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SUMMARY

Sweet orange (Citrus sinensis), one of the most important fruit
crops worldwide, may suffer from disease symptoms induced by
virus infections, thus resulting in dramatic economic losses. Here,
we show that the infection of sweet orange plants with two
isolates of Citrus psorosis virus (CPsV) expressing different symp-
tomatology alters the accumulation of a set of endogenous
microRNAs (miRNAs). Within these miRNAs, miR156, miR167 and
miR171 were the most down-regulated, with almost a three-fold
reduction in infected samples. This down-regulation led to a con-
comitant up-regulation of some of their targets, such as Squamosa
promoter-binding protein-like 9 and 13, as well as Scarecrow-like
6. The processing of miRNA precursors, pre-miR156 and pre-
miR171, in sweet orange seems to be affected by the virus. For
instance, virus infection increases the level of unprocessed precur-
sors, which is accompanied by a concomitant decrease in mature
species accumulation. miR156a primary transcript accumulation
remained unaltered, thus strongly suggesting a processing
deregulation for this transcript. The co-immunoprecipitation of
viral 24K protein with pre-miR156a or pre-miR171a suggests that
the alteration in the processing of these precursors might be
caused by a direct or indirect interaction with this particular viral
protein. This result is also consistent with the nuclear localization
of both miRNA precursors and the CPsV 24K protein. This study
contributes to the understanding of the manner in which a virus
can alter host regulatory mechanisms, particularly miRNA
biogenesis and target expression.
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INTRODUCTION

MicroRNAs (miRNAs) are small RNA molecules that regulate gene
expression in plants and animals (Bartel, 2004; Jones-Rhoades
et al., 2006). Plant primary miRNAs (pri-miRNAs) are synthesized
by RNA pol II and have a characteristic 5'cap and 3'poly-A tail (Lee
et al., 2004; Xie et al., 2005). These pri-miRNA transcripts form
hairpin-like structures and are sequentially processed by RNAse
III-like proteins, namely DICER-like 1 (DCL1) in Arabidopsis
thaliana, to generate miRNA precursors (pre-miRNAs) and, ulti-
mately, miRNA/miRNA* duplexes (Kurihara and Watanabe, 2004;
Park et al., 2002). miRNA processing occurs in the specialized
D-bodies located in plant nuclei (Fang and Spector, 2007; Fujioka
et al., 2007; Song et al., 2007); DCL1 interacts with the double-
stranded RNA (dsRNA)-binding protein HYPONASTIC LEAVES 1
(HYL1) (Han et al., 2004; Vazquez et al., 2004). In addition,
SERRATE and components of the cap-binding complex, which are
required for splicing, also contribute to miRNA biogenesis
(Gregory et al., 2008; Lobbes et al., 2006).

A systematic analysis of the mechanism of plant miRNA precur-
sor processing revealed two main models: one progressing base to
loop and the other loop to base. The first model implies the
recognition of a lower stem (∼15 nucleotide) to position for the
initial DCL1 cleavage event (Mateos et al., 2010). In the second
model, the first cut would progress next to the main loop (Bologna
et al., 2009, 2013a, b). Subsequently, the mature duplex miRNA is
exported to the cytoplasm by HASTY (Park et al., 2005) and one of
the strands is integrated into the RNA-induced silencing complex
(RISC), which guides this complex to the complementary mRNA
targets. RISC eventually inhibits translation elongation (Brodersen
et al., 2008) or triggers the degradation of target mRNA (Llave
et al., 2002).

Several miRNA families are fundamental gene regulatory
players in the fine tuning of correct plant development (Schwab
et al., 2005). In addition, miRNAs also have important functions
in the response to biotic stress. For example, A. thaliana miR393
is induced by flg22 (a 22-amino-acid sequence of the conserved
N-terminal part of flagellin), thus playing an important role in
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plant antibacterial resistance (Navarro et al., 2006). Both plant
and animal viruses can interfere with miRNA-mediated regula-
tion in the host through different mechanisms exerted at tran-
scriptional or post-transcriptional levels (Cazalla et al., 2010;
Chapman et al., 2004; Chen et al., 2004; Kasschau et al., 2003;
Pfeffer and Voinnet, 2006; Silhavy and Burgyan, 2004). The latter
option involves miRNA processing alteration, accumulation and
activity.

Originally, most studies have focused on post-transcriptional
mechanisms in which increased miRNA levels are associated with
the presence of viral suppressors of RNA silencing (VSRs)
(Chapman et al., 2004; Chen et al., 2004; Dunoyer et al., 2004;
Lakatos et al., 2006; Silhavy and Burgyan, 2004). However, other
reports have shown that a virus infection and/or the transgenic
expression of viral proteins with weak VSR activity can also inter-
fere with miRNA pathways (Bazzini et al., 2007; Tagami et al.,
2007). Indeed, infections by Tobacco mosaic virus (TMV) and
Oilseed rape mosaic virus (ORMV) are clear examples of miRNA
alterations at the transcriptional level (Bazzini et al., 2009). In
addition, the level of conserved miRNAs is reduced after virus
infection in tomato, soybean, grapevine and citrus through an
alternative molecular mechanism of miRNA interference that
cannot be explained by VSR activity (Amin et al., 2011; Naqvi
et al., 2010; Ruiz-Ruiz et al., 2011; Singh et al., 2012; Yin et al.,
2013). There are a few examples of viruses interfering with pre-
miRNA nuclear export and processing by DICER, as is the case for
adenoviruses (Lu and Cullen, 2004). By contrast, to date, there
have been no reports of plant viruses interfering with miRNA
processing.

