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Abstract

The circadian clock is an endogenous molecular oscillator with a period of about 24 hours,
which regulates the physiology and developmental processes of almost all higher plants. Pseudo-
response regulators (PRRs) are an important part of the central clock oscillator, together with
other clock genes, constituting interlinked transcriptional feedback loops, which partly influence
plant growth and development. In this study, a circadian clock-related gene MsPRR7 was cloned
from Medicago sativa (alfalfa) by homologous cloning. The full length MsPRR7 gene was 2648
bp in length, with an open reading frame of 2385 bp encoding a protein of 795amino acids.
Phylogenetic analysis showed that the MsPRR7 was closely related to PRR7 from the PRR family
of Arabidopsis thaliana. Subcellular localization analysis found that MsPRR7 was located in the
nucleus. Quantitative reverse-transcription polymerase chain reactions (QRT-PCR) demonstrated
that expression of MsPRR7 gene transcripts in leaves was affected by circadian rhythms, and
that its expression level increased with an extension of illumination time, reaching a peak around
8-10 hours. These results will provide the experimental basis for further study of the regulation
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of PRR family genes in alfalfa.

Introduction

The plant flowering process represents the transition
from vegetative to productive growth, and is controlled
by complicated innergenetic regulation and the external
environment. Flowering is closely related to the heading date
and maturity crops, and has been studied for hundreds of years
[1]. Currently, studies on Arabidopsis thaliana have revealed
five pathways, the vernalization, photoperiod, gibberellin,
autonomous, and endogenous pathways [1]. Initially, it was
discovered that day length, namely photoperiod, could be
perceived by higher plants and impacted their flowering. Over
these years, different models have been put forward to explain
the relationship between flowering and photoperiod [2,3].
Recently, a growing number of genes have been characterized
as effectors of the natural condition or internal regulatory
network, which has enhanced our knowledge of the regulators
mediating the flowering pathway and plant circadian clock.

In the study of A. thaliana, a long-day model plant,
CIRCADIAN CLOCK-ASSOCIATED 1 (CCA1), LATEELONGATED
HYPOCOTYL (LHY) and TIMING OF CABEXPRESSION 1 (TOC1)

were firstly identified to be central components of the clock or
oscillator [4-6]. CCA1 and LHY are two transcription factors
with Myb structures, and they are functionally redundant to
some extend. The expression profiles of CCA1, LHY and TOC1
exhibit strict periodicity, with TOC1 expression peaking late in
the day and early in the night, which stimulates the expression
of CCA1 and LHY. However, accumulation of CCA1 and LHY
can also inhibit TOC1 expression through direct binding to cis-
elements of the TOC1 promoter [7].

With the nucleotide sequencing of A. thaliana, homologous
genes of TOC1 were compiled. This small family, the pseudo-
response regulators (PRRs), include PRR1 (TOC1), PRR3,
PRR5, PRR7 and PRRY in A. thaliana [8]. All of these PRRs
have similar expression patterns in terms of circadian
rhythms, referred to as circadian waves of the PRR quintet
[8]. In addition, homologs of the five PRRs were also identified
in the short-day monocotyledonous Oryza sativa, indicating
that there might be evolutionarily conserved molecular
mechanisms underlying circadian rhythms [9].

Steady circadian rhythm is indispensible for plants, and
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over 89% of transcripts have peak expression at a particular
time of day, largely dependent on the environment [10,11].
Transcript profiling also reveals that regulation of flowering,
hypocotyl length, cold stress responses, and mitochondrial
metabolism showed remarkable changes in the arrhythmic
prr9 prr7 prr5 triple mutant [12]. The mutants prr7 and prr9
lengthened the period in constant white light, but there was
no change in constant darkness [13]. During daytime, the
other PRRs can activate CONSTANS (CO/TOC1), with a double
mutant of prr7 and either prr9 or prr5 delaying flowering in
A. thaliana [14]. PPR7 was shown to bridge the gap between
the circadian system and the temperature responsing
system through interaction with HEAT SHOCK FACTOR B2b
(HsfB2b), and finally affecting flowering [15]. OsPRR37, the
homolog of PRR7, can also affect flowering time of rice, and
plays an important role in its photoperiod adaptive response
to different latitudes [16]. In addition, homologous genes
like SbPRR37 in sorghum [17], Ppd-H1 in barley [18], and
TaPRR37 in wheat [19], have been identified in regulating
flowering date. However there are differences, with leaf
morphology in barley (Hordeum vulgare) and plant height in
wheat also being changed [20].

