting elements involved in
methyl jasmonate and auxin responsiveness. By contrast, only
Veo-miR166a and Vco-miR166h promoters contained elements
associated with salicylic acid responsiveness. For defense-related
elements, we detected anaerobic induction elements in all Vco-
miR166 promoter regions, while drought inducibility, low-
temperature, and defense- and stress-responsive elements were
present in four, three, and two of the nine Vco-miR166 promoters,
respectively. These results indicated that Vco-miR166 loci may be
involved in responses to different phytohormones and
defense, but also reflected their potential functional
diversification.

Prediction of Vco-miR166 Target Genes

To obtain a better understanding of Vco-miR166 functions, we
predicted their targets with the psRNATarget program against
the transcript database for American cranberry (V. macrocarpon)
transcripts, another Vaccinium species, because there is no
highbush blueberry database in the psRNATarget program
(Supplementary Table S4). We then used the American
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veo-MR166a . TGTTTGTTT GIf GAGGGGAAT GTTGGCTGGCTCGAGGCTAT AGCTC . . - ACAGTAT 353
veo-MIR166b . ACAGIFGAGGGGAAT GCTGTCTGGTTCGAGGCCAT CCATC TCA. AGCACCAT TGTCATTG. 50
veo-MIR166c . : . TGGIFGAGGGGAAT GTTGTCTGETTCGAAATCATTAAT AA GG. AAGCCAGC. CGGCATAC - - 58
veo-MIR166¢ & “ & GAAGGGTT GGGGTIFGTGGGGGAT GTTGGCTGGCTCGAT GCAAT CACAACA. TGATGATT ATGATTA GATCATGATTG. & 7
veo-MIR1662 AACAGIFGAGGGGAAT GCTGTCTGGTTCGAGGCCATCCATC TCA. AGCACCAT TGTCATTG. 60
veo-MIR1§6F FGAGGGGAAT GTTGTCTGGCTCGAGGCCAC AAACCC TGATCT. AAACATTT GATCATGG 58
weo-MR166g CATGAACAGIFGAGGGGAAT GCTGTCTGGTTCGAGGCCATCCATC TGA. AGCACAAT TGTCATCG. 54
WOOMIRIGET 0 . siesesimieieisie sieisisueds sveus wisie sisjeieness wimie @ CTCTTGT IR GAGAGGAAT GTIGTCTGGTTCGAGATCGT TCGT GTAT. . ATGT. GAAGAAGC. .. . TCAAACAC. . ... ... ...... 66
veo-MIR166i CTCTGC TR GAGGGGGAT GTTGTCTGGCTCGAT GCCACTATAATTGATGATGACCCAAATCCTCATTCACAGAG. ATACAAATCTC 85
GAAGCTATTTCT TIf GAGGGGAAT GTTGTCTGGCTCGAGGCCACTAACTAGATCTTTGAT TTAATCTCAGTTGATCATATATTTGTTTCATTTT 94

CACGCGTCCGATTGTTTGATTTTTTT TGAGAGGT TATG GATGGGAATGTTGT TTGGCTCGAGGGTCATCTAGGTT TTCAAMATTTTCTCGGACTTTCT 101

MIR166b_MI0039627 ATG GATGGGAAT GTTGT TTGGCTCGAGGGTCATCTAGGTT TTCAAAATTTTCTCGGACTT CCTAAT -]
MR166c_ MI0016604 .. ... ... ..., TTCCTCCT CGAT CATACATGAACGGIIGAGGGGAAT GTIGTCTGGTICGAGATCACTCGT GGACGAATTA. ATTAATAA. .. CTTATTGT. ... .......... 86

MR1664 MI0039628 .. ...................... .. . CTGTTCT TIFGAGGGGACT GTTGTCTGGTTC ARGGCCAT CAATTAATTGTAA. . CTTTGATTCATGTGTGT. .. . GTGTC... .. TGTG 78
MR1682_MI0013296 GGGGAGCTTT TTGT TIFGAGGGGAAT GTTGTCTGGCTCGAGGACACTGCT TGTT GATCCATT AATTTTACGTAT TCTCTCAT AGATCTAGCATCTG 96
MIR166f MI0039629 ATGGATGGGGAAAAATGATTGTT TGAGGGGACT GTTIGTCTGGCTCGAT GCATT AATAATAATTAT AATT A 23
MIR166z_MI0039630 5 - ATATCTTTCTTTCTCT CATAGIFGAGGGGAAT GCTGTCTGGTTCGAGACCATTCATT TGA. AGAATAGA AAATCATC 76
MIR1668_MI0039631 " s GT TGGAGIIGAGAGGAAT GGCGGCTGGTTC ANGGCTTCAAAAGAGAGTTTCTTAAGAAATAAGAAACAATTATT AATCT. . . 7

