Plant Growth Regul (2018) 84:169-178
DOI 10.1007/s10725-017-0330-z

@ CrossMark

ORIGINAL PAPER

The calmodulin gene AmCaM from Ammopiptanthus mongolicus
confers freezing and heat tolerance in Escherichia coli

Tingqgiao Yu! - Guanhua Zhi' - Junna Shi' - Yuzhen Chen! - Man Shen? - Cunfu Lu’

Received: 26 November 2016 / Accepted: 24 September 2017 / Published online: 27 October 2017

© Springer Science+Business Media B.V. 2017

Abstract Ammopiptanthus mongolicus is an evergreen
xerophytic shrub in the legume family, Fabaceae, growing
in Mid-Asian desert regions. Previously, we reported the
isolation and characterization of ESTs from A. mongolicus
for a large number of cold and drought-responsive gene
sequences. Based on this, we selected a calmodulin (CaM)
gene (designated AmCaM) for functional characterization.
Bioinformatic analysis revealed that the full-length ORF of
AmCaM was 450 bp and encoded 149 amino acids. Phyloge-
netic analysis revealed that the AmCaM protein showed high
identity to homologs from Oryza sativa and Zea mays, and
to the homolog from the leguminous species Vigna angu-
laris. Quantitative RT-PCR analysis showed that AmCaM
transcription was enhanced under both cold and heat stress
conditions. The AmCaM gene was transformed into Escheri-
chia coli cells for functional characterization. Heterologous
expression of AmCaM improved freezing and heat tolerance
of the transformant E. coli cells. These results indicate that
AmCaM contributes to enhanced freezing and heat tolerance
and suggest that it is a candidate gene for engineering of
abiotic stress tolerance in crop, woody, or ornamental plants.
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Introduction

Calcium ions (Ca”") participate in intracellular signal trans-
duction pathways that regulate diverse cellular processes.
A variety of extracellular stimuli promote Ca>*-mediated
signal transduction, which activates exocytosis, contraction,
metabolism, transcription, and fertilization and cell prolif-
eration. Calcium signaling operates over a wide temporal
range from microseconds to minutes or hours. The main
toolkit components of Ca**-signaling systems in mamma-
lian cells include receptors, transducers, channels, calcium
buffers, calcium effectors, calcium-sensitive enzymes and
processes, calcium pumps and exchangers (Berridge et al.
2003). However, the components of Ca**-signaling systems
in plants remain incompletely known.

Three major EF-hand Ca* sensors have been charac-
terized in plants, namely calmodulin (CaM) (Reddy et al.
2011), calcium-dependent protein kinase (CDPK) (Harmon
et al. 2002) and calcineurin B-like protein (CBL) (Luan et al.
2002). The highly conserved CaM protein family, which
is critical for many organisms, comprises multifunctional
cytoplasmic Ca®**-sensors that affect signaling cascades
and responses to environmental stimuli by regulating tar-
get proteins or intracellular Ca>* concentrations in eukary-
otes (Benoit et al. 2006). Many studies have suggested that
Ca”* signaling influences plant response to abiotic stresses
(Ali et al. 2017), including osmotic stress (Das et al. 2016;
Kang et al. 2017), mechanical stimuli, salinity (Tian et al.
2015), and cold and heat shock (Dubrovina et al. 2017),
and is involved in the regulation of multiple modes of cell
death (Fasano et al. 2002; Gilroy et al. 2016). Transgenic
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Arabidopsis thaliana plants overexpressing AtCaMBP25
reportedly exhibit inhibited seed germination and root
elongation when grown on stress-inducing media, indicat-
ing AtCaMBP25 negatively affects osmotic and salt-stress
responses (Perruc et al. 2004). In contrast to animals, plants
possess a suite of CaM and CaM-like genes that encode
CaM isoforms (Snedden and Fromm 2001). The A. thaliana
genome includes the following seven genes that encode four
types of CaM isoforms, which differ by 1-5 amino acid resi-
dues: CaM1/4, CaM?2/3/5, CaM6, and CaM7 (Bender and
Snedden 2013; Abbas et al. 2014; Zhu et al. 2015). Addition-
ally, five CaM genes have been identified in the rice genome
(Boonburapong and Buaboocha 2007; Chinpongpanich et al.
2012). However, most of the identified plant CaM genes are
from herbaceous species, and only a few CaM genes have
been cloned from woody plants (Sun et al. 2011; Xu et al.
2014).

Experimental studies in our laboratory have focused on
an extreme xerophyte, A. mongolicus, in an effort to identify
and characterize novel genes involved in abiotic stress toler-
ance (Liu et al. 2013; Shi et al. 2016). A. mongolicus is an
endangered shrub belonging to the Fabaceae believed to have
originated in the Tertiary period (from 65 to 2 million years
ago). The species inhabits primarily desert in northwestern
China where the annual precipitation is often <50-100 mm,
and the temperature ranges from —30 °C in winter to 40 °C
in summer (Wang et al. 2008; Liu et al. 2013). Given the
ancient origin of the species and its survival in a persistently
arid environment, this species is valuable for elucidation of
mechanisms involved in drought adaptation and resistance.
Therefore, A. mongolicus is a potentially useful resource for
the study of abiotic stress-responsive genes.