Alfalfa is an important leguminous forage, which enjoys
the reputation as‘king of forage’, based on its high yields, rich
nutrition, high protein contentand good palatability. As along-
day plant, alfalfa tends to be distributed at high latitudes and in
sunny areas. However, the mechanism of how alfalfa perceives
light signals, and the underlying regulatory pathways, are
largely unknown. Notably, the timing of flower is closely
related to yields in biomass for energy production [21]. In this
current study, we isolated a PRR gene from Medicago sativa.
And named it MsPRR7, based on bioinformatics analysis.
Subcellular localization and expression were also analyzed to
further investigate the function of MsPRR7 in alfalfa. As was
the first molecular level insight into the photoperiod of alfalfa,
this study provided options for further breeding strategies in
alfalfa.

Materials and Methods

Plant material and growth conditions

Medicago sativa cv. Zhongmu-1 was used as the wild type
plant in this study. Seeds were surface sterilized in 70% (v/v)
ethanol for 10 min, and washed 4-5 times in sterilized water.
Seeds were planted on solidified %2 Murashige and Skoog (MS)
medium, and were then placed in a growth chamber (16h light
and 8h dark, 22 °C). After 15d, seedlings with good growth
were transplanted and cultured at room temperature (20-25
°C) under natural light conditions for 7d.

Plant treatments

In order to examine the expression of the PRR family gene
MsPRR7 in alfalfa under different photoperiods, samples of
leaf and root tissue were obtained: (1) every 4h from dawn
(about4:30 am); (2) every 4h under dark conditions, following
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a 24h dark treatment; and (3) every 4h under continuous light
conditions, following a 24h light treatment. All plant samples
for the preparation of total RNA were immediately frozen
with liquid nitrogen and were stored at -80 °C.

Cloning of the MsPRR7 gene and sequence analysis

Total RNA was extracted from cultivar Zhongmu-1 using
RNAiso plus (TaKaRa, Japan) and reverse transcribed to
cDNA with M-MLV reverse transcriptase according to the
instructions of the manufacturer. cDNA was diluted and
used for polymerase chain reaction (PCR) amplification. The
primers (MsPRR-f: 5- CTT GAT GGG TGA AGT GCT CA - 3’
and MsPRR-r: 5’- CAG TTG CTG GAA CGA AAT CA - 3) were
designed based on a homologous of PRR gene (Mtr_4g061360)
from Medicago truncatula, a leguminous model plant. Thirty
cycles of a stepped PCR program (98 °C, 10s; 60 °C, 15s; 68
°C, 3 min) were performed, and then the samples were stored
at 4 °C. Amplified products were identified on 0.8% agarose
gels, and the target fragment was excised and recovered with
an Agarose Gel DNA Fragment Recovery Kit Ver.2.0 (TransGen
Biotech, China). The recovered product was then ligated into
pEASY-T5 (TransGen Biotech, China), generating pEASY-
MsPRR, which was transformed into E. coli DH5a (TransGen
Biotech, China). Positive single colonies were screened prior
to nucleotide sequencing.

Bioinformatics Analysis of MsPRR7 sequence

The structure of the cloned sequence was analyzed with
software tools associated with the NCBI database (http://
www.ncbi.nlm.nih.gov/), obtaining a putative open reading
frame (ORF) for further comparative analysis. Multiple
sequence alignment of the PRR family in alfalfa and other
species was conducted by DNAMAN 6.0. Protein functional
domains were analyzed using the InterPro database (http://
www.ebi.ac.uk/interpro/). We found homologous proteins in
NCBI/GenBank and performed sequence alignment analysis
using ClustalX. Phylogenetic tree analysis of MsPRR7 in alfalfa
was performed using MEGA7 software (http://megasofware.

net/).