MIR166i_MI0039632 AAGTfGAGAGGAAT GTTGTCTGACTC A4GATCAT GGAGGAAG
. GTGT TGGAGHGAG AGGAAT GGCGGETGATTC AJAGCTTC AAAAGAAAGT TT CTTAAGAAAT AAGAAACAAGT ATGAATCTTTC 34
GAGAGGGT TAGGTIF GAGAGGAAT GTTGTCTGGTTC AJGATCAT GGAGGAAG. TAAATA TCTGAACCCT

. . IFGAGGGGAAT GTTGTCTGGCTCGAGGACTCTTTT CAT -\TTG-\TCT -\T AT CCCCT AG-\TCAAC AACCTTCAT -\T ATATCT 81

TATGAGCCCT 60

mdm-MIR1 66a_MI002:

odn-MR166b_MI0023018 GIFGTGGGGAAT GCTGTCTGGTTICGAGACCATTCCTC TGA. AACAAAGA ACATGAAC 5
de-MR166c_MI0023019 AGITGTGGGGAAT GTTGTCTGGTTCGAGATCTTTCAATA AAACTTGAAG. ATCGTTAT 57
b e a i eee e SUE Sele Biel svese e . GGTT ATFGAGGGGAAT GTTGT TTGGCTCGAGGCCCCT. AGCTA. . GATCTATGATCTCCATCTCAATT GGCGACAATTTT AACCAC 83
...................................... Al GAGGGAAAT GTTGTCTGGTICGAGATCTTTCAGTG. . . ... AA. GCTTGGAT. .. . ATTGTCAT. ... ... .. ..... 57
GT GTFGAGGGGAAT GCTGTCTGGTTCGAGACCATTCCTT TGA. AGCAAAGA ACATGAAC 58
GAGGGGAAT GTTGTCTGGCTCGAGGACACTTTCCTTGATCT ATAATCTCTAGATCAACCGT TATATACCTATACATATA 81
GAGGGGAAT GTTGTCTGGCTCGAGGCCCCTTAACTA GATCTATGATCTTCATCT CAATTGGT GACAATTTTA 74
cseessssssssenssssesnssssscsnsnsessnsd AGIFGAGGGAAAT GTTGTCTGGTTCGAGATCTT TCAGTG. .- AA GCTTGGAT. ... ATTGTCAT. . ... .......... 57
mmlsﬁ; \HQO::‘OO e eee.....ATANATTACAAAGGAAGCTTATCGT THIGAGEEEAATGTIGTCTEET ACBAEGCTAA. . .. . . .. .. .. .. ... ... ... .oiieiie i, 57
v GCGGHIGTTTGGAAT GAGGT TTGATCCARGATCCTTCCTTTTTCTCCATTAATTC TT\. -\GT -\\.TGGT 68
v GTTT TIf GAGGGGAAT GTTGGCTGGCTCGAGGCATT CACA TAA GAAGAAGA. 51
v CTAT TIEGAGGGGAAT GTTGTCTGGCTCGAGGACACTTACCT TAACTTTGATCCGTTTCTCTAGATC CAT AT 72
v CTGCTIFGAGGGGATT GTTGTCTGGCTCGAGGCCACCAACC ATCTTTGAT TGATTCAAATACTTT GAT. c &
v GTGT TTf GAGGGGAAT GTTGTCTGGCTCGAGGACACCAACTA GATCTATGATCTGCGTGT AATTGTG. AATGGGTGAT 77
v TGTAGIIGTGGGCAAT GTTGGCTGECTCGAGGCTTTCTTGAG TGA TTTTATGTAT -l cc 58
v AACAGIFGAGGGGAAT GTTGTCTGGTTICGAGATCCT TCGT AT s GAAGC. TCAAGCAG. . .. - 55
vvi-MIR166h_MI0006514 AACAGIFGAGGGGAACGCTGTCTGGTTCGAGACCACTCGET TCA AGTACAGA CATAAT 58
Consensus H H g £ (g T 2
veo-MR166 ATCGTGATCAAAATTTTGTTCGATAT GAGAAGTGAGAACTAGTTGC ATGT ACACTAGT GATCAATGGCTF CGGACCAGGCTT CATT Cf TCAAACACAACAC 156
veo-MIR166b TTTGAATGATJF CGGACCAGGCTT CATT CCECCCAACTC o8
veo-MR166¢ CGTCTGAATGATTECGGACCAGGCTT CATT CCECTCAACTTGGA 102
veo-MIR1664 TATGTACAGT GAAGGAAT CGGACCAGGCTTCATTCOrCTCAAACCCACTCCCCC 131
veo-MIR1662 SRR REEISIEES AHAYS SRS KR SATE SIS S BT SERTERRASTA R A T — TTTGAATGATCECGGACCAGGCTT CATT COECCCAACTCG. . .. .. . . R S ST 100
WOMBRIGE™ 0000 i s s ens Seie Sieie STeISISYAS SUSIE SVETR SEBISINGATSIRTSIS SIATS SYSISHS S S SRS GTT AGTGTCHI CGGACCAGGCTTCATTCCRCCCAATT. . .. .. . ... ... ... ...... o5
veo-MIR166g TTTGAATGATCE CGGACCAGGCTT CATT COLCCCAACTTGAGA 107
veo-MIR166h GATGTGAATGATTF CGGACCAGGCTT CATT CCECTCAAATTT TGAAGA 114
veo-MIR166 TGTACATCTCTTGATATAAGTATGTGTATATATATGGGTGAT TATGTATGGTTT CATCTTTT AGTGTTI CGGACCAGGCTT CATT COCC CCAATCAGACT 186