We previously identified 5282 expressed sequence tags
(ESTs) and 1594 unigenes responsive to cold conditions in
the Ammopiptanthus mongolicus genome (Liu et al. 2013).
We also characterized many genes associated with abiotic
stress tolerance (Liu et al. 2010; Shi et al. 2016). The A.
mongolicus EST database contains numerous genes that may
be important for adaptations to abiotic stress conditions in
desert-like environments. Thus, the A. mongolicus genome
may be useful as a genetic resource for enhancing the abiotic
stress tolerance of crop plants. In this study, we isolated and
characterized an A. mongolicus CaM gene. Furthermore, this
gene was heterologously expressed in Escherichia coli cells
to examine its response to cold or heat stress.

Materials and methods
Bioinformatic analysis

The complete A. mongolicus CaM coding sequence (des-
ignated AmCaM) was derived from previously described

@ Springer

ESTs (Liu et al. 2013) (Fig. 1). Sequence homologies were
analyzed using BLAST searches of the National Center for
Biotechnology Information databases (https://blast.ncbi.nlm.
nih.gov/Blast.cgi). Fifty homologous proteins were down-
loaded from https://www.ncbi.nlm.nih.gov/. A multiple
sequence alignment was generated with Clustal W as imple-
mented in BioEdit 6.0. A phylogram was inferred using the
maximum likelihood (ML) statistical method on the basis of
the JTT matrix-based model using MEGA 5.0 (Tamura et al.
2011). A conserved domain analysis was conducted using
the online Conserved Domain Database (http://www.ncbi.
nlm.nih.gov/cdd/). The secondary and tertiary structure, and
physical and chemical properties of the inferred protein were
predicted with Expasy (http://www.expasy.org/).

Plant materials and treatments

Ammopiptanthus mongolicus seeds collected from the
Alashan Desert, Inner Mongolian Autonomous Region of
China, were germinated in a greenhouse (25+5 °C, 16 h
photoperiod and 30 + 10% relative humidity). Twenty-day-
old seedlings were subjected to different cold and heat stress
treatments (4 °C for 0, 1, 2,4, 8, 12 or 16 h, and 40 °C for 0,
1,2, 4, 8, or 12 h). The leaves were harvested at the specified
time points and stored at —80 °C.

RNA extraction and qRT-PCR analysis

Total RNA was isolated from frozen tissue using the
EZgene " Plant Easy Spin RNA Miniprep Kit following
the manufacturer’s instructions (Biomiga, San Diego, CA,
USA). The absorbance at 260 nm was measured using a
NanoDrop 2000 spectrophotometer to ensure equal con-
centrations of RNA from each tissue sample. Total RNA
was used to synthesize cDNA with the oligo-(dT) primer
using the TranScript® One-Step gDNA Removal and cDNA
Synthesis SuperMix (TransGen Biotech, Beijing, China) fol-
lowing the manufacturer’s instructions. Quantitative real-
time PCR (qQRT-PCR) analysis of the cDNA was performed
on a CFX96 Real-Time System (Bio-RAD, Hercules, CA,
USA) with AmCaM gene-specific primers (Table S1) and
the TaKaRa SYBR® Premix Ex Taq" (Takara) in accord-
ance with the manufacturer’s instructions. The Actin gene
was selected for normalization using gene-specific primers
listed in Table S1. All experiments were run in triplicate.
Data were analyzed using the comparative Ct method and
are presented as relative fold gene expression (2724") with
three replicates.

Construction of pTWIN1-CaM plasmid

The A. mongolicus CaM gene sequence (GenBank
accession number KX379686) was obtained from the
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Fig. 1 Details regarding the AmCaM cDNA and deduced amino
acid sequences. a AmCaM cDNA sequence derived from ESTs. The
sequence in uppercase letters represents the complete ORF, while the
sequences in lowercase letters before and after the ORF correspond
to the 5’- and 3'-UTRs, respectively. The sequences in black and blue
uppercase letters represent the coding and protein sequences, respec-
tively. The four predicted EF-hand motifs are underlined and the con-
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served residues involved in Ca2+-binding are indicated with closed 38.08. (Color figure online)

cold- and drought-induced EST database. A pair of prim-
ers (AmCaM-F* and AmCaM-R*) was designed based on
the AmCaM cDNA sequence to amplify the full-length
AmCaM sequence and insert it into the pTWIN1 vector

triangles. b Sopma secondary structure prediction. The o-helices
and extended strands are indicated by blue and red bars, respectively,
whereas the green bars represent the random coil running through
the whole molecule. ¢ Signal peptide prediction (SignalP 4.1). A sig-
nal peptide cleavage site was detected between positions 29 and 30.
d Predicted tertiary structure (Phyre 2). Image colored by rainbow
N —C terminus; model dimensions (A): X: 41.248, Y: 49.096, Z:

(Table S1). The PCR amplification was completed using
the following program: 25 cycles of 94 °C for 30 s,
54 °C for 30 s, and 72 °C for 1 min, followed by 72 °C
for 15 min. The AmCaM open reading frame (ORF)
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was subcloned into the pTWINI1 vector at the Nofl and
Pstl restriction enzyme sites (pTWIN1-AmCaM) and
introduced into the E. coli strain (ER2566) to generate
the putative recombinants. The recombinant plasmid
pTWINI1-CaM was transformed into E.coli and three
clones that grew well in medium containing ampicillin
were selected. The three clones harboring the recombi-
nant plasmid were validated by PCR, double digestion
and sequencing (Fig. S1).