Sweet orange (Citrus sinensis) is one of the most important fruit
crops worldwide. Despite the important roles of miRNAs in plant
development, their expression profile and function in non-model
plants have been poorly studied and there are few reports on
miRNAs in fruit crops (Moxon et al., 2008; Song et al., 2010a, b;
Wang et al., 2012; Xu et al., 2010, 2013; Zhu et al., 2012). The
sequence and pattern of about 40 conserved and 10 novel miRNAs
were first described in Citrus reticulata, Poncirus trifoliate, Citrus
clementina and Citrus sinensis using deep sequencing (Song et al.,
2010a, b). Recently, 227 known miRNAs have been identified in
C. sinensis (Xu et al., 2010, 2013).

Citrus psorosis is a severe viral disease affecting most citrus
species. This disease was epidemic in the 1980s and is still
present in Argentina and Uruguay (Anderson, 2000; Zanek et al.,
2006). In the field, symptoms include bark scaling of the trunk
on sweet orange, mandarin and grapefruit, as well as chlorotic
flecks and spots on young leaves, and a shock reaction
expressed as the necrosis of young shoots. The causal agent of
the disease is Citrus psorosis virus (CPsV), the type member of
the genus Ophiovirus, family Ophioviridae (Garcia et al., 1994;
Milne et al., 2003). CPsV is a tripartite virus with a genome of
three single-stranded RNAs (ssRNAs) of negative polarity. RNA 1

codes for the 24K protein and, separated by an intergenic
region, the RNA-dependent RNA polymerase (Naum-Ongania
et al., 2003). RNA 2 harbours the movement protein (54K
protein) (Robles Luna et al., 2013), whereas RNA 3 codes for the
coat protein (Sánchez de la Torre et al., 1998). To date, no study
has characterized the viral suppressor activity of ophioviruses,
and therefore the ability of CPsV to modify miRNA pathways
remains completely unknown.

In the present study, we analysed the accumulation of several
conserved mature miRNAs, miRNA processing products and their
targets in citrus plants infected with two distantly related CPsV
isolates that induce symptoms of different severity.We determined
that the processing of miR156 and miR171 precursors is affected by
CPsV infection in C. sinensis plants.The co-immunoprecipitation of
24K viral protein with miRNA precursors in Nicotiana benthamiana
plants suggests that CPsV directly or indirectly interferes with this
mechanism and, consequently, with miRNA and miRNA target
accumulation.

RESULTS

Misregulation of conserved citrus miRNAs by
CPsV infection

Plant viruses can alter host miRNA and miRNA target expres-
sion, including genes involved in plant development and stress
responses. To analyse whether CPsV infection modifies miRNA
accumulation in citrus and whether there is any association with
different symptoms, we infected sweet orange seedlings with the
Argentine isolate CPsV 90-1-1 or the distantly related isolate
CPV4 from Texas, USA (85% nucleotide identity; Martin et al.,
2006). The foliar symptoms of CPsV 90-1-1 observed in experi-
mentally graft-inoculated plants include chlorotic flecks and
spots on young leaves, as well as wilting and necrosis in young
shoots, resulting in a progressive shock reaction (Fig. 1A–C, F).
CPV4 shares foliar symptoms with CPsV 90-1-1, but does not
produce the shock reaction. Bazzini et al. (2007) have previously
tested a group of conserved miRNAs, and demonstrated a cor-
relation between symptom severity and alteration in miRNA
levels in infected Nicotiana tabacum plants. In the present study,
10 conserved miRNAs, including some of those studied by
Bazzini et al. (2007), were selected and analysed by Northern
blot using probes against Citrus trifoliata or Citrus sinensis
miRNA sequences available in miRBase (Table S1, see Supporting
Information).

Samples were collected from plants infected with each isolate
expressing each characteristic symptom (shock or flecking;
Fig. 1A, D, respectively). Virus levels in the different samples
were similar (Table S2, see Supporting Information). In parallel,
samples were collected from healthy plants with the same shoot
size, age and at the same developmental state (Fig. 1E). For the
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case of the shock reaction, samples were collected when young
flushes began to bend and just before the onset of necrosis
(Fig. 1A).

Most analysed miRNAs (seven of ten; miR156, miR167,
miR169, miR171, miR172, miR393 and miR403) showed a
decreased accumulation in infected relative to non-infected
tissues (Fig. 2A, B). The mature miRNA level ranged from a 1.2-
to 2.8-fold reduction compared with the healthy sample. miR156
and miR171 were the most drastically altered miRNAs. In par-
ticular, miR156 showed a reduction in the accumulation of the
mature miRNA species present in flecking samples, from 1.5- to
two-fold compared with the healthy control (in both isolates),
whereas tissue displaying shock showed a more severe decrease
of 2.8-fold (Fig. 2B). Differences between shock and flecking
samples were significant for miR156. miR171 showed similar
decreasing levels and association pattern, but differences
between shock and flecking samples were not significant.
miR167 also displayed a drastic down-regulation on virus infec-
tion with similar levels for all infected samples (around two-
fold). miR169 showed a detectably reduced level in flecking
samples, but no significant differences for the shock sample.
Finally, miR172, miR393 and miR403 showed lower levels of
down-regulation in some of the infected samples. In particular,
miR172 showed a faint band in Northern blots, but the results
from three independent experiments exhibited similar accumu-
lation patterns (Fig. 2B).

In summary, we found that the infection of citrus plants with
two CPsV isolates caused a reduction in the accumulation level of

several miRNAs, and that miR156, miR171 and miR167 were the
most highly down-regulated miRNAs.