csi-MIR166a_MI0013315 TCTTCCATAAAATTTAATTATATTGAGATACCCATCA. . TTGATCTTAAGATAATTAAGTT AGIGACHICGGACCAGGCTTCATT COCCCCAAT. TATTGCTTCTATCTGE. . .. .. .. 202
csi-MIR166b_MI0013316 .. .. .. ........... TTCTTGCTTTTATTTTTCCAGGAAAATTAT. . . GTTATTTGCCTATGIGAT CGGACCAGGCTT CATT COEGTCAACCGACGGT TTCTCTCTT. .. . ... .. 192
csi-MIR166b_MI0039627 TTCTTACTTTTATTTTTCCCGGAAATTTTTTTTGTTATTTGCCTATGRGATCICGGACCAGGCTT CATTCCEGTCAACCGA 150
csi- MR166c_MI0016694 CTTTTGAATGATTF CGGACCAGGCTT CATT CCECCCAACTCAGTTT AATTGC 138
T GTATATAC . ATATATGTT CGGACCAGGCTTCATTCCECTTAATTACTG 128
AATGGT GGAT AACA. ATATACG. GATTCAGC TTATTT GGCGTCH CGGACCAGGCTT CATT CCECCCAATATATTGCTTCCAT 177
g & 3 & = = TAT AATT ATAATT -\T AATGAAAAAAGGGT T CGGACCAGGCTT CATTCCET TCAGAATCAAATTCATTATTTGATCTTTTT 153
TGAATGAT(ICGGACCAGGCTT CATT COEC CCAACAAGGTGT GTTTTACCATTC AATT 134
CT\.TCTA.L-\GATAGCT I TGGACCAGGCTTCCTTCOrCTCAAAATT AA. . . a = 126
- - AAATTATT TGGACCAGGCTT CATT CCACT ABACCAACT 100
TCTCTAAAGATAGCTI TGGACCAGGCTT CATTCOTCTCAAAATT AAACA. 33
AAATGATTCI TGGACCAGGCTT CATTCACTCAACCAACTCCTCT 115
ado-MR1 6&; MI0023017 AT ATGT GTAT GTAT ATGT TGCGT GTAT CAACTGCATACACAGAGATGATCAGGTGAATT AGTGTCHI CGGACCAGGCTT CATT CCEC CCAA 172
mon-MIRIGGH-MIOSOIR: =z senveeves o ons SORUSE SO ARE INE R IEaTe T AR o seEE e s A. . TNGAATGATCF CGGACCAGGCTTCATTCCECCCAAC. . . .. .. .. .. ... ... .. .. ... o3
mdm-MR1 66c_MI0023019 CATCTGAATGAT(I CGGACCAGGCTT CATT CCECTCAACT o7
odn-MR1 666_MI0023020 CAACCTTAAAAAATTTACAGTACCAGTTGAGAAAGATCATC. GATTCTACGTTT AACGACCE CGGACCAGGCTT CATT CCECCCAATTACT 73
oém-MIR1662_MI0023021 CATCTGAATGATTECGGACCAGGCTT CATTCCECTCAACT 97
oén-MIR166f MI002302 A . TCGAATGATTE CGGACCAGGCTT CATTCCECCTAACAC 97
odm-MR166g_MI0023023 TCTATATATGTGTTTGTATATGTTGT GTGT ATCATCTGCATACATAGATGATCAGGTT AAGT AGTGTCQICGGACCAGGCTT CATTCCECCCA]. . . . . ... ... .. ... ... ... .. 175
TCCACCAATCTTAAAAAATT. ANAGTCCCAGTTGAGAAAGATCATT GATTCTACGTTT AGTGACQI CGGACCAGGCTT CATT CCECCCAl 163
CATCTGAATGATTF CGGACCAGGCTT CATT CCECTCAACT o7
% .. TAAGTCAGCAATTCHICGGACCAGGCTT CATT CCLCTCAACT AATGCT TCCATCTAATTT GCCAA 122
vvi-MIR1662_MI0005507 = - CATGATTTAGTTACTTCATAATCGGTIGATf CGGACCAGGCTT CATT CCIr GACACCAAGCT 130
vvi-MIR166b_MI0006508 o - = - = - TATATA. AGTGAAGGTQICGGACCAGGCTT CATTCCUCTCAAATAT ACA. . . = o9
vvi-MIR166¢_MNI000§509 CACCTATATATATGTATTATTGTATTT TTATT TGT -\\.T GAGCATGTGTT GGTGTCQI CGGACCAGGCTT CATT CCOCC CCAATTAT CGC 5 160
vvi-MIR166¢_MI0006510 AGCTTCAACCCATCTTCTCCTTCAATT CAATTC. . . CACCCTCT GATTATGTGTT AGTGCC CGGACCAGGCTT CATT COECTCAATCACTGC - 160
vvi-MR1662_MI0006511 CGTCTCTCAGTTTT GAAGGAGAGATTT TGAGT. . GATCTTT GAT CATGGGTT GGTGTCEICGGACCAGGCTT CATTCCECCCAATTTATTG. - 5 g 166
wi-MIR166f MI0006512 TCAAAAAGCTE CGGACCAGGCTTCATTCCECTCAA. CACACTT 100
vvi-MIR166g MI0006513 CGTTTGAATGATTECGGACCAGGCTT CATT CCECTCAACCCAAAA 100
wi-MIR1660_MI0008514 CTGAATGAT] chcucrc AACA 100
Consensus aggctte ttec