Expression of AmCaM in E. coli cells and purification
of the recombinant protein

The pTWINI1-CaM and empty pTWINI1 plasmids were
inserted into E. coli cells (strain ER2566) to generate puta-
tive recombinants. For each plasmid, a single colony was
used to inoculate Luria—Bertani (LB) medium containing
ampicillin (100 mg mL™"). Cultures were incubated at 37 °C
for 12 h with shaking (160 rpm). Fresh LB medium (with
ampicillin) was inoculated with 0.1% of the bacterial cul-
ture and then incubated as before until the optical density
at 600 nm reached 0.6. After removing a 1.0-mL aliquot
of culture (i.e., control), the remaining E. coli cells were
treated with 1 mM isopropyl B-p-thiogalactopyranoside
(IPTG) and incubated at 37 °C for 3 h. The bacterial cells
were divided into two samples. One sample was collected
by centrifugation, resuspended in Buffer I [20 mM Tris—HC1
(pH 8.5), 500 mM NaCl, and 1 mM EDTA], sonicated to
lyse cells, and boiled for 10 min. The lysate was centrifuged
at 13,400xg for 10 min and the supernatant was collected
for a sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) analysis. The other part of bacteria
were collected by centrifugation and resuspended in Buffer
II [20 mM Tris—HCI (pH 7.0), 500 mM NaCl, 1 mM EDTA]
and stored overnight. Cells were lysed by ultrasonic frag-
mentation and boiled for 10 min. The heat-unstable proteins
were removed by centrifugation (Shi et al. 2016). Clarified
cell extract samples were collected for SDS-PAGE analy-
sis. The protein concentration was determined following the
method of Bradford (1976).

Assessment of freezing or heat tolerance of E. coli cells
expressing AmCaM

Escherichia coli cells cultured and treated with IPTG as
described in the previous section underwent 0—6 freeze—thaw
cycles (15 s each) involving liquid nitrogen. Additionally,
samples were exposed to 50 °C for 0, 20, 40, 60, 80, or
100 min. Cells for both treatments were diluted appropri-
ately and used to inoculate agar-solidified LB medium con-
taining ampicillin (in triplicate). Cell viability was estimated
by counting the number of colony-forming units after an

@ Springer

overnight incubation at 37 °C. The mean of three experi-
ments was calculated with at least two independent transfor-
mants (with the standard deviation being < 5% in all cases).

Statistical analysis

The survival ratio assay and gene expression measurement
were carried out in triplicate. In order to determine the dif-
ferences, a multiple comparison test of “Least Significant.
Difference (LSD) Test” was used. STATISTICA (ver: 6.0)
and SPSS (ver: 13.0) programs were used for statistical anal-
yses. The values shown in figures were mean value + SD.

Results

Analysis of the AmCaM cDNA and predicted amino
acid sequence

The full-length AmCaM cDNA was 753 bp and the ORF
sequence (Fig. la) encoded a protein with 149 amino
acids (63.09% a-helix, 24.16% random coil, 8.05% [-turn,
and 4.70% extended strand, with no p-bridge) (Fig. 1b).
The molecular weight and theoretical isoelectric point of
AmCaM were 25.92 kDa and 4.12, respectively. Addition-
ally, the hydrophilic (ProtScale) AmCaM protein included
a signal peptide cleavage site between amino acid positions
29 and 30, and may be localized to the cytoplasm (Fig. 1c).

Sequence homologies and phylogenetic relationship

The AmCaM amino acid sequence was revealed to be 97%
identical to the CaM protein sequences from 50 other plant
species (Fig. 2a). Previous studies confirmed that CaM con-
sists of multiple isoforms and is highly conserved in yeast
and plants (Benoit et al. 2006). Our sequence alignment indi-
cated that AmCaM differs from the homologous proteins in
other plant species at three amino acid positions, namely Glu
8, Ala 11, and Val 37. Of the aligned proteins, AmCaM was
the only one to contain Val 37 instead of Met 37. Meanwhile,
the Glu and Ala residues at positions 8 and 11 of AmCaM
were Asp and Ser, respectively. Considering both Ala and
Val are hydrophobic residues, the difference between Ser 11
and Met 37 may play a more prominent role in determining
the CaM oligomerization states than Ala and Val.

The phylogenetic tree constructed based on the align-
ment of 50 CaM sequences comprised five branches, with
AmCaM placed in the earliest-diverging lineage, implying
that it is relatively ancient and conserved. Interestingly, the
phylogenetic tree revealed that AmCaM is most closely
related to a homolog from Oryza sativa Japonica Group
(NP_001055907.1) (Fig. 2b), but is also evolutionarily
closely related to a homolog from Vigna angularis, which
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¥ ADQLTDDQISEFREAFSLFDRDGDGCITTRELGTVMRSLGQNPTE AELQCMINEVE ADGNGT IDF PEF LNLMARRMRDTDSEEELRE AFFVFDRDQNGF IS AAELREVMTNLGERLTDEE VDEMIRE ALVDGDGQINYEEE VRVMN AK]|
Citrus clementina

