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Abstract

Iron is a critical micronutrient for growth and development of plants and its deficiency limiting the crop productivity. Micro-
RNAs (miRNAs) play vital roles in adaptation of plants to various nutrient deficiencies. However, the role of miRNAs and
their target genes related to Fe-deficiency is limited. In this study, we identified Fe-deficiency-responsive miRNAs from
citrus. In Fe-deficiency conditions, about 50 and 31 miRNAs were up-regulated and down-regulated, respectively. The differ-
ently expressed miRNAs might play critical roles in contributing the Fe-deficiency tolerance in citrus plants. The miRNAs-
mediated Fe-deficiency tolerance in citrus plants might related to the enhanced stress tolerance by decreased expression of
miR172; regulation of S homeostasis by decreased expression of miR395; inhibition of plant growth by increased expression
of miR319 and miR477; regulation of Cu homeostasis as well as activation of Cu/Zn superoxide dismutase activity due to
decreased expression of miR398 and miR408 and regulation of lignin accumulation by decreased expression of miR397 and
miR408. The identified miRNAs in present study laid a foundation to understand the Fe-deficiency adaptive mechanisms

in citrus plants.
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Introduction

Iron (Fe)-deficiency is a major nutritional disorder that lim-
its the crop productivity (Zhang et al. 2019; Lépez-Millan
et al. 2013). The major symptoms associated with the Fe-
deficiency are chlorosis and reduction in photosynthesis
that severely effects the growth and yield of plants. To cope
with Fe-deficiency conditions, plants have evolved an array
of physiological and molecular adaptation mechanisms to
facilitate the increased capacity of Fe uptake from soil. The
strategy-I is a well-known mechanism established in dicoty-
ledonous and non-graminaceous monocotyledonous species
for efficient mobilization and acquisition of Fe mediated by
plasma membrane localized H-ATPases, ferric chelate
reductase?2 (FRO2) gene and iron-regulated transporterl
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(IRT1) (Zhang et al. 2019; Robinson et al. 1999; Vert et al.
2002; Santi and Schmidt 2009). By contrast, the gramina-
ceous plants employ strategy-1I to improve Fe acquisition via
chelation-based strategy with the help of yellow stripe-like
(YSL) transporters (Curie et al. 2001; Mori 1999). Various
studies demonstrated the altered expression of numerous
genes under Fe-deficiency conditions for adoption and better
survival of plants (Buckhout et al. 2009; Yang et al. 2010).
Apart from these, microRNAs (miRNAs) also play a crucial
role in the regulation of gene expression in plants under Fe-
deficiency conditions (Kong and Yang et al. 2010). Identifi-
cation and function prediction of iron-deficiency-responsive
microRNAs may help to better understand the adaptation
mechanisms of plant under low Fe stress.

miRNAs are endogenous, single stranded and small non-
coding RNAs of approximately 21-nucleotide (nt) in length
that regulate gene expression at the post-transcriptional level
by cleavage or by translational repression of target mRNA
(Millar 2020; Jones-Rhoades et al. 2006). Plant miRNAs are
well known in regulating the growth, developmental pro-
cesses and various environmental responses (Millar 2020).
Moreover, recent studies also elucidated their functional role
in regulating nutrient homeostasis in various plants (Hsieh
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et al. 2009; Liang et al. 2010; Zhao et al. 2011; Paul et al.
2015; Shahzad et al. 2018;). For instance, Fe- deficiency
responsive miRNAs were identified in various plants and
analyzed their expression under Fe-deficiency conditions
(Agarwal et al. 2015; Kong and Yang 2010). However, little
is known about Fe-deficiency-responsive miRNAs in citrus.
Fe-deficiency is a common problem occurs in citrus plants
resulted in yellowing of leaves and small fruit development
(Tagliavini and Rombola 2001). However, the most obvious
symptom of iron deficiency in citrus is young leaf yellowing
(Jin et al. 2017). Therefore, we have chosen citrus leaves to
identify Fe-deficiency-responsive miRNAs. In this study, we
identified Fe-deficiency miRNAs and predicted the role of
their target genes in citrus plants.

Materials and methods
Plant material and Fe treatments

The fragrant citrus (Citrus. Junos) seedlings of 15 weeks
old were grown in greenhouse conditions by irrigating with
Hoagland nutrient solution in a greenhouse at Huazhong
Agricultural University (30° 289’ N, 114° 219’ E), Wuhan,
China. The Hoagland nutrient solution is composed of
2.5 mM KNO3, 2.5 mM Ca(NO;),, 0.5 mM KH,PO,,
10 uM H;BO;, 2 uM MnCl,, 2 uM ZnSO,, 0.5 uM CuSOy,,
0.065 uM (NH,)¢Mo,0,,, 1 mM MgSO, and 0.1 uM (for
Fe-deficiency) or 10 uM (for Fe-sufficiency) Fe-EDTA. The
solution was ventilated for 20 min every 2 h and renewed
twice a week. The pH of all the nutrient solutions was
adjusted to 6.0. After 40 days of Fe-deficiency and -suf-
ficiency treatment, leaves were harvested and immedi-
ately frozen in liquid N,, then stored at— 80 °C for further
experiments.