FIGURE 1 | Sequence alignment of miR166 precursors. Vco, Vaccinium corymbosum; Csi, Citrus sinensis; Wi, Vitis vinifera; Mdm, Malus domestic. Pink, 100%
conservation; green, >75% conservation; yellow, >50% conservation. The core region of the mature miRNA is indicated in the black box.

cranberry targets to search for related sequences in the highbush  results supported the functional conservation of Vco-miR166
blueberry (V. corymbosum cv. Draper v1.0) transcripts family members. Several Vco-miR166s involved in abiotic
(Supplementary Table S5). All Vco-miR166s were predicted  stresses, including heat, stress response, and cold, were
to target the transcripts of a gene encoding a pentatricopeptide  predicted to target transcripts for cold-regulated proteins,
repeat-containing protein (Supplementary Table S6). In  while other Vco-miR166s appeared to target the transcripts
addition, all Vco-miR166s except Vco-miR166h-3p were  encoding many protein families. For example, Vco-
predicted to target the transcripts encoding a leucine-rich  miR166a,b,i-3p targeted ethylene-responsive and basic helix-
repeat (LRR) receptor-like serine/threonine-protein kinase.  loop-helix (bHLH) transcription factors, Vco-miR166c-3p
Many Vco-miR166s-3p were predicted to regulate genes  targeted WD repeat—containing protein, Vco-miR166d-3p
encoding homeobox-leucine zipper proteins (HD-ZIP III),  targeted bHLH transcription factors, and Vco-miR166e,g-3p
while many Vco-miR166s-5p were predicted to target the  targeted WRKY transcription factors. These results illustrated
transcripts  for genes encoding phosphatidylinositol/  the functional diversification of Vco-miR166 family members in
phosphatidylcholine transfer proteins and patellin. These  highbush blueberry.

Frontiers in Genetics | www.frontiersin.org 5 May 2022 | Volume 13 | Article 919856


https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Lietal

Vco-miR166 in Highbush Blueberry

100, mdm-MIR 1661 M10023025 =

A 75" mdm-MIR166e MI0023021
°1 L mdm-MIR166¢ MI0023019
27| L— vwi-MIR166g MI0006513