MADQLTDDQISEFREAFSLEDRDGDGCITTRELGTVMRSLGONETE AELQEM INEVE ADGNGT IDE PEF LNL KARRMRDTDSEEELRE AFFVEDRDQNGE IS AAELREVMTNLGERL TDEEVDEM IRE ALVDGDGQINYEEEVRUKKAR
MADQLTDDQISEFREAFSLEDRDGDGC ITTRELGTVMRSLGONPTE AELQEMINEVE ADGNGT IDF PEF LNL MARRMRDTDSEEELRE AFFVEDRDQNGE IS AAELREVMTNLGERL TDEEVDEMIRE ALVDGDGQINYEEEVRVKMAR
P NNl "0 L TOEQ I SEFRE AP'SLEDRDGDGC ITTRELGTVMRSLGQNETE AELQEM INEVE ADGNGT IDE PEF LNLN ARRMRDTDSEEELRE APFVEDRDQNGE IS AAELREVMTNLGERL TDEEVDEMIRE AL VDGDGQINYEEEVRE NN AK]
[MADQLTDDQISEFREAFSLFDRDGDGCITTRELGTVMRSLGONPTEAELQCMINEVCADGNGTIDFPEFLNLMAREMRDTDSEEELREAFFVFDRDONGFISAAELREVMTNLGERLTDEEVDEMIREACVDGDGQINYEEE VRV ADY
M ADE LTDDQISEFRE AFSLEDRDGDGC ITTRELGTVMRSLGONPTE AELQLM INEVE ADGNGT IDE PEF LNL K ARRMRDTDSEEELRE APFVEDRDQNGE IS AAELREVMTNLGERL TDEEVDEM IRE ALVDGDGQINYEEEVRUKKAR
(MADQLTDDQIREFREAFSLFDRDGDGCITTRELGTVMRSLGONPTEAELQCMINEVEADGNGTIDFPEFLNLMARRMRDTDSEEELREAFFVFDRDONGF ISAAELREVMTNLGERLTDEEVDEMIREACVDGDGQINYEEEVRVNNMAK|
Oryza sativa Japonica Group M ADQLTDEQAEFRE AFSLEDRDGDGC ITTRELGTVMRSLGONPTE AELQEM INEVE ADGNGT IDE PEF LNL M ARRMRDTDSEEELRE APFVEDRDQNGE IS AAELREVMTNLGERL TDEEVDEM IRE ALVDGDGQINYEEEVRVKKAR
Spinacia oleracea ADQIEDDQI SEFRE AFSLEDRDGDGC ITTRELGTVMRSLGONPTE AELQEMINEVE ADGNGT IDF PEF LNL MARRMRDTDSEEELRE AFFVEDRDQNGE IS AAELREVMTNLGERL TDEEVDEMIRE ALVDGDGQINYEEEVRVKMAR
Glycine so3 M AQLTDOEQISEPRE AFSLEDRDGDGC ITTRELGTVMRSLGONPTE AELQCM INEVE ADGNGT IDE PEF LNL K ARRMRDTDSEEELRE APFVEDRDQNGE IS AAELREVMTNLGERL TDEEVDEM IRE ACVDGDGQINYEEEVRUKKAR
Saccharum officinarum ADQLTDDQIEFRE AFSLEDRDGDGC ITTRELGTVMRSLGONPTE AELQDE INEVE ADGNGT IDF PEF LNL M ARRMRDTDSEEELRE AFFVEDRDQNGE IS AAELREVMTNLGERL TDEEVDEMIRE ALVDGDGQINYEEEVRVKMAR
Arachis hypogaea M ADJLTDEQISEFRE AFSLEDRDGDGC ITTRELGTVMRSLGONPTE AELQLM INEVE ADGNGT IDE PEF LNL K ARRMRDTDSEEELRE APFVEDRDQNGE IS AAELREVMTNLGERL TDEEVDEM IRE ACVDGDGQINYEEEVRUKKAR
Citrus sinensis MADQLTDDQISEFREAFSLEDRDGDGCITTRELGTVMRSLGONPTE AELQEMINEVEADGNGT IDF PEF LNL K ARRMRDTDSEEELRE APFVEDRDQNGE IS A AELREVMTNLGERL TDEEVDEMIRE ALVDGDGQINYEEEVRVKNA|
Vigna angularis M ADQLTDEQIEEFRE AFSLEDRDGDGC ITTRELGTVMRS LGONETE AELQLM INEVE ADGNGT IDE PEF LNL K ARRMRDTDSEEELRE APFVEDRDQNGE IS AAELREVMTNLGERL TDEEVDEM IRE ACVDGDGQINYEEEVRUKKAR
Arabidopsis thaliana MADQLTDDQISEFREAFSLEDRDGDGCITTRELGTVMRSLGONPTE AELQEMINEVEADGNGT IDF PEF LNL M ARRMRDTDSEEELRE AFFVEDRDQNGE IS AAELREVMTNLGERL TDEEVDEM IRE ALVDGDGQINYEEEVRVKKAR
Zostera marina M ADQLTDEQISEFREAFSLEDRDGDGCITTRELGTVMRSLGONPTE AELQLM INEVE ADGNGT IDE PEF LNL K ARRMRDTDSEEELRE AP VEDRDQNGE IS AAELREVMTNLGERL TDEEVDEMIRE ACVDGDGQINYEEEVRVKKAR
Prunus persica [MADQLTDDQISEFREAFSLFDRDGDGCITTRELGTVMRSLGONPTEAELQCMINEVEADGNGTIDFPEFLNLMARRMRDTDSEEELREAFFVFDRDONGFISAAELREVMTNLGERLTDEEVDEMIREACVDGDGQINYEEEVRVNNAK|
Bryonia dioica M ADQLTDDQISEFREAFSLEDRDGDGCITTRELGTVMRSLGONPTE AELQLM INEVE ADGNGT IDE PEF LNL K ARRMRDTDSEEE LRE APFVEDRDQNGE IS AAELREVMTNLGERL TDEEVDEM IRE ACVDGDGQINYEEEVRUKKAR
Glycine max MADQLTDEQISEFREAFSLFDRDGDGCITTRELGTVMRSLGONPTEAELQCMINEVEADGNGTIDF PEFLNL N ARRMRD TDSEEE LRE AFFVFDRDONGF IS AAELREVMTNLGERL TDEEVDEMIRE ALVDGDGQINYEEFVRVNN AK]|
Nicotiana sylvestris M ADQLTDDQISEFREAFSLEDRDGDGCITTRELGTVMRSLGONPTE AELQLM INEVE ADGNGT IDE PEF LNL K ARRMRDTDSEEE LRE APFVEDRDQNGE IS AAELREVMTNLGERL TDEEVDEM IRE ACVDGDGQINYEEEVRUKKAR
Elaeis guineensis [MADQLTDDQISEFREAFSLFDRDGDGCITTRELGTVMRSLGONPTEAELQCMINEVECADGNGTIDFPEFLNLMAREMRDTDSEEELREAFFVFDRDONGFISAAELREVMTNLGERLTDEEVDEMIREACVDGDGQINYEEEVRVNNAK]
aimondi i M ADQLTDEQISEFREAFSLEDRDGDGCITTRELGTVMRSLGONPTE AELQEM INEVE ADGNGT IDE PEF LNL K ARRMRDTDSEEE LRE APFVEDRDQNGE IS AAELREVMTNLGERL TDEEVDEMIRE ACVDGDGQIN
Solanum pennellii [MADQLTDDQISEFREAFSLFDRDGDGCITTRELGTVMRSLGONPTEAELQCMINEVEADGNGTIDFPEFLNLMAREMRDTDSEEELREAFFVFDRDONGFISAAELREVMTNLGERLTDEEVDEMIREACVDGDGQIN
Bidens pilosa