Library construction and illumina sequencing

The frozen leaf samples (about 100 mg) of both Fe-deficient
and Fe- sufficient plants were used to extract total RNA
using TRIzol reagent (Invitrogen, Carlsbad, CA) following
the manufacturer’s instructions. The total RNA quantity and
purity were analyzed with Bioanalyzer 2100 and RNA 6000
Nano LabChip Kit (Agilent, CA, USA). Initially, the RNA
molecules of 18-30 nt length range were enriched by poly-
acrylamide gel electrophoresis. Then, the 36—44 nt length of
RNAs were enriched by ligating the 3’ adapters and finally
5" adapters were also ligated to the RNAs. The reverse tran-
scription of ligation products was carried out by employ-
ing PCR, and the 140-160 bp size of PCR products were
enriched to generate a cDNA library. The generated library
was sequenced on Illumina HiSeq"™ 2500 at Gene Denovo
Biotechnology (Guangzhou, China).
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Data cleaning of raw reads acquired from Illumina
sequencing was performed by removing adaptors, low-
quality tags, and various types of contaminate reads
(Poly A, 5" and 3'-adapter contaminants, and reads < 18 nt
length). Then, the miRNA prediction was done by align-
ing the obtained clean tags with orange (Citrus sinensis)
genome (http://citrus.hzau.edu.cn/orange/) using SOAP
(http://www.soap.genomics.org.cn). At the same time, the
clean tags were also aligned with small RNAs in GeneBank
database (Release 209.0 http://www.ncbi.nlm.nih.gov/
genbank/) and Rfam database (11.0 ftp://sanger.ac.uk/pub/
databases/Rfam/) for further identification and removal of
rRNA, scRNA, snoRNA, snRNA, and tRNA. The remain-
ing sequences were then searched against miRBase data-
base (Release 21 http://www.mirbase.org/) to identify known
miRNAs. The miRNAs of those perfectly match with cit-
rus miRNAs were called as conserved miRNAs, and the
miRNAs matched with other plant miRNAs were called as
known miRNA. Unidentified sequences that did not match
with any of the above databases were further analyzed to
predict novel miRNAs using Mireap software (https://sourc
eforge.net/projects/mireap/).

Differential expression analysis of miRNAs

To determine expression patterns of miRNAs under Fe-defi-
cient and Fe-sufficient conditions, the frequency of miRNA
counts was normalized as transcripts per million (TPM). The
fold change between Fe-deficient and Fe-sufficient condi-
tions was calculated as: fold change =1log?2 (Fe-deficient/Fe-
sufficient). The miRNAs expression with a fold change >?2
and comparison p value < 0.05 were identified as significant
differential expression of miRNAs.

Prediction of potential miRNA target genes
and functional analysis

Further, target genes of differentially expressed miRNAs
were predicted by employing the TargetFinder 1.6 (http://
targetfinder.org/) software. Gene Ontology (GO) enrich-
ment analysis was performed to probe the functions of target
genes. For GO enrichment analysis, GO terms with a cor-
rected p <0.05 were considered as significant enrichment.

Expression analysis of miRNAs by qRT-PCR

Total RNA was extracted from Fe-deficiency and Fe-suf-
ficient treated citrus plants leaves as described above and
cDNA was synthesized by reverse transcription, using the
PrimeScript™ RT reagent Kit following the manufacturer’s
instructions (TaKaRa, Dalian, China). cDNA products were
used as templates to analyze the expression level of miR-
NAs and the reaction was performed in QuabtStudio 6 Flex
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(Life technologies). Expression of 16 randomly selected dif-
ferently expressed miRNAs was analyzed using stem-loop
qRT-PCR following the method of Chen et al (2005). Stem-
loop primers for reverse transcription and primers for qRT-
PCR were listed in supplementary file (Additional file 1). U6
snRNA was used as internal reference gene for normalizing
the expression (Kou et al. 2012). Briefly, the primers for
miRNAs and U6 were diluted in the SYBER GREEN PCR
Master Mix (TaKaRa, Dalian, China) and 10 pl of the reac-
tion mix was added to each well. Reactions were performed
by an initial incubation at 50 °C for 2 min and at 95 °C for
1 min, and then cycled at 95 °C for 15 s and 60 °C for 1 min
for 40 cycles.

Statistical analysis

The significant difference of qRT-PCR results between the
control and the treatment were analyzed with t-test (LSD)
using SAS software version 8 (SAS Institute, Cary, NC,
USA). Differences were considered as significant at p <0.05.