Quantitative real-time PCR analysis

Total RNA was isolated from tissue samples using a
Spectrum Plant Total RNA Kit (TaKaRa, Japan), and was
converted to cDNA with M-MLV reverse transcriptase. Using
cDNA as template, PCR was performed by a ABI7300 Real-
Time System (Applied Biosystems, USA) with SYBR Green I
(TaKaRa, Japan), following the manufacturers’ instructions.
Alfalfa ACTIN-7 (XM_003602497.3) was utilized as a reference
gene. The following pairs of primers were used separately to
amplify each of the cDNA samples: PRR-qPCR-f,5’-AGT GGT
GCA TAC AAA GCC TGAA -3’ and PRR-qPCR-1,5’-CCC CTT TAC
GCA TTG GAT TGTT-3" were used to amplify MsPRR7; and
Actin-f,5’-CAA AAG ATG GCA GAT GCT GAG GAT-3 and Actin-
1,5’-CAT GAC ACC AGT ATG A CG AGG TCG-3’ were used to
amplify alfalfa ACTIN-7. Relative gene expression levels were
determined using the 2->>CT method.
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Subcellular localization studies

For experiments

fusion expression vector, primers GFP-f and GFP-r were

designed based on

MsPRR7 gene. The primer sequences were GFP-f,5-CAC CAT
TTA CGA ACG ATA GCA TGA ACA ATA ATG TTG-3’, and GFP-
r,5’-CTA GTC AGA TCT ACC ATC CCG CAT TTT GAT TGG TA-
3’. A target fragment was amplified and recovered covering
the sequences for the open reading frame of MsPRR7. After

|

(XP_024637994.1), we designed a primer to isolate the PRRs

of Medicago sativa (Figure 1). We amplified a novel sequence

with a green fluorescent protein (GFP)

the ORF sequences of pSAT6 and the

Ncol and Smal digestion, the open reading frames of MsPRR7

without its stop codon and GFP from the pSAT6 vector were
recombined to create a new fusion expression vector pSAT6-
MsPRR7-GFP. This was introduced into E coli DH5¢, and single
colonies were screened by PCR prior to being sequenced.
The recombinant plasmid together with pBI121, acting as
an empty vector, were transformed into Agrobacterium

tumefaciens strain

Nicotiana benthamiana leaves which is about 5-6 weeks old.
Concentrated A. tumefaciens was resuspend with antibiotic
free infiltration medium and injected into the leaves [22].
Fluorescent signal from GFP was observed byLSM880 confocal
microscopy (Zeiss, Germany) after incubation at 22 °C for 48h.

Results

Cloning and sequence analysis of alfalfa MsPRR7
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with a similar electrophoretic mobility as a fragment covering
MtPRR3. Nucleotide sequencing the of the nucleic acid
fragment showed that it was 2385 bp in length, and coded for a
protein of 795 amino acids (Figure 2). Its amino acid sequence
showed 95% and 80% identity with those of M.truncatula
(XP_024637994.1) and Cicer arietinum (XP_012572769.1),
respectively (Figure 3). A REC signal receiver domain at the

Figure 1: Amplification of the MsPRR7 gene. Lane 1, the PCR product of MtPRR3

CDS region amplified with cDNA of Medicago truncatula; lane 2, the PCR product of
Based on the sequence of the M.truncatula PRR3 gene amplification with the designed primer of Medicago sativa.
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Figure 2: The nucleotide and amino acid sequence of MsPRR7.
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N-terminal and a CCT motif located at the C-terminal were
also conserved. These two domains were highly similar to
those of other PRR protein structures (Figure 4). In addition, a
phylogenetic tree was constructed using the mega7 neighbor-
joining method to evaluate the relationship to PRR genes in
different species. The putative protein from M. sativa had
a high level of sequence similarity to those derived from
MtPRR3, AtPRR7 (NP_001331789.1), the obroma cacao PRR7
(XP_017977296.1) and Arachis ipaensis PRR37, indicating
homology (Figure 5). As a result, the isolated M.sativa gene
was named MsPRR7.