Musa acuminata subsp.
Wolffia arrhiza
Ipomoea batatas
Setaria italica

ISAJELREVMTNLGERLTDEEVDEMIRE ALVDGDGQINYEEEVRVEMAR

Amborella trichopoda =QISEFREAFSLEDRDGDGCITTRELGTVMRSLGONPTE AELQLM INEVE ADGNGT IDF PEF LNLMARRMRDTDSEEELRE AFFVFDRDONGF IS A AELREVMTNLGERL TDEEVDEMIRE ALVDGDGQINYEEE VRVKNAK|
Beta vulgaris subsp. valgaris ¥ MEFREAFSLEDRDGDGC ITTRELGTVMRS LGONETE AELQEMINEVE ADGNGT IDF PEF LNLMARRMRDTDSEEELRE APFVEDRDONGE IS AAELREVMTNLGERL TDEEVDEMIRE ALVDGDGQINYEEEVRVNNAK|
Tarenaya hassleriana B O ISEFREAFSLEDRDGDGCITTRELGTVMRSLGONETE AELQEMIEEVE ADGNGT IDF PEFLNL M AREMRDTDSEEE LRE AFFVEDRDQNGE IS AAELREVMTNLGERL TDEEVDEMIRE ALVDGDGQINYEEEVRVNN AR
Populus trichocarpa MADQLTDDQISEFREAFSLEDRDGDGCITTRELGTVMRSLGONETE AELQLMINEVE ADGRGT IDF PEF LNLN ARFMRDTDSEEELRE AFFVEDRDQNGE IS AAELREVMTNLGERLTDEEVDEMIRE ACVDGDGQINYEEEVRVMNAK]
g B L Ll ADQL TDDQISEFRE AFS LEDRDGDGCITTRELGTVMRS LGQNPTEAELQLMINE VE ADGNGTIDE PEF LNLMARRMRDTDSEEE LRE AFFVEDRDQNGF IS AAELREVMTNLGERLTDEE VDEMIFE ALVDGDGQINYEEE VRVKNMAK]|
Solanum lycopersicum 1 ADQLTDDQISEFREAFSLFDRDGDGCITTRELGTVMRSLGONETE AELQLMINEVE ADGRGT IDFPEFLNLN AREMRDTDSEEELRE AFFVEDRDQNGE IS A AELREVMTNLGERL TDEEVDEMIRE ALVDGDGQINYEEEVEVMN AR]
M AEQLTDDQISEFREAFSLFDRDGDGCITTRELGTVMRS LGONPTEAELQCMINEVE ADGNGTIDF PEFLNL N ARRMRD TDSEEELRE AFFVFDRDONGF IS AAELREVMTNLGERL TDEEVDEMIRE ALVDGDGQINYEEEF VREI NN AK]|