Results
Analysis of the small RNA libraries

Two miRNA libraries were constructed from the total
RNAs extracted from leaves of Fe-sufficient and Fe-
deficient treated citrus plants. After cleaning the data, we
obtained 10,779,211 and 10,744,506 clean reads, from Fe-
deficient and Fe-sufficient libraries respectively (Table 1).
Approximately 8,163,243 (represents 405,497 unique tags)
and 8,106,834 (represents 439,265 unique tags) clean tags

were mapped to the Citrus sinensis genome sequences for
miRNA prediction. The total mapping rate was 75.73%
(unique tags 56.21%) and 75.45% (unique tags 55.23%),
respectively. The rate of exon antisense, exon sense,
intron antisense, and intron sense were ranged from 1 to
5%. The majority length distribution of the SRNAs was
from 21 to 24 nt with 24 nt sSRNAs as the major peak,
followed by 21 nt sSRNAs (Fig. 1). Compared with the Fe-
sufficient library, a higher distribution in length with 21
and 24 nt was detected in the Fe-deficient library (Fig. 1).
After annotation of the non-coding RNAs, 2,429,859 and
2,611,951 were found to be conserved miRNAs, 435,099
and 437,733 were known miRNA, 336,494 and 313,866
were novel miRNA from Fe-deficient and Fe-sufficient
libraries, respectively.
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Fig. 1 Length distribution of unique sequences of citrus leaves. IS-S
refers to Fe-sufficiency, ID-S refers to Fe-deficiency

Table 1 Statistica'l analysis IS-S ID-S

of SRNA sequencing data of

citrus leaves. IS-S refers to Unique  Rate Total Rate Unique Rate Total Rate

Fe-sufficiency, ID-S refers to

Fe-deficiency Total 721,360 100% 10,779,211  100% 795,307 100% 10,744,506  100%
Mapping genome 405,497 56.21% 8,163,243  75.73% 439,265 55.23% 8,106,834  75.45%
exist_mirna 565 0.08% 2,429,859  22.54% 582 0.07% 2,611,951 2431%
known_mirna 2856 0.40% 435,099 4.04% 2880 0.36% 437,733 4.07%
novel_mirna 733 0.10% 336,494 3.12% 782 0.10% 313,866 2.92%
exon_antisense 34,608 4.80% 537,952 499% 37,633 4.73% 593,857 5.53%
exon_sense 42,734 592% 567,896 527% 45,528 5.72% 585,095 5.45%
intron_antisense 16,247  2.25% 115,125 1.07% 17,923  2.25% 128,652 1.20%
intron_sense 29,171 4.04% 238,499 221% 31,310 3.94% 258,067 2.40%
rRNA 67,538  9.36% 2,739,782  2542% 54,886 6.90% 2,075,381  19.32%
Repeat 1632 0.23% 27,902 026% 1771 0.22% 24,655 0.23%
snRNA 551 0.08% 4945 0.05% 468 0.06% 4095 0.04%
snoRNA 395 0.05% 2375 0.02% 383 0.05% 2312 0.02%
tRNA 4814 0.67% 141,626 1.31% 3989 0.50% 124,861 1.16%
Unann 518,560 71.89% 3,146,575 29.19% 596,219 7497% 3,523,829  32.80%

G ) spinger



121 Page4of13

3 Biotech (2021) 11:121

Identification of known and novel miRNAs

We found 147 known miRNAs belong to 74 annotated fami-
lies from the two libraries based on their highly conserved
sequences to the known plant miRNAs. Of the 147 known
miRNAs, 50 miRNASs could be found in citrus and 97 miR-
NAs were found in other plants. The sequences, lengths and
read counts of the known miRNAs are listed in Additional
file 2. The comparison of miRNAs between the two librar-
ies (IS-S and ID-S) and the abundance of each miRNA in
two libraries was normalized to the transcripts per million
(TPM). The results indicated that the known miRNAs exhib-
ited extensive variation in their abundances between two
libraries. For example, the TPM of miR166¢ was found to
be 379,402.5 and 409,041.1 in the IS-S and ID-S libraries,
respectively. Conversely, the TPM of miR399a was found to
be 0.61 and 2.04 in the IS-S and ID-S libraries, respectively.
This phenomenon also manifested between different miR-
NAs that belongs to the same family. There are 6 miRNAs
in miR156 family, and the TPMs of them varied from 1.75
to 84,158.32.

About 427 secondary structures met the requirements to
be considered as novel miRNAs. As some novel miRNAs
showed a low abundance, the miRNAs with read count less
than 4 in two miRNA libraries were removed (Additional
file 3).

Differentially expressed miRNAs between IS_S
and ID_S libraries

A total of 26 known miRNAs and 55 novel miRNAs were
identified to be differentially expressed miRNAs between
Fe-deficient and Fe-sufficient leaves (Fig. 2). Moreover, 10
known and 40 novel miRNAs were significantly up-regu-
lated and 16 known and 15 novel miRNAs were down-reg-
ulated in Fe-deficient leaves compared to Fe-sufficient leaves
(Additional file 3). To verify the expression patterns of the
miRNAs obtained from the high-throughput sequencing, 16
miRNAs with different expression patterns from Illumina
sequencing results were selected for stem-loop qRT-PCR
analysis. As shown in Fig. 3a—i, qRT-PCR results coincide
with the results obtained from high-throughput sequenc-
ing, and overall correlation coefficient was found to be 0.86

(Fig. 3j).