@ vco-MIR166g
00| | @ Veo-MIR166b
100' @ vco-MIR166¢
vvi-MIR166h MI0006514
— csi-MIR166g MI0039630
mdm-MIR166f MI10023022
69 mdm-MIR166b MI0023018
csi-MIR166¢ MI0016694
—— @ vco-MIR166h
® vco-MIR166¢
———— ¢si-MIR166e MI10013296
csi-MIR166d MI10039628
wi-MIR166¢ MI0006509
mdm-MIR166g M10023023
100 — mdm-MIR166a MI10023017
100 — mdm-MIR166h M10023024
L mdm-MIR166d M10023020
vvi-MIR166¢ MI0006511
@ vco-MIRI166f
csi-MIR166a MI0013315
csi-MIR1661 MI0039632
100 — csi-MIR 166k MI0039634
® vco-MIR166i
6. vvi-MIR166d MI0006510
—— @ vco-MIRI166a
@® vco-MIR166d
vvi-MIR166b MI0006508
e L ci-MRIG6FMI0039620  [—clade I
39 vvi-MIR166f MI0006512
7 csi-MIR166h M10039631
100 - csi-MIR166) MI0039633
csi-MIR166b MI0013316
—moL csi-MIR166b MI0039627
vvi-MIR166a MI0006507
mdm-MIR166j MI0035600
csi-MIR167b MI10016697

L_clade [

12,
® =T
i

21

o
~

Al

P
i

il

.
»
&
°

on

j—clade il

clade V
clade [V

0.80 0.60 0.40 0.20 0.00

0.120 0.100 0.080 0.060 0.040 0.020 0.000

FIGURE 2 | Phylogenetic analyses of miR166 loci and their predicted 3' and 5’ arms. Sequences were aligned in MEGA X, and the phylogenetic tree was
constructed with the UPGMA method (A) Phylogenetic analysis of Vco-miR166 precursors and related sequences from Csi, Citrus sinensis; Wi, Vitis vinifera ; and Mdm,
Malus domestica. Csi-MIR167 b served as the outgroup (B,C) Phylogenetic analysis of mature Vco-miR166s and Csi-miR166s for the 3" arm (B) and 5’ arm (C). Black
and red dots indicate mature miR166s or their precursors of highbush blueberry from a previous study (Hou et al., 2017) and this study, respectively. The numbers

at the nodes indicate the percentage of support from 1,000 bootstrap replicates. The scale indicates the average number of amino acid substitutions per site.
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To explore the diversity of Vco-miR166 functions, we
calculated the genetic similarity and genetic distance according
to the presence or absence of functions of their target genes in
Supplementary Table S6. The genetic similarity was the highest
(0.88) and the genetic distance was the closest (0.12) between
Vco-miR166a-3p and Vco-miR166b/i-3p, whereas Vco-
miR166b/i-3p and Vco-miR166b-5p exhibited the lowest
genetic similarity (0.05) and the farthest genetic distance
(3.03) (Table 4). The genetic similarity between Vco-
miR166h-3p and Vco-miR166i-3p was also low at only 0.12.
In fact, a phylogenetic tree according to the genetic similarity
between miR166 targets showed that Vco-miR166s are divided
into two clades, with Vco-miR166s derived from the same arm

clustering together (Supplementary Figure S3). These results
indicated that the functions of Vco-miR166s are diverse and that
Vco-miR166s from the same arm exert similar regulatory
functions.

Accumulation of Vco-miR166s Under
Abiotic Stress

To explore how Vco-miR166s are related to abiotic stress, we
selected six Vco-miR166s to examine their abundance in
response to abiotic stresses (Figure 3). The six Vco-miR166s
had similar accumulation patterns under freezing stress, as they
all rapidly increased in abundance, with Vco-miR166h-3p and
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miR166d

ARE
ARE
ARE

ABRE

TGA-box, TGA-element

TGACG-motif, CGTCA-motif

Vco-miR166e  P-box
Vco-miR166f

Vco-
miR166g

ABRE

GARE-motif

TGACG-motif, CGTCA-motif

LTR

ABRE

TGA-element, AuxRR-core

TGACG-motif, CGTCA-motif

GARE-motif

ARE

LTR

MBS

ABRE

TGACG-motif, CGTCA-motif  TCA-element AuxRR-core

Vco-
miR166h

ARE

TC-rich

TGACG-motif, CGTCA-motif

GARE-motif

Vco-miR166i

TC-rich: cis-acting element involved in defense and stress responsiveness,; MBS: MYB, binding site involved in drought-inducibility; LTR: cis-acting element involved in low-temperature responsiveness; ARE: cis-acting regulatory element

essential for the anaerobic induction.

Vco-miR166 in Highbush Blueberry

Vco-miR166i-3p increasing in abundance by 18.6- and 28.6-
fold upon 2 h of freezing stress compared to the control at 0 h.
The abundance of the six Vco-miR166 transcripts sharply
declined and showed no accumulation after 6h of cold
exposure in l-year-old blueberry plants, which died after
6h of -5°C treatment (Figure 3A). These results suggested
that these six Vco-miR166s, especially Vco-miR166h-3p and
Vco-miR166i-3p, may be involved in freezing response and as
negative regulators.