Induction of miRNA target expression in CPsV-infected
C. sinensis plants

To assess whether mRNA target levels of the most strongly down-
regulated miRNAs were also affected after CPsV infection, we
selected the following genes to provide further analysis:
Squamosa promoter-binding protein-like (SPL) 9 and 13,
Scarecrow-like 6 (SCL6) and Auxin response factor (ARF) 6 and 8.
SPL9 and SPL13 (miR156 targets) are involved in the juvenile to
adult phase transition, abiotic stress responses, symptom expres-
sion and defence (Cardon et al., 1997, 1999; Cui et al., 2014; Klein
et al., 1996; Padmanabhan et al., 2013), whereas SCL6 (miR171
target) is involved in gibberellic acid responses that control flow-
ering and regulate apical meristem development (Bolle, 2004) and
chlorophyll biosynthesis (Ma et al., 2014). Finally, ARF6 and ARF8
(miR167 targets) regulate flower development caused by VSR
expression in A. thaliana plants (Jay et al., 2011; Wu et al., 2006).
These transcripts are targets in A. thaliana as well as in citrus
(Song et al., 2010a).

RNA extracts obtained from the same foliar samples as used for
miRNA quantification were subjected to quantitative reverse
transcription-polymerase chain reaction (qRT-PCR) (Fig. 3). SPL9
showed an up-regulation of approximately two-fold, compared
with the healthy control, in CPsV 90-1-1-infected leaves express-
ing flecking symptoms. Samples from plants infected with the

Fig. 1 Symptoms observed in Citrus sinensis plants infected with Citrus psorosis virus (CPsV) isolates used for microRNA (miRNA) and target analyses. (A–C, F)
Young shoot displaying a progressive shock reaction caused by CPsV-90-1-1, including epinasty and, finally, necrosis of the leaves. Leaves 1 and 2 show progressive
necrosis (time between A and C, 15 days). (D) Flecking symptoms caused by CPsV 90-1-1 isolate in leaves of plants of the same developmental stage. (Leaves from
the CPV4-infected plants show similar flecking symptoms.) (E) healthy shoots. (F) Shock reaction in detail (inset). Scale bars: 5 mm equals 10 mm.
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Fig. 2 Accumulation of endogenous microRNAs (miRNAs) in Citrus sinensis plants infected with Citrus psorosis virus (CPsV) 90-1-1 or CPV4 isolate. (A)
Representative Northern blot analysis of various conserved miRNAs after infection. F, flecking symptom; H, healthy leaves; Sh, shock reaction symptom. Lower
panels show U6 normalization. Ratios between band densities of each miRNA and U6 were calculated. (B) Relative accumulation of miRNA compared with healthy
leaves (H = 1) (mean values and standard error of miRNA level of three independent experiments). The graphs were plotted as log2 of the infected/healthy sample
ratios. Differences between two groups were tested with a two-tailed paired t-test. * and ** indicate P < 0.05 and P < 0.01 values, respectively, in comparison
with the healthy group. a and b indicate P < 0.05 between F and Sh, respectively.

Fig. 3 Accumulation of microRNA (miRNA)
target transcripts in Citrus sinensis plants
infected with Citrus psorosis virus (CPsV)
90-1-1 or CPV4 isolate. Quantitative reverse
transcription-polymerase chain reaction
(qRT-PCR) assays were performed to determine
the expression levels of Squamosa
promoter-binding protein-like 9 (SPL9) and
SPL13 (miR156 targets), Auxin response factor
6 (ARF6) and ARF8 (miR167 targets) and
Scarecrow-like 6 (SCL6) (miR171 target). Mean
values and standard errors of three
independent experiments are shown. Healthy
samples are established as 1. Differences from
the healthy samples were tested using a
two-tailed paired t-test. * and ** indicate P <
0.05 and P < 0.01 values, respectively. a and b
indicate P < 0.05 value between F and Sh,
respectively.
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same isolate, but expressing shock reaction, accumulated about
3.5-fold higher levels of miRNAs. Similar increases resulted in the
accumulation of SPL9 transcripts from CPV4-infected leaves
expressing flecking symptoms. The behaviour of SPL13 was com-
parable, but CPV4 samples showed a more striking up-regulation
of about four-fold. ARF6 and ARF8 did not show significant
changes in any sample; these genes may be regulated at a trans-
lational level or in specific tissues. SCL6 levels were more than five
times higher in the CPsV 90-1-1-infected samples (flecking and
shock). The average levels of the SCL6 transcript were also higher,
but not significantly, in CPV4-infected samples.

The expected negative correlation between miRNA accumula-
tion and target transcripts was observed in three of the five
evaluated targets (SPL9, SPL13 and SCL6) when infected plants
and healthy controls were compared. We could not establish a
correlation between the two virus isolates or between the two
types of symptom when SPL transcript abundance was evaluated.
For SCL6, which was the most altered transcript, we detected an
apparent association pattern between CPsV 90-1-1-infected
samples. These plants exhibited a significantly higher level of SCL6
compared with the CPV4-infected samples. ARF transcripts
appeared not to be post-transcriptionally regulated by miR167.
Another possible explanation could be that its effect is either
masked by the mixtures of different cell types with antagonistic
regulation or rapidly regulated by feedback mechanisms.

In summary, CPsV infection down-regulates the accumulation
of several mature miRNAs, with a consequent increase in some
mRNA target levels, in particular SPL9, SPL13 and SCL6.

Alteration of pre-miR156 and pre-miR171 processing in
CPsV-infected C. sinensis plants

The reduced levels of mature miRNAs after CPsV infection could
be explained primarily by three mechanisms: (i) a reduction in the

pri-miRNA transcription level; (ii) an alteration of processing of
pri-miRNA into mature miRNA; and (iii) an active degradation of
the mature miRNA.