Prediction of miRNA target genes

To better understand the biological functions of the known
miRNAs in citrus, we employed the plant small RNA target
prediction tool (Target Finder 1.6) to predict the putative
target genes with the annotated transcripts of Citrus sinensis
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Fig.2 Heatmap of the differentially expressed miRNAs of citrus
leaves. a Differentially expressed known miRNA, b differentially
expressed novel miRNA. IS refers to Fe-sufficiency, ID refers to Fe-
deficiency
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genome as the reference genome. Total, 3454 genes were
predicted as the target genes of 462 miRNAs (Additional
file 4).

GO enrichment analysis assigned the predicted target
genes of differently expressed miRNA to the cellular com-
ponent, molecular function, and biological process. In the
cellular component part, the target genes were grouped into
7 categories, including membrane, cytoplasm, extracellular
region and so on (Fig. 4). In the molecular function part,
the target genes were grouped into 11 categories includ-
ing nucleoside binding, metal ion binding, and transferase

activity and so on (Fig. 4). In the biological process part,
the target genes were grouped into 13 categories, including
cellular process, regulation of biological process, cellular
aromatic compound metabolic process and so on (Fig. 4).
To investigate the miRNAs regulation of target genes in
response to Fe-deficiency, 227 target genes of 26 known
and 8 novel miRNA (counts > 20 in any library) were
selected from our previous RNA-seq data (Jin et al. 2017).
Among them, 166 genes were detected in RNA-seq data.
The expression pattern of 95 target genes was negatively
correlated with miRNAs (Additional file 4). As miRNAs
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play a negative regulation on gene expression, the target
genes with opposite expression patterns were analyzed
further. The predicted target genes of miR172 were THO/
TREX complex and Sodium-dependent phosphate trans-
port protein. The predicted target genes of miR2089 were
TMV resistance protein, DEAD-box ATP-dependent RNA
helicase, tRNA pseudouridine synthase 1 and leucine-rich
repeat-containing protein. The predicted target gene of
miR319 was TCP2-like isoform X1. The predicted target
genes of miR395 were pumilio, histidine kinase 2, calcium-
dependent calmodulin-independent protein kinase isoform
1, pentatricopeptide repeat-containing protein, neutral cer-
amidase, calmodulin-binding transcription activator, ATP
sulfurylase 1, LRR receptor-like serine/threonine-protein
kinase and three uncharacterized proteins. The predicted
target genes of miR397 were nudix hydrolase 2, copper/
zinc superoxide dismutase (CSD), novel protein similar to
vertebrate DDHD domain-containing protein 1, sacsin, LRR
receptor-like serine/threonine-protein kinase GSO1 and nine
laccases. The predicted target genes of miR398 were CSD,
serine/threonine-protein kinase PBS1, calcium-transporting
ATPase 11 and two uncharacterized proteins. The predicted
target genes of miR408 were G-type lectin S-receptor-like
serine/threonine-protein kinase, blue copper protein, 2-oxo-
glutarate and Fe(II)-dependent oxygenase-like protein, lac-
case-12 and RNA, and export factor-binding protein. The
predicted target gene of miR477a was UDP-glycosyltrans-
ferase. The predicted target genes of miR479 were lac-
case-11 and an uncharacterized protein. The predicted target
gene of miR5077 was ABC transporter F family member 3.
The predicted target genes of miR5168-y were BTB/POZ
domain-containing protein and two C2 and GRAM domain-
containing proteins. The predicted target genes of miR530a
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was DNA double-strand break repair rad50 ATPase. The
predicted target genes of miR6027 were hydrolases, protein
CLECI16A, rhodanese-like family protein, histone-lysine
N-methyltransferase, and disease resistance proteins. The
predicted target genes of miR7122 were serine/threonine-
protein kinase CTR1 and an uncharacterized protein. The
predicted target genes of miR7528 were natural resistance
associated macrophage protein, zinc finger CCCH domain-
containing protein 44, trafficking protein particle complex
subunit 8 and WRKY transcription factor 52.

Discussion

The length distribution of small RNAs in citrus varies
from 16 to 35 nt. However the majority length of the small
RNAs was 21-24 nt and sequences, which is in accordance
with the results obtained in other plants (Qu et al. 2016).
Moreover, Fe-deficiency increased the abundance of 21 nt
and 24 nt sSRNA, indicating that SRNA was affected by Fe-
deficiency in citrus leaves. Evidences showed that miRNAs
are involved in the adaptive regulation of nutrient-deficiency
mechanisms in higher plants (Song et al. 2019; Paul et al.
2015). In our study, we identified 147 known miRNAs and
427 novel miRNAs from Fe-deficient and -sufficient leaves.
Moreover, 26 known and 55 novel miRNAs were differen-
tially expressed, suggesting that Fe-deficiency altered the
expression profiles of miRNAs in leaves.