In blueberry plants exposed to cold stress, the abundance of
Vco-miR166a, Vco-miR166e-3p, and Vco-miR166i-3p
reached their maximum levels after 9h of freezing stress,
corresponding to an increase of 4.1-, 10.2-, and 3.9-fold
compared to the control at 0 h, respectively, followed by a
sharp decrease to control levels for Vco-miR166a and Vco-
miR166e-3p or to lower levels than control for Vcc-miR166i-
3p. The abundance of Vco-miR166d-5p, Vco-miR166f-5p,
and Vco-miR166h-3p was upregulated and reached its
highest levels at 24, 4, and 12h during freezing stress,
increasing 12.8-, 15.4-, and 8.5-fold compared to the
control samples, respectively (Figure 3B). Thus, the Vco-
miR166 family appeared to be involved in cold stress
responses.

When blueberry plants were exposed to heat stress, Vco-
miR166a precursor abundance was upregulated and increased
by 38.1-fold at 2h compared to the control samples at 0 h,
followed by a sharp decrease at 3 h. Vco-miR166d-5p and Vco-
miR166f-5p showed similar accumulation patterns, with their
levels reaching their peak at 2 h and their lowest levels at 1.5 and
3 h. The accumulation of Vco-miR166e-3p, Vco-miR166h-3p,
and Vco-miR166i-3p was also upregulated and reached its
highest levels at 0.5h for Vco-miR166h-3p, at 1 and 1.5h for
Vco-miR166e-3p, and at 0.5 and 2 h for Vco-miR166i-3p. All six
miRNAs showed a rapid decrease in abundance at 3h
(Figure 3C). Therefore, Vco-miR166 family members might
respond during early stages of heat stress.

Under drought stress, six Vco-miR166 precursors showed
similar trends in their abundance, with a sharp decrease and
reaching their lowest levels at 12 and 72h and a modest
increase in their levels at 24 and 48 h (Figure 3D). Vco-
miR166 members might thus promote the accumulation of
their target transcripts and play a positive role in stress
adaptation.

In the context of salt stress, Vco-miR166a transcript levels
were upregulated after 1 h and then rapidly decreased, with the
lowest abundance after 12h. We observed similar patterns for
Vco-miR166d-5p, whose transcript levels gradually increased by
6.9- and 6.0-fold at 6 and 9 h compared to the 0 h control and
then rapidly increased until 24 h. Vco-miR166h-3p also increased
in abundance before decreasing, but increased rapidly at 24 h. On
the contrary, the transcript levels of Vco-miR166e-3p, Vco-
miR166{-5p, and Vco-miR166i-3p were downregulated
compared to the control under salt stress, especially Vco-
miR166e-3p, whose transcript levels rapidly decreased at 1h
and then remained low after salt stress (Figure 3E). These
results suggested that these Vco-miR166 members might
respond to salt stress at an early stage.
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TABLE 4 | Genetic distance and genetic similarity between Vco-miR166s from highbush blueberry according to the functions of target genes.

Vco- Vco- Vco- Vco- Vco- Vco- Vco- Vco- Vco- Vco- Vco- Vco- Vco- Vco-
miR166a  miR166b/ miR166c¢c- miR166d- miR166e- miR166g- miR166h- miR166b- miR166c- miR166d/ miR166e- miR166f- miR166g- miR166h-
i-3p 3p 3p 3p 3p 3p 5p 5p i-5 5p 5p 5p 5p