To test the first hypothesis, we designed primers for the
miR156a primary transcript sequence (pri-miR156a) from
C. sinensis. This transcript of 1306 nucleotides, present in the
Citrus Genome database, includes the pre-miR156a sequence
(Fig. 4A). The accumulation of pri-miR156a was quantified by
qRT-PCR, and remained apparently unaltered in infected leaves
compared with healthy samples (Fig. 4B). To explore the possibil-
ity of pre-miRNA processing alteration (second proposed mecha-
nism), we analysed the intermediate species generated during
pre-miR156 processing by Northern blot. We have analysed pre-
viously the secondary structures of all members of the pre-
miR156 family, and the data correlate with a loop-to-base
processing model (Fig. S1, see Supporting Information), which is
coincident with the A. thaliana pre-miR156 processing mecha-
nism confirmed in vitro (Bologna et al., 2013b; Liu et al., 2012).
Among the entire analysed set of pre-miRNAs (data not shown),
unprocessed pre-miR156 and processing intermediates (F1 + m)
were clearly detected using a probe against the mature sequence
(m) (Fig. 5A, B). In A. thaliana, two species excised by the first cut
of DCL1 have been described: a 42-nucleotide fragment including
the small structured loop or upper loop, and the two arms of 45
nucleotides comprising the lower stem and mature or star
sequences. A second cut renders the mature sequence (21
nucleotides) and the lower stem separately. Analogous cuts in
C. sinensis pre-miR156a (143 nucleotides) (Fig. 5B) would also
render two putative intermediates in the first cut of the proposed
loop-to-base mechanism: the 41-nucleotide upper loop (F3) and
two 51-nucleotide sequences comprising the lower stem and
mature or star sequences (F1 + m, F2 + m*). The second cut
excised the mature and lower stem species separately. Infected
leaves displayed a reduced accumulation of intermediate

Fig. 4 Citrus sinensis miR156a primary
transcript (pri-miR156a). (A) Predicted
secondary structure of pri-miR156a (part of the
molecule is shown). pre-miR156a stem loop is
indicated. (B) Quantitative reverse
transcription-polymerase chain reaction
(qRT-PCR) assays were performed to determine
the accumulation levels of pri-miR156a in
infected (Fleck 90-1-1; Shock 90-1-1; Fleck
CPV4) and healthy samples. nt, nucleotide;
Ubqt, ubiquitin.
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(F1 + m) processing fragments compared with healthy leaves,
and an increase in the unprocessed precursor (Fig. 5A). qRT-PCR
was performed using primers designed to quantify the unpro-
cessed pre-miR156a (Fig. 5C). These assays showed a higher
accumulation of the unprocessed species in infected samples.
Reverse primers were designed specifically to detect the seven
members of the C. sinensis pre-miR156 (a–g), but only three
(a–c) were detected (Fig. S2, see Supporting Information). This
result agrees with previous studies which describe these three as
the most abundant members of the family (Xu et al., 2010).

Mature miR171 is also down-regulated by CPsV infection and
has strong effects on SCL6 target expression (Fig. 3). To evaluate
whether the processing alteration is exclusive of miR156 or is also
exerted by other precursors, we assessed pre-miR171a accumula-
tion through qRT-PCR for the infected (CPsV 90-1-1 or CPV4) and
healthy samples. Similar to the results described for pre-miR156a,
these assays demonstrated a higher accumulation of the unpro-
cessed precursors in the infected samples (Fig. 6).

The lower accumulation of mature and intermediate processing
fragments (F1 + m) and the concomitant increase in unprocessed
pre-miRNA level, without changes in the primary transcript levels,
suggest that CPsV directly or indirectly interferes with miR156
processing. A similar accumulation of unprocessed species of pre-
miR171a in infected samples suggests that the mechanism
exerted by the virus is not restricted to one miRNA, but also
extends to others.

Interaction of pre-miR156 and pre-miR171 with 24K
viral protein

To examine whether CPsV proteins interact with pre-miR156 or
pre-miR171, thus affecting the normal miRNA biogenesis process-
ing, we performed RNA immunoprecipitation (RIP) assays. A pre-
vious analysis of the movement protein (54K) demonstrated that it
has a bipartite nuclear localization signal (NLS) and localizes in the
plasmodesmata and nucleus (confocal microscope observations;

Fig. 5 pre-miR156 processing in Citrus psorosis virus (CPsV)-infected Citrus sinensis. (A) Northern blot analysis of pre-miR156 and processing intermediates after
infection with CPsV 90-1-1 or CPV4 isolate using a probe against the mature species. F, flecking symptom; H, healthy leaves; Sh, shock reaction symptom.
Unprocessed precursor (pre-miR156), intermediate processing fragments (F1 + m) and mature species (m) are indicated with arrows on the right. Lower panel
shows U6 normalization. (B) Predicted secondary structure of C. sinesis pre-miR156a and predicted fragments from DICER-like 1 (DCL1)-catalysed processing.
Fragments are named F1 and F2 (arm fragments), F3 (loop fragment) and m/m* [miRNA and miRNA* fragments of 20 and 22 nucleotides (nt)]. First and second
cut products of processing are detailed. Labelled and unlabelled molecules in the Northern blot are indicated with broken and full lines, respectevely. (C)
Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) assays were performed to determine the accumulation levels of pre-miR156a in the same
samples as (A). * indicates significant differences from healthy control samples at P < 0.05 using a two-tailed paired t-test.
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confocal laser scanning microscopy, CLSM) (Robles Luna et al.,
2013). A nuclear export signal (NES) was also predicted for the
24K protein. To define the localization of this protein, we per-
formed transient expression of 24K enhanced green fluorescent
protein (eGFP)-fused protein (24K:eGFP) in N. benthamiana epi-
dermal cells. Through CLSM, we found that 24K:eGFP co-localized
with co-expressed free monomeric red fluorescent protein (mRFP)
in the nucleus (Fig. 7). Because of this evidence, we selected these
two CPsV proteins to assay the association with miRNA precursors
that are also present in the nucleus.