Our study also clearly demonstrated the occurrence of
four miR172 family members, and only csi-miR172-5p was
slightly down-regulated by Fe-deficiency. Previous stud-
ies have shown that miR172 was involved in regulation of
flowering and growth phase conversion (Chen 2004; Wu
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et al. 2009). Moreover, miR172 was found to be increase in
expression when infected with Tomato leaf curl New Delhi
virus (Naqgvi et al. 2010) in tomato plants. In Arabidopsis
roots, expression of miR172¢ was decreased at 4-h Fe-
deficient treatment and then gradually increased to normal
levels (Waters et al. 2012). The target genes of csi-miR172-
5p were THO/TREX complex and Sodium-dependent phos-
phate transport protein (SLC34) (Additional file 4). THO/
TREX complex played an important role in transcription
elongation and endogenous siRNA biosynthesis (Rondon
et al. 2003; Yelina et al. 2010). The increase of THO/TREX
complex gene promote the elongation of transcription and
biosynthesis of siRNA that enhanced the regulation of gene
expression to adapt Fe-deficiency. The decrease in miR172
expression may involve in the regulation of Fe-deficiency
stress tolerance in citrus.

Three miR395 family members (csi-miR395, miR395-x
and miR395-y) were identified in citrus leaves under Fe-
deficiency conditions, and all of them were down-regulated
under Fe-deficiency (Table 2). MiR395 is a general and
critical component of the sulfate assimilation regulatory

network in plants. Jones-Rhoades and Bartel (2004) found
that the expression of Ath-miR395 was majorly governed
by the concentration of sulfate. The expression of an Ath-
miR395 target gene decreases with the reduced sulfate con-
centration. In this study, the target gene of miR395 was also
predicted to be ATP sulfurylase (Additional file 4). However,
the expression of ATP sulfurylase between Fe-deficient and
-sufficient leaves was not significantly altered. These results
indicated that there may be uncovering role of miR395 under
Fe-deficiency conditions.

The transcript of miR319 (csi-miR319 and MIR319-y)
was abundant in Fe-deficient leaves (Table 2). miR319 was
reported as a positive regulator in response to abiotic stress
and organ development. In sugarcane, miR319 was up-reg-
ulated subjected to 4 °C for 24 h; whereas, its target genes
(PCF6 and GAMYB) were down-regulated (Thiebaut et al.
2012). In rice plants, overexpression of Osa-miR319b led to
an enhanced tolerance to cold stress by increasing proline
content (Wang et al. 2014). miR319 is also actively involved
in regulation of compound leaf development via regulat-
ing lanceolate in tomato (Ori et al. 2007). In sugarcane, the

Table 2 List of differentially expressed known miRNA of citrus leaves. TPM refers to transcripts per million, IS-S refers to Fe-sufficiency, ID-S
refers to Fe-deficiency, FC refers to fold change which is the ratio of ID-S-TPM /IS-S-TPM

miR-name Length Seq IS-S-TPM ID-S-TPM FC log2 (FC) p value
csi-miR172a-5p 21 GCAGCGTCCTCAAGATTCACA 37.77 16.65 0.44 -1.18 1.20E-07
csi-miR319 21 TTTGGACTGAAGGGAGCTCCT 862.27 1740.51 2.02 1.01 9.61E-221
csi-miR395 21 CTGAAGTGTTTGGGGGAACTC 37.77 0.58 0.02 -6.01 8.53E-36
csi-miR397 21 TCATTGAGTGCAGCGTTGATG 70.01 8.18 0.12 -3.10 1.26E-42
csi-miR398 21 TGTGTTCTCAGGTCACCCCTT 128.36 10.51 0.08 -3.61 4.41E-88
csi-miR408 21 ATGCACTGCCTCTTCCCTGGC 3429.11 363.35 0.11 —-3.24 0.00E +00
csi-miR477a 21 ACCTCCCTCGAAGGCTTCCAA 7.37 15.77 2.14 1.10 1.40E-03
csi-miR530a 21 TGCATTTGCACCTGCACCTTG 1.23 3.80 3.09 1.63 4.00E-02
MIR2089-x 22 TCTTACCTATGCCACCAATTCC 9.52 0.58 0.06 -4.03 3.23E-08
MIR319-y 21 ATCCAACGAAGCAGGAGCTGC 339.32 761.46 2.24 1.17 3.67E-122
MIR395-x 21 GTTCCTCCGAGCACTTCATTG 1.84 0.01 0.01 -7.53 1.31E-02
MIR395-y 21 TTGAAGTGTTTGGAGGAACTC 54.05 18.99 0.35 —1.51 1.99E-14
MIR398-x 21 GGGGCGACATGAGATCACATG 41.46 5.84 0.14 -2.83 1.11E-23
MIR398-y 21 TGTGTTCTCAGGTCGCCCCTG 17,198.65 2593.10 0.15 -2.73 0.00E +00
MIR408-x 22 ACGGGGAACAGGCAGAGCATGT 5.22 0.01 0.00 -9.03 4.83E-06
MIR408-y 22 TGCACTGCCTCTTCCCTGGCTT 419.77 56.08 0.13 -2.90 9.19E-232
MIR473-x 22 ACTCTCCCTCAAGGGCTTCGCT 0.61 3.80 6.18 2.63 5.66E-03
MIR479-x 22 TGTGATATTGTTTCGGCTCATC 0.01 1.46 146.04 7.19 3.62E-02
MIR5077-x 21 TTCTTCACGTCGGGTTCACCA 54.97 22.78 0.41 -1.27 1.30E-11
MIR5168-y 21 TCTCGGACCAGGCTTCAATTT 4.30 0.58 0.14 —2.88 1.68E-03
MIR535-y 22 CTGACAATGAGAGAGAGCACAC 4.30 9.35 2.17 1.12 1.30E-02
MIR6027-x 22 ATGGGTAGCACAAGGATTAATG 0.01 2.34 233.67 7.87 4.88E-03
MIR6027-y 22 TGAATCCTTCGGCTATCCATAA 0.61 3.80 6.18 2.63 5.66E-03
MIR6300-y 18 GTCGTTGTAGGATAGTGG 4.61 45.27 9.83 3.30 3.05E-29
MIR7122-x 22 TTATACAGAGAAATCACGGTCG 5.22 1.17 0.22 -2.16 3.01E-03
MIR7528-y 22 CCAAAATGCTAATCTGAGGCTT 20.57 9.05 0.44 -1.18 9.47E-05
aﬁ#’iﬁﬁ'ﬂw @ Springer
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predicted target genes of miR319 was proliferating cell fac-
tors (TCP/FCF) and GAMYB (Thiebaut et al. 2012). In this
study, we predicted TCP2 as the target gene of csi-miR319
(Additional file 4). Members of the TCP gene family were
reported to be involved in the regulation of growth and cell
cycle, including axillary meristem activity (Cubas et al.
1999; Li et al. 2005). The transcript abundance of TCP2
in Fe-deficient leaves was lower compared to Fe-sufficient
leaves (Additional file 4). To cope with Fe-deficient condi-
tions in plants, plants have evolved many strategies includ-
ing altered expressions of miRNAs. The up-regulation of
miR319 expression and down-regulated expression of TCP2
gene may retard growth and enhanced the tolerance of citrus
leaves under Fe-deficiency stress.