1 ADQLTDEQEFRE AP SLEDRDGDGC ITTRELGTVMRSLGQNETE AELQL M INEVE ADGNGT IDE PEF LNLN ARRMRDTDSEEELRE AFFVEDRDONGE IS A AELREVMTNLGERL TDEEVDEMIRE ALVDGDGQINYEEEVRUMN AR|
MADQLTDDQISEFREAFSLFDRDGDGCITTRELGTVMRSLGONETE AELQLMINEVE ADGRGT IDF PEFLNLN ARFMRDTDSEEELRE AFFVFDRDQNGF IS AAELREVMTNLGERLTDEE VDEMIRE ACVDGDGQINYEEEVRVMN AK]
MADQLTDDQISEFREAFSLFDRDGDGCITTRELGTVMRSLGQNETE AELQLMINEVE ADGRGT IDF PEF LNLN ARFMRDTDSEEELRE AFFVEDRDQNGE IS AAELREVMTNLGERLTDEEVDEMIRE ACVDGDGQINYEEEVRVNNAK]
MADQLTDDQISEFREAFSLFDRDGDGCITTRELGTVMRSLGONETE AELQLMINEVE ADGRGT IDFPEFLNLN ARFMRDTDSEEELRE AFFVEDRDQNGF IS AAELREVMTNLGERLTDEE VDEMIRE ACVDGDGQINYEEEVRVMN AK]
MADQLTDDQISEFREAFSLEDRDGDGCITTRELGTVMRSLGQNETE AELQLMINEVE ADGRGT IDF PEF LNLN ARFMRDTDSEEELRE AFFVEDRDQNGE IS AAELREVMTNLGERLTDEEVDEMIE ACVDGDGQINYEEEVRVNNAK]
MADQLTDDQISEFREAFSLFDRDGDGCITTRELGTVMRSLGONETE AELQLMINEVE ADGRGT IDFPEFLNLY ARFMRDTDSEEELRE AFFVEDRDQNGF IS AAELREVMTNLGERLTDEE VDEMIRE ACVDGDGQINYEEE VRVMN AK]
Phaseclus valgaris 1 ADQLTDEQTSEFREAFSLEDRDGDGC ITTRELGTVMRSLGQNETE AELQLMINEVE ADGNGT IDE PEF LNLN ARRMRDTDSEEELRE AFFVEDRDGNGE IS A AELREVMTNLGERL TJEEVDEMIRE ALVDGDGQINYEEEVRUMN AR|
Brassica rapa MADQLTDDQISEFREAFSLFDRDGDGCITTRELGTVMRSLGONETE AELQLMINEVE ADGRGT IDFPEFLNLY ARFMRDTDSEEELRE AFFVEDRDQNGF IS AAELREVMTNLGERLTDEE VDEMIRE ACVDGDGQINYEEEVRVMN AK]
Capsella rubella 1 ADQLTDDQISEFREAFSLFDRDGDGCITTRELGTVMRSLGQNETE AELQLMINEVE ADGRGT IDFPEFLNLN ARFMRDTDSEEELRE AFFVFDRDQNGE IS A AELREVMTNLGERL TDEEVDEMI[SE AL VDGDGQINYEEEVEVMY AR]
Jatropha curcas MADQLTDDQISEFREAFSLEDRDGDGCITTRELGTVMRSLGONETE AELQLMINEVE ADGRGT IDFPEFLNLY ARFMRDTDSEEELRE AFFVEDRDQNGF IS AAELREVMTNLGERLTDEE VDEMIRE ACVDGDGQINYEEEVRVMN AK]
Daucus carota M ADQLTDDQISEFREAFSLEDRDGDGCITTRELGTVMRSLGQNPTE AELQEMINE VL ADGNGTIDE PEF LNL N ARRMRDTDSEEELRE AFFVEDRDQNGF IS AAELREVMTNLGERL TDEEVDEMIRE ALVDGDGQINYEEEVRVMNAK|
Solanum tuberosum MADQLTDDQISEFREAFSLEDRDGDGCITTRELGTVMRSLGONETE AELQLMINEVE ADGRGT IDFPEF LNLN ARFMRDTDSEEELRE AFFVEDRDQNGF IS AAELREVMTNLGERLTDEE VDEMIRE ACVDGDGQINYEEEVRVMN AK]
Quercus petraea M ADQLTDDQISEFREAFSLEDRDGDGCITTRELGTVMRSLGONPTE AELQEMINEVE ADGNGT IDF PEF LNL MARRMRDTDSEEELRE AFFVEDRDQNGE IS AAELREVMTNLGERL TDEEVDEM IRE ALVDGDGQINYEEEVRVMMAR
Consensus 0L TDJQIJEFRE AFSLEDRDGDGC ITTRELGTVMRSLGONPTEAELQLMINEVE ADGNGT IDE PEF LNLN ARFMRDTDSEEE LRE AFFVEDRDONGE IS A AELREVMTNLGERLTDEE VDEMI [lE ALVDGDGQINY JEEVEVMMAR
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Fig. 2 Comparative analysis of CaM amino acid sequences. a
Alignment of the deduced AmCaM amino acid sequence with the
sequences of homologous CaM proteins from 50 plant species. b
Maximum likelihood phylogenetic tree indicating the relationships

between AmCaM and CaM proteins from other plant species. ¢
Neighbor-joining tree representing the relationships between AmCaM
and homologous proteins from other leguminous species, Arabidopsis
thaliana, and grapevine. (Color figure online)

is a leguminous species. We completed a neighbor-joining
analysis to further characterize the relationships between
AmCaM and the CaMs from other leguminous species

(Fig. 2¢). Homologs from A. thaliana and grapevine (Vitis
vinifera) were selected as the outgroup. We observed that
AmCaM and the homolog from V. angularis are closely
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related, whereas the homologs from other leguminous plants
form a distinct lineage, which includes the outgroup.

AmCaM is responsive to cold and heat stresses

We analyzed the AmCaM expression pattern in A. mon-
golicus seedlings subjected to cold and heat stresses using
qRT-PCR (Fig. 3). Leaf AmCaM expression levels were up-
regulated within 1 h of initiating the cold or heat treatment,
and peaked at 2 h. Notably, AmCaM expression was induced
more by cold stress (4 °C) than by heat stress (40 °C) during
the first 4 h of treatment. These results suggest that AmCaM
may involve in A. mongolicus responses to abiotic stresses.