GFP-fused forms of CPsV 54K (54K:eGFP) (Robles Luna et al.,
2013) and 24K (24K:eGFP; generated here) proteins were
expressed in N. benthamiana leaves, and total RNA was recov-
ered by immunoprecipitation with anti-GFP from tissue express-
ing these CPsV proteins. Nicotiana benthamiana pre-miR156a
and pre-miR171a were detected in the GFP immunoprecipitates
and quantified by qRT-PCR. Non-fused GFP and mRFP were also
tested as controls. The 24K and 54K proteins were also
co-expressed to test the putative additive effect. The 24K:eGFP
protein expressed alone or co-expressed with 54K:eGFP showed
higher levels of enrichment of pre-miR156a (4.5- and 3.5-fold,
respectively) compared with the non-fused GFP control (Fig. 8A);
54K:eGFP expressed alone showed a non-significant fold enrich-
ment of 0.5. For pre-miR171a, 24K:eGFP expressed alone or
co-expressed with 54K:eGFP showed a significant enrichment of
1.9- and 1.4-fold, respectively (Fig. 8B); 54K:eGFP expressed
alone showed a non-significant 0.4-fold enrichment. The endog-
enous ubiquitin transcript was also tested, and no significant
difference in enrichment was detected between fused viral pro-
teins and the mRFP control (Fig. 8A, B). The presence and integ-
rity of the viral proteins were confirmed by Western blots of
input and immunoprecipitated fractions (Fig. S3, see Supporting
Information).

These results suggest a direct or indirect interaction between
pre-miR156a and pre-miR171a with 24K in N. benthamiana. This
interaction could affect miRNA processing and consequently gen-
erate the observed higher accumulation of precursors and the
reduction in mature miRNAs in citrus.

DISCUSSION

Plant virus infections often produce a variety of disease symp-
toms that can have a dramatic impact on agricultural produc-
tion. Different molecules, including miRNAs, have emerged as
candidates that modulate complex host–pathogen interactions
(Bazzini et al., 2009; Carrington and Ambros, 2003; Dorokhov Iu,
2007; Palatnik et al., 2003). Because miRNAs can control the
expression of proteins, they may influence the cellular tropism of
viruses, modulate viral infectivity and play a crucial role in the
induction of appropriate antiviral immune responses. It is there-
fore not surprising that RNA viruses may regulate the expression

Fig. 6 Citrus sinensis pre-miR171a. (A) Predicted secondary structure of
pre-miR171a. miRNA and miRNA* sequences of 20 nucleotides (nt) are
indicated with asterisks. (B) Quantitative reverse transcription-polymerase
chain reaction (qRT-PCR) assays were performed to determine the
accumulation levels of pre-miR171a in infected (Fleck 90-1-1; Shock 90-1-1;
Fleck CPV4) and healthy samples. * indicates significant differences from
healthy control samples at P < 0.05 using a two-tailed paired t-test.

Fig. 7 Nuclear localization of 24K:eGFP
protein in Nicotiana benthamiana. (A)
Co-expression of 24K:eGFP with free mRFP
(nuclear cytoplasmic marker) at 3 days
post-agroinfiltration in N. benthamiana
epidermal cells. Merged image is shown. Scale
bar, 10 μm. Arrows indicate the nucleolus.
eGFP, enhanced green fluorescent protein;
mRFP, monomeric red fluorescent protein.
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of specific miRNAs for efficient replication as an ever-evolving
survival strategy (Swaminathan et al., 2013). Infections can lead
to the up- or down-regulation of host miRNAs, and can conse-
quently produce massive gene expression changes in the host. It
remains uncertain whether all the changes in miRNA pathways
are adaptive strategies of viruses to exploit host gene regulation
and, finally, to elude resistance responses, or whether they are
just side-effects caused by shared components of silencing and
miRNA pathways. Various reports support the adaptive hypoth-
esis. For instance, Turnip mosaic virus infection induces Brassica
miR1885, whose target is the Toll/interleukin-1 receptor-

nucleotide-binding site-leucine-rich repeat (TIR-NBS-LRR) class of
disease resistance transcripts (He et al., 2008). This is in line with
the hypothesis that miRNAs function as master regulators of
NBS-LRRs via the targeting of highly conserved motifs (Zhai
et al., 2011). Other common targets, such as SPL transcription
factors, that ultimately modulate similar viral resistance genes
(TIR-NB-LRR N immune receptor), are also candidates for such
types of viral adaptive evasion of plant defence (Padmanabhan
et al., 2013).

In this work, we have demonstrated that the levels of a group
of conserved miRNAs previously implicated in symptom devel-
opment (Bazzini et al., 2007) are reduced in C. sinensis plants
infected with two different isolates of CPsV. Triboulet et al.
(2007) first described the down-regulation of two cellular
miRNAs during human immunodeficiency virus (HIV) infection in
human cells. They proposed that the reduction in these miRNAs
constitutes a viral mechanism for boosting the levels of proteins
required for replication and spread. In this study, we report an
almost three-fold reduction in miR156, miR171 and miR167 after
CPsV infection. Some of their target transcripts (SPLs, SCLs and
ARFs) have been reported previously to be related to symptom
expression and defence (Gao et al., 2013; Jay et al., 2011;
Padmanabhan et al., 2013). In the present study, we found that
SPLs and SCL were concomitantly up-regulated in CPsV-infected
plants, but could not find a general correlation between the
expression patterns of all the assessed miRNA target transcripts
with the two types of exhibited symptom or with one of the two
distant CPsV isolates.