Vco- 0.12 1.27 0.31 1.23 1.66 1.28 2.91 2.28 2.56 2.85 2.63 2.83 2.57
miR166a

Vco- 0.88 1.28 0.24 1.15 1.67 1.30 3.03 2.40 2.68 2.97 2.76 2.95 2.70
miR166b/

i-3

Vco- 0.28 0.27 1.02 1.61 1.92 1.66 2.48 2.25 2.94 2.41 2.60 2.40 2.03
miR166¢c-

3p

Vco- 0.73 0.78 0.36 1.19 1.62 1.04 2.86 2.01 2.52 2.80 2.59 2.79 2.24
miR166d-

3p

Vco- 0.29 0.31 0.20 0.31 0.59 1.81 2.15 1.65 1.99 2.09 1.72 2.36 2.22
miR166e-

3p

Vco- 0.18 0.19 0.14 0.19 0.53 212 1.37 1.61 1.96 1.71 1.49 2.16 1.62
miR166g-

3p

Vco- 0.28 0.27 0.19 0.35 0.16 0.12 2.90 2.26 2.55 2.83 2.33 2.82 2.56
miR166h-

3p

Vco- 0.05 0.05 0.08 0.06 0.11 0.25 0.05 1.57 1.57 0.82 0.80 0.74 1.01
miR1660b-

5p

Vco- 0.10 0.09 0.10 0.13 0.19 0.20 0.10 0.21 1.53 1.91 1.33 1.90 1.13
miR166¢-

5p

Vco- 0.08 0.07 0.05 0.08 0.13 0.14 0.08 0.21 0.22 1.51 0.96 2.08 1.44
miR166d/

i-5

Vco- 0.06 0.05 0.09 0.06 0.12 0.18 0.06 0.44 0.15 0.22 0.89 1.49 1.62
miR166e-

5p

Vco- 0.07 0.06 0.07 0.07 0.17 0.22 0.09 0.45 0.26 0.38 0.40 1.28 0.97
miR166f-

5p

Vco- 0.06 0.05 0.09 0.06 0.09 0.11 0.06 0.47 0.15 0.12 0.23 0.27 1.22
miR166g-

5p

Vco- 0.08 0.07 0.13 0.10 0.11 0.20 0.08 0.36 0.32 0.24 0.22 0.38 0.29

miR166h-

5p

Genetic distances are indicated in the upper right triangle; genetic similarity is shown in the lower left triangle.
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FIGURE 3 | RT-qPCR analysis of Vco-miR166 abundance under various stress conditions. Highbush blueberry plants were exposed to freezing (A), cold (B), heat
(C), drought (D), and salt (E) stress. Data represent the means + standard deviation (SD) of three independent biological replicates, each with three technical replicates.
Different letters indicate significant differences (p < 0.05) between samples, as determined by Tukey'’s test.
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DISCUSSION

miRNAs play various roles in regulating almost all processes of
plant growth and in metabolism. Several conserved miRNAs were
reported in highbush blueberry based on an analysis of expressed
sequence tags (ESTs) (Li et al., 2014), leading to the identification
of 10 miR166 family members using high-throughput sequencing
of small RNAs and reference sequences from the American
cranberry genome, and ESTs and transcriptome data from
blueberries during fruit maturation (Hou et al., 2017). The
completion of the highbush blueberry genome (Gupta et al,
2015) allowed us to identify three new Vco-pre-miR166
members and determine their mature miR166s based on the
V. corymbosum cv. Draper v1.0 genome. We determined here that
the newly identified pre-miR166s exhibit low MFE and high
MFEI values and form stable secondary hairpin structures
(Table 1 and Supplementary Figure S1). In addition, we
showed that the mature Vco-miR166 sequences are highly
identical to other miR166 family members from other species
(Table 2). We thus concluded that the three newly identified Vco-
miR166 loci belong to the miR166 family.

The conserved nature of miR166 family members has been
demonstrated in many plant species (Li et al., 2017; Barik et al,,
2014). In this study, we showed that the newly identified mature
Vco-miR166s derived from the 3’ and 5’ arms have an identical
sequence and differ by one or two bases with mature miR166s
from other plant species (Table 2). Phylogenetic analysis
indicated that some Vco-miR166s are identical to mature Csi-
miR166s, while the precursor sequences of miR166s from
blueberry, sweet orange, grape, and apple also showed a high
degree of conservation along the 3’ arm (Figure 1). Thus, miR166
family members are highly conserved across diverse plant species,
especially along the 3’ arm (Barik et al., 2014). Mature miR166
members are known to regulate the abundance of transcripts
encoding HD-ZIP III transcription factors in many species
(Boualem et al., 2008; Li R. et al., 2018; Yadav et al., 2021). In
this study, we predicted that all Vco-miR166s derived from the 3’
arm target HD-ZIP III transcripts, supporting the functional
conservation of miR166 family members in various species
(Supplementary Table S6).

The multiple miR166 family members likely diverged from a
common ancestor, as reflected by the evolutionary diversification
of the miR166 precursor sequences (Barik et al., 2014; Li et al,
2017). In addition, an analysis of the Vco-miR166 promoters and
the putative Vco-miR166 target genes indicated that Vco-miR166
exert diverse functions (Li et al., 2017). Indeed, we detected
different defense-related elements and anaerobic induction
elements in the promoters of Vco-miR166 loci (Table 3). The
prediction of Vco-miR166 target genes showed that most Vco-
miR166s target different genes (Table 4). These results suggest
the functional diversification of Vco-miR166s, in agreement with
similar results obtained in other plant species (Barik et al., 2014;
Li et al.,, 2017).