Expression of AmCaM in E. coli cells

SDS-PAGE analysis showed the presence of the fusion pro-
tein in the supernatant of sonicated cell lysates of the trans-
formed cells. The fusion protein Ssp-AmCaM was sensitive
to temperature and pH 7.0, and was readily broken into two
independent peptides. Hence, to purify the AmCaM protein,
Buffer IT (pH 7.0) was used for sonication and lysis of the
bacterial cells, and purification of the heat-sensitive pro-
tein. SDS-PAGE showed that the molecular weight of the
expressed protein was 16.81 kDa (Fig. 4c). However, the
molecular weight of the expressed product from the solu-
ble fusion protein was about 25.92 kDa (Fig. 4a, b). The
difference in molecular weight between the fusion and tar-
get proteins was mainly attributable to the pTWIN1 vector
expressed in the fusion protein. Consistent with their con-
struction (Fig. S1), the Ssp-Mxe inteins fusion protein and
Ssp-AmCaM fusion protein were detected in the Ep cells and
SA cells, respectively (indicated by white arrows in Fig. 4a,
b). Accumulation of the expressed fusion protein in SA1

o

25+

20+

16+

10+

Expression fold change

Hours of cold treatment

cells after the induction of IPTG peaked after culture for 3 h
at 37 °C (Fig. 4). This finding showed that the Ssp-AmCaM
fusion protein is a type of soluble protein with no inclusion
formation that accumulated at 37 °C.

Expression of AmCaM in E. coli cells

Our SDS-PAGE results confirmed the presence of the
recombinant fusion protein in the supernatants of cell
lysates prepared from transformed cells. The Ssp-AmCaM
fusion protein was sensitive to heat and buffers of pH 7.0
and pH 8.0, and was readily degraded into two peptides.
Hence, to purify AmCaM, bacterial cells were suspended
in Buffer II (pH 7.0) prior to being sonicated. Additionally,
according to the SDS-PAGE, the purified AmCaM was
16.81 kDa (Fig. 4c), while the soluble fusion protein was
about 25.92 kDa (Fig. 4a, b). The difference in molecular
weight between the fusion and target proteins was mainly
attributable to the pTWIN1 vector expressed in the fusion
protein. Consistent with their construction (Fig. S1), the
Ssp-Mxe inteins fusion protein and Ssp-AmCaM fusion
protein were detected in the Ep cells and SA cells, respec-
tively (indicated by white arrows in Fig. 4a, b). Accumula-
tion of the expressed fusion protein in SA1 cells after the
induction of IPTG peaked after culture for 3 h at 37 °C
(Fig. 4). This finding showed that the Ssp-AmCaM fusion
protein is a type of soluble protein with no inclusion for-
mation that accumulated at 37 °C.
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Fig. 3 Analysis of AmCaM transcript levels in response to a cold and b heat stresses at various time points
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Fig. 4 Results of the SDS-PAGE analysis of AmCaM expression in
various E. coli (ER2566) clones at different time points after add-
ing IPTG. White arrows indicate the band for the AmCaM fusion
protein. M, Molecular weight marker; E, non-transformed E. coli
ER2566 cells; Ep, ER2566 cells transformed with pTWIN1; SAI,
SA2, and SA3: different clones of ER2566 cells transformed with
pTWIN-AmCaM; +: IPTG added; —: no IPTG. a Left: SDS-PAGE
analysis of AmCaM overexpression in E. coli ER2566 cells. Right:
relative fusion protein abundance; SA1+, SA2+, and SA3+: different

Overexpression of AmCaM increases the tolerance of E.
coli to freezing and heat stresses

To further clarify the function of CaM in a woody plant spe-
cies in response to abiotic stress and to determine whether
AmCaM enhances cellular responses to freeze—thaw cycles
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recombinant clones induced by IPTG. b Left: SDS-PAGE analysis
of AmCaM overexpression in E. coli ER2566 cells at different time
points after adding IPTG. 2, 3, and 4 h: pTWIN-AmCaM recombi-
nant clone 1 at different time points after adding IPTG. Right: relative
fusion protein abundance; 2, 3, and 4: AmCaM abundance in trans-
formed clone 1 cells induced by IPTG for 2, 3, or 4 h, respectively.
¢ Purification of AmCaM. Lanes 1 and 2: purification of AmCaM,
which is indicated with black arrows. Lane 3: SA2+, recombinant
clone induced by IPTG

or heat stress, cell survival was evaluated for IPTG-induced
E. coli cells transformed with pTWIN1 (EP+) or pTWINI1-
AmCaM (SA+) (Fig. 5). The survival rates of the SA+ and
EP+ cells decreased as the number of freeze—thaw cycles
increased (Fig. 5a). However, the survival rate of SA+ cells
was higher than that of EP+ cells after 1-4 freeze—thaw
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Fig. 5 Tolerance of E. coli cells expressing AmCaM to a freeze—
thaw and b heat treatments. EP: E. coli ER2566 cells transformed
with pTWINI (control); SA: E. coli ER2566 cells transformed

cycles. A similar phenomenon was observed for the heat
treatment (Fig. 5b). These results suggest that AmCaM
was expressed in the transformed E. coli cells, leading to
enhanced tolerance to freezing and heat treatments. Further-
more, the survival rate of the SA+ cells was higher after
one and two freeze—thaw cycles than after any of the heat
treatments (Fig. 5).