MsPRR7 was located in the cell nucleus

PSORT prediction software suggested that MsPRR7
protein would be mostly located in the nucleus. To confirm
the subcellular distribution, we constructed pSAT6-MsPRR7-
GFP to express a fusion protein of MsPRR7 with GFP in leaves.
N. benthamiana leaves transfected with empty vector pBI121
showed green fluorescent signals in cell walls, nuclei and
cell membranes. By contrast, the fluorescence signals of leaf
cells transfected with pSAT6-MsPRR7-GFP appeared more
frequently in the nucleus, especially in merged images (Figure
6). These results indicated that MsPRR7 was localized to the
nucleus, consistent with the software prediction and previous
results [23].

Expression analysis of MsPRR7 under different photo-
periods

To clarify the expression pattern of MsPRR7 in alfalfa, real-
time PCR was performed to assess transcript levels in roots
and leaves. Under a 16h light/8h dark photoperiod, at room
temperature with natural light conditions, and with relative
expression of MsPRR7 under dark treatment being normalized
to 1.0, the expression level of MsPRR7 in leaves increased
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with the extension of illumination time. A peak expression
was reached when the illumination was extended for about
8h, with a value 133.5 times higher than that at Oh of extended
illumination. As expected, the expression level of MsPRR7
in the roots did not change significantly with fluctuations
of photoperiod or continuous light or darkness. In addition,
under conditions of complete darkness, the expression of
MsPRR7 in leaves and roots did not change significantly with
extension of illumination time. However, after continuous
illumination treatment, the MsPRR7 appeared to show two
peak values (Figure 7). The above results indicated that the
MsPRR7 gene exhibited circadian expression, being strongly
affected by photoperiod.

Discussion

Circadian clocks allow plants to precisely regulate growth
and developmental processes with daily and seasonal changes
in the environment. As an important part of the central clock
oscillator, PRR genes, together with other clock genes, provide
interlinked transcriptional feedback loops that maintain
periodic oscillation consistent with the external environment.
To date, PRRs, especially PRR7, have been shown to have
conserved functions in the regulation of flowering and the
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Figure 7: Relative expression of MsPRR7 under various photoperiod.

response of plants to daylight. However, the genetic interplay
and regulatory relationships among these genes/loci remain
largely unknown. In this current study, we have identified and
characterized a novel PRR gene from alfalfa.

The PRR family genes encode response regulators that
belong to aubiquitous two-component signal transduction
system in plants. They can transmit information on photope-
riod to plants and determine flowering time. Gao, et al. [16]
supported the opinion that PRR37 expression correlates with
rice grain yield under different photoperiod conditions. This
effect was not determined for alfalfa and MsPRR7; however,
lowering time is an important trait for alfalfa, and often late-
maturing cultivars have higher yields.

Existing studies of PRRs have mainly focused on their
regulatory role in the flowering pathway [23], showed
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that red light could inhibit growth of hypocotyls in plants
overexpressing PRR5. Similar phenotypes were identified in
plants overexpressing PRR1and PRR9 [24,25], however, there
have been no comparable studies on plants overexpressing
PRR7. Based on a genome-wide association scan (GWAS) in
photoperiod-dependent regulation, Ppd-H1, a potentially
homologous gene to PRR7, is considered to be one of the
determinants of barley leaf morphology [20]. Leaf morphology
is an important agronomic trait, which can influence plant
photosynthesis and ultimately, biomass. Although we have
identified expression patterns of MsPRR7 in alfalfa, whether
this gene responses to the red light, could affect alfalfa
morphology or how many PRR genes exist in this species are
unknown. Future research in these areas might enhance our
understanding of circadian clock-related pathways and be
helpful in the breeding of alfalfa.
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