Temperature is an important environmental factor that affects
plant growth, yield, and geographical distribution. Plants are
constantly subjected to freezing, cold, and heat stress from
their surrounding natural environment, with miRNAs playing

Vco-miR166 in Highbush Blueberry

an active role in temperature stress responses (Sun et al., 2019;
Fang and Wang, 2021). In rice (Oryza sativa), Osa-miR166 m and
Osa-miR166 k are involved in cold stress (Devi et al., 2013).
Similarly, Ath-miR166 abundance is upregulated in Arabidopsis
seedlings exposed to cold stress (Zhou et al., 2008), while Stu-
miR166 (from tomato) and miR166a-e [from almond (Prunus
dulcis)] abundance decreased under cold stress (Ou et al., 2015;
Karimi et al., 2016). In tomato, upregulation of Sly-miR166 and
the concomitant downregulation of its target gene encoding an
HD-ZIP III showed that Sly-miR166 plays a critical role in
regulating cold stress responses in this species (Valiollahi
al, 2014). Under chilling conditions, miR166e-3p
abundance in field mustard (Brassica rapa) was upregulated,
while miR166a levels were downregulated; in almond, the
abundance of miR166a-e decreased upon exposure to cold
(Zeng et al., 2018; Karimi et al.,, 2016). In the context of heat
exposure, miR166 abundance decreased in radish (Raphanus
sativus) but increased in rice (Wang et al, 2015; Li et al,
2014a). However, miR166a/b/c-3p abundance increased while
that of miR166c/f-5p decreased in Betula luminifera under heat
stress (Pan et al, 2017). The abundance of almost all Vco-
miR166s characterized here transiently increased before
dropping under temperature stress. In particular, the levels of
Vco-miR166s rapidly increased within 1 or 2h under freezing
stress (Figure 3A). At the same time, the promoters of several
Veo-miR166s (Vco-miR166a, Vco-miR166g, and Vco-miR166h)
harbored a low-temperature response element; notably, Vco-
miR166s also targeted transcripts encoding HD-Zip III
transcription factors, which are involved in temperature stress
(Valiollahi et al., 2014). The functions of predicted target genes
showed that Vco-miR166f-5p and other Vco-miR166s may target
heat and cold shock proteins and directly regulate temperature
stress responses (Supplementary Table $6). Our results indicated
that Vco-miR166s may be early positive regulators of the
response to temperature stress.

Drought is another major abiotic stress that limits plant
growth and development. Many miRNAs regulate drought
responses in plants (Li et al, 2013; Budak et al., 2015;
Pagliarani et al., 2017). Indeed, miR166 expression was
shown to be downregulated in barley and in emmer wheat,
while being upregulated in rubber tree (Hevea brasiliensis) in
response to drought (Kantar et al., 2010; Kuruvilla et al., 2019;
Kantar et al., 2011). In rice, manipulating the levels of miR166
demonstrated its contribution to drought resistance (Zhang
et al,, 2018). In white mulberry (Morus alba multicaulis),
miR166f might function as a positive regulator of drought
stress (Li R. et al., 2018). In this study, we showed that the
abundance of all Vco-miR166s decreases under drought
stress. Thus, the Vco-miR166 family might act as a
negative regulator of drought stress.

Salt stress is a major abiotic stress that affects plant growth
and development. Many miRNAs, including miR166 family
members, play important roles in response to salt stress in
plants (Si et al., 2014; Sun et al., 2019; Fang and Wang, 2021).
The abundance of miR166a-5p and miR166j-3p was
upregulated in soybean roots, while that of miR166a-5p
was downregulated in barley roots (Wang et al, 2020;
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Kuang et al., 2021). However, miR166 family members were
upregulated in roots and downregulated in leaves of sweet
potato (Ipomoea batatas) (Yang et al., 2020), while Pgu-
miR166t was also downregulated in the leaves of common
guava (Psidium guajava) (Sharma et al., 2020). In our study,
the levels of Vco-miR166e-3p, Vco-miR166f-5p, and Vco-
miR166i-3p were downregulated in highbush blueberry
leaves, while those of Vco-miR166d-5p and Vco-miR166h-
3p were upregulated upon exposure to salt stress relative to
controls. However, Vco-miR166a levels rose at 1h and
dropped at 12h following exposure to salt stress
(Figure 3E). These results indicated that different members
of the Vco-miR166 family exhibit distinct expression
patterns and form a complex regulatory network under salt
stress.

Here, we identified three new miR166 loci in the highbush
blueberry genome, which increased the size of the highbush
blueberry miR166 family. The resulting 16 Vco-miR166
members of highbush blueberry exhibited evolutionary
conservation and functional diversification based on
sequence analysis, promoter dissection, and target gene
predictions. The analysis of their upstream sequences and
stem-loop RT-qPCR showed that Vco-miR166 family
members are involved in various abiotic stresses,
possibly by positively and/or negatively regulating
target genes.
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