Discussion

Calmodulin plays an important role in eukaryotic cell func-
tions and contains typical EF-hand and Ca*-binding sites
(Zeng et al. 2015). We cloned a CaM gene from A. mon-
golicus (Fig. 1), an extremely drought- and frost-resistant
plant species. The isolated gene, AmCaM, showed high
similarity to a homolog from Oryza sativa Japonica Group
(NP_001055907.1) (Fig. 2b) and was indicated to be a
highly conserved gene. The AmCaM gene contains four EF
hand motifs and specific Ca®*-binding sites, namely aspar-
tic acid (Asp), asparagine (Asn) and glutamic acid (Glu).
These three amino acid residues are hydrophobic, which
may form a hydrophilic structure (thus increasing protein
fluidity). Sequence alignment showed that sites 11 and 37
were converted from the hydrophobic amino acids Ala and
Val to the hydrophilic Ser and Met, respectively. This con-
version may increase the hydrophilicity of AmCaM and the
Met residue adds a sulfur atom to AmCaM. Currently, there
is little evidence that CaMs contain a sulfur atom, so the
significance of this mutation is unknown.

Calmodulin play essential role in cellular responses
to environmental changes (AL-Quraan et al. 2010). We
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with pTWIN1-AmCaM; +: IPTG added. Data are presented as the
mean +standard deviation (n=3). Lowercase and uppercase letters
correspond to P <0.05 and P <0.01, respectively

observed an increase in AmCaM transcription in response to
heat and cold stresses (Fig. 3). In previous studies, cloned A.
mongolicus cold- and drought-responsive genes also exhib-
ited up-regulated expression in host plants exposed to abiotic
stress conditions (Rao et al. 2014; Shi et al. 2016). The root
and shoot expression levels of nine A. thaliana CaM genes
increased by 2—8-fold after a 2-h treatment at 42 °C, with the
exception of CAM1 in the shoots and CAM5 in the roots and
shoots (AL-Quraan et al. 2010). Additionally, the expression
of the sweet potato CaM gene, SPCAM, is significantly up-
regulated by NaCl in a dose-dependent manner (Chen et al.
2012). Meanwhile, the expression of the rice CaM gene,
OsCaml-1, is reportedly up-regulated after 1-3-h treatments
with osmotic and salt stresses (Chin et al. 2012). Thus, CaM
genes form a ubiquitous gene family that contribute to the
adaptation of plants to diverse stresses. Accordingly, we pro-
posed that AmCaM is a positive regulator of different abiotic
stress signaling pathways, which allows A. mongolicus to
defence the persistent arid environment.

We expressed AmCaM in E. coli cells to functionally
characterize this gene (Fig. 4). The growth rates and stress
tolerances were higher for the E. coli cells expressing
AmCaM than for the bacterial and vector controls, imply-
ing that AmCaM is involved in enhancing stress tolerance
(Fig. 5). Meanwhile, an earlier study confirmed that the
expression of the A. mongolicus LEA gene differentially
affects the tolerance of E. coli cells to cold and heat stresses
(Liu et al. 2010). Similarly, recombinant E. coli cells produc-
ing the OsLEAS fusion protein reportedly exhibit enhanced
tolerance to diverse abiotic stresses (e.g., high salinity,
osmotic stress, freezing, heat, and ultraviolet radiation) (He
et al. 2012). Furthermore, E. coli cells transformed with the
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salt stress-inducible ShUSP gene from Salicornia brachiata
were observed to have higher survival and growth rates
than non-transformed controls following exposures to salt
and osmotic stresses (Udawat et al. 2014). These studies
revealed that the expression of specific plant genes in bacte-
rial host cells leads to increased stress tolerance. This may
be due to the analogous protective mechanisms existing in
eukaryotes and prokaryotes under stress conditions (Yun and
Zheng 2005; Garay-Arroyo et al. 2000). Calmodulin and
Ca”" have been implicated in plant adaptations to different
biotic and abiotic stimuli (Virdi et al. 2015). Previous studies
indicated that CaM is involved in heat stress signal transduc-
tions in wheat (Liu et al. 2003) and A. thaliana (Zhang et al.
2009). Moreover, a recent investigation concluded that the
overexpression of a CaM-like gene (ShCML44) increases
the tolerance of transgenic tomato plants to drought, salin-
ity, and cold stresses (Munir et al. 2016). Thus, CaM or
CaM-like proteins influence the ability of plants to adapt to
adverse environmental conditions by regulating different cel-
lular processes (e.g., signal transductions and modulation of
transcription factors). However, “How does AmCaM confer
E. coli freezing and heat tolerance?” is the important issue
to be addressed here. There is increasing evidence that Ca**
signals affect diverse cellular processes related to physiology
and pathogenesis in bacteria, which have tightly regulated
cytosolic Ca?* levels (Norris et al. 1996; Theodorou and
Kyriakidis 2012; Shemarova and Nesterov 2014). Proteins
capable of binding Ca** with high affinity, including CaM-
like proteins, have also been detected in bacteria (Yonekawa
et al. 2005). Calcium-binding proteins are present through-
out the lifecycle of prokaryotic cells. They function as
Ca”* transporters and are important for maintaining Ca*
homeostasis, modulating the cell cycle, regulating enzyme
activity, contributing to signal transductions related to the
genome, and affecting adaptive behaviors (Michiels et al.
2002; Shemarova and Nesterov 2014). Therefore, it is plau-
sible to predict that the overexpressed AmCaM represents
analogous roles as Ca>* binding proteins in E. coli cells and
thus conferring heat and freezing stress tolerance.

In conclusion, the present results infer that AmCaM
might participate in the abiotic stress response, which is
of immense importance for biotechnology applications. As
a signaling molecule, CaM is known to influence a broad
range of downstream events, manipulation of which may
result in enhanced tolerance to distinct stresses. Future stud-
ies will focus on the molecular and biochemical modes of
action of this gene.
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