We found that three miR398 family members (csi-
miR398, MIR398-x and MIR398-y) were down-regulated
under Fe-deficiency conditions. (Table 2). Previous studies
have shown that miR398 was down-regulated by both abi-
otic and biotic stresses (Sunkar et al. 2006; Jagadeeswaran
et al. 2009). Moreover, miR398 was also involved in the
regulation of nutritional-deficiency stress. The expression
of miR398a is strongly reduced under nutrient-deficiency
stress (P, N, and C deficiency) in Arabidopsis plants (Pant
et al. 2009) and the target genes of miR398 were two Cu/Zn
superoxide dismutase (CSD) genes in Arabidopsis (Sunkar
et al. 2006). CSD is essential and play an important role in
scavenging of reactive oxygen species that increase during
nutrient limitations and other environmental stresses (Apel
and Hirt 2004). CSD, Serine/threonine-protein kinase and
an uncharacterized protein were predicted the target genes of
miR398 family, and were up-regulated under Fe-deficiency
(Additional file 4). Our DEG analysis showed that CSD gene
(Cs3g12000) was 1.62-fold times increased in Fe-deficient
leaves compared to Fe-sufficient leaves, indicating that CSD
is the target gene of miR398. As Fe is essential to Chloro-
phyll biosynthesis, Fe-deficiency will block photosynthetic
light energy and induces oxidative stress (Hiansch and Men-
del 2009). In plant, Fe-containing superoxide dismutase
(FSD) can scavenge reactive oxygen to protect the plants
from oxidative stress damage (Pilon et al. 2011). And, some
Fe- or Cu-containing enzymes can be functionally replaced,
such as Cu-containing plastocyanin for cytochrome Fe-con-
taining c (Ravet et al. 2009), and Cu/Zn SOD for FeSOD
(Puig et al. 2007; Burkhead et al. 2009). The expression of
FSD genes was down-regulated and the expression of CSD
was up-regulated in Fe-deficiency leaves (Table3). These
results suggested that the decrease of miR398 and increase
of Cu/Zn SOD activity may play an important role in scav-
enging of reactive oxygen species and inhibition of oxidative
damages under Fe-deficiency stress.

miR397 is also known to involve in the various abiotic
stress responses and in regulating various stages of plant
growth and development. Dong and Pei (2014) reported that
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overexpression of miR397 in Arabidopsis improved the plant
tolerance to cold stress. Recent studies have shown that the
expression of miR397 was decreased under toxicity levels
of boron in barley (Ozhuner et al. 2013) and citrus plants
(Jin et al. 2016). Overexpression of OsmiR397 improves
rice yield by increasing grain size and promoting panicle
branching (Zhang et al. 2013). In this study, the predicted
target genes of miR397 were laccase and CSD. The expres-
sion of two miR397 members was reduced in Fe-deficient
leaves (Table 2); however, the abundance of target genes
(laccase) transcript was increased. It is well known that
laccase catalyzes the polymerization of lignin monomers
in vitro (Sterjiades et al. 1992). Lignin plays multiple roles
in stress responses (Moura et al. 2010). The reduced expres-
sion of miR397 may increase the lignin accumulation and
enhance the Fe-deficiency tolerance in citrus plants.