Most reports including VSR-mediated mechanisms responsible
for miRNA alterations involve effector pathways that comprise
already processed (mature) miRNA species; the biogenesis and
processing of precursors, however, may also be affected by viral
infection. For example, Bazzini et al. (2009) reported transcrip-
tional alterations of A. thaliana miR164 by ORMV infection. Lu &
Cullen (2004) demonstrated that the adenovirus VA1 RNA inhib-
its the biogenesis of miRNAs by hampering the nuclear export of
pre-miRNA precursors and by preventing Dicer function through
binding. Here, we have demonstrated that citrus plants infected
with CPsV show a reduction in pre-miR156 and pre-miR171 pro-
cessing, which leads to greater amounts of precursors and
decreased amounts of mature species. Furthermore, the altera-
tion of pri-miRNA156a levels by transcriptional activation of the
MIR156a gene can be discarded, which supports the hypothesis
that pre-mi156a processing is the affected pathway.

Two main hypotheses emerge to explain the processing
alterations: (i) the viral proteins can inhibit directly components
of the miRNA processing machinery; and (ii) the viral protein can
bind miRNA precursors impeding its processing. In relation to
the first hypothesis, the dsRNA-binding protein HYL1, which
interacts with DCL1 and assists the efficient and precise cleav-
age of miRNA precursors (Kurihara et al., 2006), is crucial for the

Fig. 8 Co-immunoprecipitation analysis of precursors associated with 24K
and/or 54K proteins from Citrus psorosis virus (CPsV) in Nicotiana
benthamiana. Transiently expressed GFP-fusion proteins were
immunoprecipitated with an anti-GFP antibody. RNA samples eluted from the
protein–RNA complexes were analysed by quantitative reverse
transcription-polymerase chain reaction (qRT-PCR) to determine the
accumulation levels of N. benthamiana pre-miR156a (A) or pre-miR171a (B).
Fold enrichment of the immunoprecipitated (IP) precursors was calculated by
comparing the amount of RNA in the input vs. RNA in the IP (ΔCT) corrected
by the input dilution factor. This value was compared for each specific IP
(24K, 54K or the co-expressed 24K/54K) over the mock IP (non-fused GFP).
The resulting value was used to calculate the fold enrichment [2(ΔΔCT)].
Mean values and standard errors are shown (n = 3). Statistical analysis was
performed using a two-tailed paired t-test; * and ** indicate significant
differences from RFP control sample at P < 0.05 and P < 0.01 values,
respectively. GFP, green fluorescent protein; RFP, red fluorescent protein.
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efficient processing of miR156a (Liu et al., 2012). Other studies
by Li et al. (2012) have revealed that most of the miRNAs are
down-regulated in A. thaliana hyl1 mutants and that miR156a-f
is the most down-regulated, reaching more than 10-fold reduc-
tion compared with wild-type plants. Here, we showed that
miR156 accumulation is the most affected by CPsV infection and
that miR156 processing is also clearly altered. Therefore, a CPsV
protein or a complex of CPsV proteins could interact with HYL1
during infection, thus limiting its function and ultimately affect-
ing the processing of miR156. The nuclear localization of 24K
(this study) and 54K (Robles Luna et al., 2013) also favours the
idea of an interaction with DCL1, HYL1, SERRATE and/or com-
ponents of the cap-binding complex, which are present in the
same compartment. In relation to the second hypothesis, the
immunoprecipitation experiments revealed an association
between 24K and pre-miR156a or pre-miR171a, thus suggesting
an interaction of these proteins with miRNA precursors in the
nucleus. Other results have also shown that 24K and 54K can
potentially bind synthetic long dsRNAs in vitro (C. A. Reyes,
IBBM, La Plata, Argentina. unpublished data), which supports
direct interaction impeding the normal processing of the miRNA
precursor by the biogenesis machinery. However, the role of
CPsV viral proteins in the alteration of miRNA processing by
both mechanisms cannot be discarded.

Recent reports involving miR156 in responses to different
stresses may explain the observed effect in miR156 and its
targets. Cui et al. (2014) associated miR156 and SPL9 accumu-
lation with abiotic stress tolerance in A. thaliana. Moreover, SPL
transcription factors play a regulatory role in the resistance to
the bacterial pathogen Pseudomonas syringae in A. thaliana and
to TMV infection in N. benthamiana. These factors appeared to
be implicated in the transcription of key immune response genes
involved in the induction of the hypersensitive response and pro-
grammed cell death (HR-PCD) (Padmanabhan et al., 2013).

We have reported here that infected young shoots, previous to
necrosis, accumulate large amounts of SPL transcripts, which is
concomitant with a decrease in mature miR156 caused by viral-
mediated misprocessing. The involvement of these transcription
factors in the activation of genes related to necrosis and PCD in
CPsV-infected citrus plants would be an interesting feature to
assess. Similarly, the accumulation of SCL transcripts (the
most affected target in CPsV 90-1-1-infected plants) and the
reduction in mature miR171 can be associated with chlorophyll
biosynthesis regulation, as described by Ma et al. (2014). In that
report, it is proposed that light promotes miR171 expression,
which leads to a concomitant decrease in SCL expression with
an increase in chlorophyll biosynthesis (Ma et al., 2014). In the
case of CPsV 90-1-1-infected plants, larger amounts of miR171-
targeted SCL6 could negatively regulate chlorophyll biosynthesis,
thus contributing to the chlorosis manifested in CPsV-infected
leaves.