The expression of three miR408 members (csi-miR408,
MIR408-x, and MIR408-y) was down-regulated under
Fe-deficiency (Table 2). miR408 has been reported to be
involved in different abiotic stresses responses including
cold, osmotic, drought and oxidative stress (Liu et al. 2008;
Jovanovic et al. 2014; Ma et al. 2015). Under drought stress
conditions, transcript level of miR408 was reduced in rice
plants (Mutum et al. 2013). However, overexpression of
miR408 increased the drought tolerance of chickpea (Hajyz-
adeh et al. 2015). miR408 was also involved in the nutri-
tional homeostasis of plants. miR408 was down-regulated
under nitrogen and boron deficiency conditions in Arabidop-
sis and citrus plants respectively (Buhtz et al. 2010; Yang
et al. 2015). Moreover, miR408 was also induced under Cu
deficiency (Abdel-Ghany and Pilon 2008). The target genes
of miR408 were Cu/Zn SODs (CSDs), plantacyanin, pep-
tide chain release factor and several laccases (Sunkar and
Zhu 2004; Schwab et al. 2005). In this study, blue copper
protein, RNA and export factor-binding protein, laccase-12,
G-type lectin S-receptor-like serine/threonine-protein kinase
and 2-oxoglutarate and Fe(Il)-dependent oxygenase-like pro-
tein were predicted the target genes of miR408. In our pre-
vious study, we reported that the uptake of Cu content was
increased under Fe-deficiency conditions in citrus plants (Jin
et al. 2017). As the Fe-deficiency cause an oxidative stress,
the reduced expression in miR408 might be advantageous
for plant survival under Fe-deficiency.

In populus, miR477 plays an important role in the
growth and formation of specialized woody tissue (Lu
et al. 2008). In this study, UDP-glycosyltransferase
(UGT) was also predicted as the target gene of miR477.
The expression of UGT gene was decreased in Fe-deficient
leaves and UGT was essential for growth and development
of plants (Woo et al. 1999). The expression of miR477a
was up-regulated in Fe-deficient citrus leaves, which is in
coincidence with the suppression of growth. The predicted
target genes of miR2089, miR6027 and novel-m0056-3p
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Table 3 The target gene prediction and expression of differentially expressed miRNA. FC refers to the fold change which is the ratio of FPKM-
ID/FPKM-IS

miR-name Accession Target FC Annotation
csi-miR172a-5p Cs3g23470 1.19 THO/TREX complex
Cs8g19810 1.05 Sodium-dependent phosphate transport protein
MIR2089-x Cs2g30960 2.50 TMYV resistance protein
Cs2g30970 2.00 TMYV resistance protein
Cs3226290 1.16 DEAD-box ATP-dependent RNA helicase
Cs3g26810 1.12 tRNA pseudouridine synthase 1
Cs5g17280 1.22 Leucine-rich repeat-containing protein
Cs5g19570 1.99 Leucine-rich repeat-containing protein
Cs5g19850 2.03 Leucine-rich repeat-containing protein
orangel.1t00706 1.32 TMV resistance protein N
csi-miR319 Cs2g08080 0.86 TCP2-like isoform X1
MIR319-y
csi-miR395 Cs2g08400 1.18 Pumilio
MIR395-x Cs2g19760 1.32 Histidine kinase 2
MIR395-y Cs3g11190 1.32 Uncharacterized protein
Cs3g26650 1.44 Calcium-dependent calmodulin-independent protein kinase isoform 1
Cs5g04130 1.39 Uncharacterized protein
Cs5g31350 1.01 Pentatricopeptide repeat-containing protein
Cs6g07540 1.24 Neutral ceramidase
Cs8g18130 1.19 Uncharacterized protein
Cs9g01510 1.22 Calmodulin-binding transcription activator
Cs9g07750 1.03 ATP sulfurylase 1
Cs9g15900 1.14 LRR receptor-like serine/threonine-protein kinase
Cs9g18740 1.13 Leucine-rich repeat receptor protein kinase
csi-miR397 Cs2g01700 1.05 Nudix hydrolase 2
MIR397-x Cs3g12000 1.62 Copper/zinc superoxide dismutase
Cs5g19700 1.95 Novel protein similar to vertebrate DDHD domain-containing protein 1
Cs6g06880 1.62 Laccase-17
Cs6g06890 7.22 Laccase-17
Cs6206920 1.32 Laccase-17
Cs6g07800 1.51 Laccase-4
Cs7g13980 1.07 Sacsin
Cs7223490 1.83 Laccase-17
Cs7g31620 1.49 Laccase-22
Cs8g14840 1.32 LRR receptor-like serine/threonine-protein kinase GSO1
Cs8g17630 1.02 Laccase-17
Cs8g18800 1.06 Laccase-17
Cs8g19850 1.55 Laccase-4
orangel.1t01926 1.41 Leucine-rich repeat-containing protein
csi-miR398 Cs2g29640 1.40 Putative uncharacterized protein
MIR398-x Cs3g12000 1.62 Cu/Zn superoxide dismutase
MIR398-y Cs7g02980 1.17 Serine/threonine-protein kinase PBS1
orangel.1t01967 2.03 UN
orangel.1t02346 2.66 Calcium-transporting ATPase 11
csi-miR408 Cs1g14910 1.23 G-type lectin S-receptor-like serine/threonine-protein kinase
MIR408-x Cs3220580 1.42 Blue copper protein
MIR408-y Cs5g13190 1.05 2-Oxoglutarate (20G) and Fe(II)-dependent oxygenase-like protein
Cs7g30410 4.93 Laccase-12
Cs8g18100 1.02 RNA and export factor-binding protein