As mentioned previously, there are a few examples of DNA
viruses (adenoviruses) interfering with pre-miRNA processing (Lu
and Cullen, 2004), but no study has been described in plant
viruses, most with exclusive cytoplasmic cycles. In this study, we
assessed this mechanism for CPsV, a segmented RNA virus that
has a nuclear component affecting miRNA processing. Further
studies are needed to fully characterize the molecular basis of the
proposed interaction between CPsV viral proteins and miRNA
precursors and/or the components of the biogenesis machinery in
C. sinensis. Our results also provide insight into the host–
pathogen interaction of a worldwide important crop, sweet
orange. Little is known about citrus miRNA regulation, role and
function, or about the molecular mechanisms of viral infection.The
elucidation of the role of miRNAs during symptom expression and
pathogenesis in citrus would also help in the design of new
molecular approaches to reduce economic losses.

EXPERIMENTAL PROCEDURES

Plant citrus material and CPsV isolates

The CPsV isolates used in this study were the Argentine CPsV 90-1-1 (INTA,
Concordia, Argentina) (García et al., 1993) and CPV4 (USA) (Garnsey
et al., 1976). CPV4 is the most distant isolate among the three groups
established by Martin et al. (2006). Pineapple sweet orange plants [Citrus
sinensis (L.) Osbeck] were infected by graft inoculation using a small chip
taken from infected bark tissue. The chip was inserted in the stem
(Roistacher, 1991).

Virus detection

For CPsV infection analysis, triple antibody sandwich-enzyme-linked
immunosorbent assay (TAS-ELISA) or dot blots were performed. TAS-
ELISA-horseradish peroxidase (TAS-ELISA-HRP) was performed as
described previously by Zanek et al. (2006) using total protein extracted
from 200 mg of leaf tissue. Dot blots were performed using serial dilutions
(1 μg to 1 ng) of all samples. Probes for the cp gene were used and
hybridizations were performed according to Reyes et al. (2009).

Plasmid constructs and bacterial strains

To express gfp-24K fusion protein (pB7FWG2-24K), we cloned the open
reading frame (ORF) without the stop codon into pCR8/GW/TOPO
(Invitrogen, Carlsbad, CA, USA.). The resulting entry plasmids were
digested with XhoI and recombined with destination vectors pB7FWG2
(Karimi et al., 2002) using LR clonase mix (Invitrogen) according to the
manufacturer’s instructions. The correct cloning and insert orientation
were confirmed by sequencing. The verified construct was transferred to
Agrobacterium tumefaciens strain GV3101 by electroporation.

miRNA isolation and detection

For miRNA analysis by Northern blot, total RNA was extracted from citrus
leaves using TriReagent® (Molecular Research Center, Inc. Cincinnati, OH,
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USA.). Total RNA from each sample was separated in denaturing
polyacrylamide gels, transferred to a positively charged nylon membrane
(Roche Diagnostics Corporation, Indianapolis, IN, USA) by a Bio-Rad (Her-
cules CA, USA) transfer unit and chemically fixated according to Pall and
Hamilton (2008). Probes were 32P-radiolabelled oligodeoxynucleotides
complementary to the mature miRNA or to the U6 snRNA sequence, which
was included as a loading control (Table S1). Hybridizations were per-
formed at 50 °C overnight and signals were detected by autoradiography.
Band intensity was quantified using ImageJ software. Data from U6 quan-
tification were used for normalization. The value for the miRNA species in
healthy plants was set at 1.0 (Fig. 2A). The data shown in Fig. 2B are the
mean of three independent experiments.

Target detection

For qRT-PCR analysis of the target transcripts, we synthesized first-strand
cDNA from total DNAse-treated RNA using oligodT and MMLV (Promega
Madinson, WI, USA.). cDNA was used as a template for PCRs. PCR was
performed with an iCycler iQ (Bio-Rad) and SYBR-GREEN Master mix
(Bio-Rad) in a reaction held at 95 °C for 5 min, then 44 cycles of 20 s at
95 °C, 30 s at 56 °C and 20 s at 72 °C, followed by 10 min at 72 °C.
Gene-specific primers are indicated in Table S1. The presence of a unique
product of the expected size was verified on ethidium bromide-stained
agarose gels. The absence of contaminant genomic DNA was confirmed
in reactions with DNAse-treated RNA as the template. Citrus sinensis
ubiquitin amplification was used to normalize the amount of template
cDNA. The reproducibility of the assay was monitored by running tech-
nical triplicates. At least three biological replicates were performed.
Primers for C. sinensis target detection were designed using citrus
sequences deposited in GenBank and the citrus expressed sequence tag
(EST) database (Version 1.20 HarvEST:Citrus) (Table S1). The SPL
sequences come from Poncirus trilfoliata ESTs and were validated as a
miR156 target by RNA ligase-mediated 5'-rapid amplification of cDNA
ends (5'-RACE) (Song et al., 2010a). SPL9 (FJ502237.1) is a homologue of
AT2G42200 and SPL13 (FJ502238.1) is a homologue of AT5G50570. The
SCL6 (GQ505957.1) sequence belongs to Citrus trifoliata and is a homo-
logue of the GRAS family of the transcription factor AT4G00150.1. The
ARF6 (UNIGEN-15948, HarvEST:citrus) and ARF8 (UNIGEN-30530,
HarvEST:citrus) sequences from C. sinensis are homologues of
AT1G30330 and AT5G37020. The ubiquitin transcript GU362416.1 from
C. sinensis was used as an internal control (Boava et al., 2011).

pri-miRNA and pre-miRNA detection and
bioinformatic analysis

The qRT-PCR analyses of pri-miR156 and pre-miR156 or pre-miR171 were
performed as described previously for target transcripts using specific
primers (Table S1). The annealing temperature was 49 °C. The sequence
from pri-miR156a (orange1.1g034943m|PACid:18109087) was obtained
from the transcript dataset of the Citrus Genome database. The sequences
from pre-miR156 and pre-miR171 families were taken from Xu et al.
(2013). Secondary structures were obtained using the Mfold program
(Zuker, 2003), with default parameters. In Fig. S1, the proximal end of the
miRNA/miRNA* duplex was defined as position +1. Matched positions
were rated as 0, whereas unpaired positions were considered as +1. The
average for all the family members was calculated.

Immunoprecipitation of RNA-binding proteins (RIP)

pB7FWG2-24K (generated in this study; see ‘Plasmid constructs and bac-
terial strains’ section) and/or pB7FWG2-54K (Robles Luna et al., 2013)
constructs expressing eGFP-fused proteins were transiently expressed in
N. benthamiana plants using A. tumefaciens GV3101 strain. Cells were
harvested by centrifugation, suspended in water to a final optical density
at 600 nm (OD600nm) of 0.4 and injected into the abaxial side of the leaf
using a syringe without a needle. Leaves were observed in a Nikon fluo-
rescence microscope (Eclipse Ti) (Nikon Corporation, Tokyo, Japan) under
UV light at 4 days post-agroinfiltration (dpai). Non-fused eGFP and
mRFP constructs were used as controls (Pena et al., 2012; Robles Luna
et al., 2013).

The agroinfiltrated leaves were cross-linked in vivo with 1% formalde-
hyde in phosphate-buffered saline (PBS) (pH 7.4) by vacuum infiltration for
20 min at room temperature to fix protein–nucleic acid. The reaction was
stopped with 125 mM glycine. Co-immunoprecipitation assays were per-
formed with GFP-Trap®_A according to the manufacturer’s instructions
(Chromotek, Planegg-Martinsried Germany) with minor modifications.
Total plant proteins were extracted with modified lysis buffer sup-
plemented with 0.1% sodium dodecylsulfate (SDS), 1% Triton, 1% sodium
deoxycholate, 5 mM dithiothreitol (DTT) and 50 U of RNAsin (Promega).
The protein extracts were diluted with dilution buffer without Tween 20 to
reduce the detergent concentration to 0.15%. An aliquot of the dilution
was saved as input. The extracts were incubated with 20 μL of GFP-Trap A
slurry for 1 h at 4 °C.After centrifugation at 3000 g and 4 °C for 5 min, the
agarose beads were washed four times with ice-cold washing buffer
supplemented with 0.1% SDS, 0.5% sodium deoxycholate, 2 M urea and
2 mM DTT. Then, 400 μL of TriReagent® (Molecular Research Center, Inc.)
was added to the agarose beads and to the saved input. Incubation of the
agarose beads at 55 °C for 5 min allows reversion of formaldehyde cross-
linking. RNA was extracted as described by the manufacturer for further
cDNA synthesis. Immunoprecipitated proteins were recovered from
TriReagent® organic phase.

The expression, size and integrity of the fusion proteins were confirmed
by Western blot in the input and immunoprecipitated fractions as
described previously by Robles Luna et al. (2013).

Fluorescence microscopy

CLSM was performed using a Zeiss (Oberkochen, Germany) LSM510
microscope with a C-Apo-chromat (63/1.2 W Korr) water objective lens in
multitrack mode, excitation/emission wavelengths of 488 nm/505–
550 nm for eGFP and 561 nm/575–615 nm for mRFP, and LSM510 version
2.8 software. Images were processed with ImageJ software.
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Additional Supporting Information may be found in the online
version of this article at the publisher’s website:

Fig. S1 Processing model of Citrus sinensis miR156 family of
precursors. Average for the seven members (C. sinensis pre-
miR156 a–g) is shown. A structured region (upper stem) of a
conserved length of around 42 nucleotides with a short loop
coincides with the loop-to-base model of processing (Bologna
et al., 2013b). Structures were predicted based on Mfold (Zuker,
2003). The proximal end of the miRNA/miRNA* duplex was
defined as position +1. Matches in each position were considered
as 0, whereas bulges and mismatches were considered as 1.

Fig. S2 Detection of pre-miR156 family members. Reverse
transcription-polymerase chain reaction (RT-PCR) assays to detect
Citrus sinensis pre-miR156a, b and c. Ubq, ubiquitin used as inter-
nal control. Sizes: Ubq, 193 bp; pre156a, 83 bp; pre156b, 106 bp;
pre156c, 136 bp.
Fig. S3 Western blot analysis of transiently expressed 24K or 54K
of Citrus psorosis virus (CPsV) or co-expression of both (24K/54K)
in Nicotiana benthamiana plants before (INPUT) and after (IP)
RNA immunoprecipitation. The two fractions were analysed using
anti-green fluorescent protein (α-GFP) antibodies for the GFP-
fused viral proteins (left panels) or anti-red fluorescent protein
(α-RFP) antibodies for the RFP control (right panels). Coomassie
blue-stained sodium dodecylsulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) is shown in the lower panel of the INPUT
fraction as a loading control.
Table S1 Oligonucleotides used for probes and primers for
miRNA, targets, miRNA precursors and internal controls for detec-
tion in Citrus sinensis and Nicotiana benthamiana.
Table S2 Virus quantification in tissues infected with Citrus
psorosis virus (CPsV) 90-1-1 or CPV4 isolate expressing each char-
acteristic symptom (F, flecking symptom; Sh, shock reaction
symptom; H, healthy leaves).
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