pisllase ol ay .
deiicis ooy 2 Springer



121 Page 100f 13 3 Biotech (2021) 11:121

Table 3 (continued)

miR-name Accession Target FC Annotation
csi-miR477a Cs1g05220 0.43 UDP-glycosyltransferase
MIR479-x Cs1g24250 0.92 Laccase-11
Cs2g24350 0.89 Uncharacterized protein
MIRS5077-x Cs5g01810 1.11 ABC transporter F family member 3
MIR5168-y Cs5g03420 1.26 BTB/POZ domain-containing protein
Cs5226880 1.35 C2 and GRAM domain-containing protein
Cs5g27350 2.14 C2 and GRAM domain-containing protein
csi-miR530a Cs7g12670 0.96 DNA double-strand break repair rad50 ATPase
MIR6027-x Cs1g07790 0.32 Disease resistance RPP13-like protein 2
MIR6027-y Cs1g07860 0.69 Disease resistance protein RDL6/RF9
Cs1g24300 0.67 Hydrolases or acyltransferases
Cs3g05560 0.88 Disease resistance protein RDL6/RF9
Cs3g05870 0.57 Disease resistance protein RDL6/RF9
Cs4g04250 0.95 Protein CLEC16A
Cs6g08440 0.66 Rhodanese-like family protein-like protein
orangel.1t04028 0.94 Histone-lysine N-methyltransferase
MIR7122-x Cs1g09665 2.00 Uncharacterized protein
Cs3g11580 1.30 Serine/threonine-protein kinase CTR1
MIR7528-y Cs1g22120 7.71 Natural resistance associated macrophage protein
Cs3g03210 1.49 Zinc finger CCCH domain-containing protein 44
Cs6g13600 1.10 Trafficking protein particle complex subunit 8
orangel.1t03702 1.10 WRKY transcription factor 52
mO0001-5p Cs1g13640 0.87 ABC transporter G family member 40
Cs9g03780 0.75 Uncharacterized protein
miRNO0056-5p Cs1g14690 11.22 Spore coat protein A
miRNO056-3p Cs7g04730 1.08 TMYV resistance protein N
orangel.1t04786 1.14 Spore coat protein A
Cs2g29640 1.40 Uncharacterized protein
miR0178-3p Cs2g13630 0.55 Cytochrome P450-dependent fatty acid hydroxylase
Cs6g08680 0.91 Monothiol glutaredoxin-S16
Cs6g20630 0.64 Hypersensitive-induced response protein 1
Cs8g17230 0.85 Cytochrome P450-dependent fatty acid hydroxylase
miR0212-5p Cs2g06440 1.75 Uncharacterized protein
Cs3g15360 1.08 Thiosulfate sulfurtransferase/rhodanese-like domain-containing protein 2
Cs3g19210 1.32 Pentatricopeptide repeat-containing protein
Cs5g10910 1.07 Galactoside 2-alpha-L-fucosyltransferase
Cs6g02560 1.30 GDT1-like protein 3
Cs9g07670 2.89 Cold-inducible protein-like protein
miRN0223-5p Cs7g32240 0.82 UDP-glycosyltransferase
miRN0324-3p Cs1g15590 1.66 GATA transcription factor 12
Cs1g25380 1.45 UN
miRN0327-5p Cs2g06440 1.76 Uncharacterized protein
Cs3g15360 1.08 Thiosulfate sulfurtransferase/rhodanese-like domain-containing protein 2
Cs3g19210 1.32 Pentatricopeptide repeat-containing protein
Cs5g10910 1.07 Galactoside 2-alpha-L-fucosyltransferase
Cs6g02560 1.30 GDT1-like protein 3
Cs9g07670 2.89 Cold-inducible protein-like protein
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Fig.5 A proposed model for the possible roles of miRNAs in the tolerance to Fe-deficiency in citrus leaves. Red and blue colors represent the

up-regulation and down-regulation of miRNAs or target genes

were disease resistance proteins, those are involved in
disease resistance under Fe-deficiency. The target genes
of miR473, miR535 and miR6300 were not dissected in
this study and further investigations are needed to resolve
their functions.

In conclusion, we identified 147 known and 427 novel
miRNAs from Fe-deficient and Fe-sufficient citrus leaves.
Among them, 50 miRNAs (10 known and 40 novel) were
up-regulated and 31 miRNAs (16 known and 15 novel) were
down-regulated by Fe-nutrient-deficiency conditions. As
shown in Fig. 5, we proposed a model for the Fe-deficiency-
responsive miRNAs in citrus plants. Our study clearly dem-
onstrated that miR172, miR319, miR395, miR397, miR398,
miR408, miR477 might play critical roles in regulating the
Fe-deficiency adaptive mechanisms in citrus.
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