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A B S T R A C T   

Cryopreservation-induced cell death is regarded as an important problem faced by cryobiologists. Oxidative 
stress and programmed cell death are detrimental to cell survival. Serine protease inhibitors (serpins) inhibit pro- 
cell-death proteases and play a pro-survival role in excessive cell death induced by abiotic stress. In this study, 
ApSerpin-ZX was isolated from Agapanthus praecox and characterized as a protective protein in plant cryopres
ervation. The mRNA level of ApSerpin-ZX was elevated under abiotic stress, such as salt, osmosis, oxidative, cold, 
and cryoinjury. The purified recombinant protein expressed in E. coli was added to the plant vitrification solution 
and used for A. praecox embryogenic callus cryopreservation. The concentration of 0.6–4.8 mg∙L− 1 of ApSerpin- 
ZX protein was beneficial to the survival of cryopreserved embryogenic callus of A. praecox. The most effective 
concentration was 1.2 mg∙L− 1, which elevated the survival by 37.15%. Subsequently, the cryopreservation 
procedure with 1.2 mg∙L− 1 of ApSerpin-ZX protein was regarded as the treated group, compared to standard 
procedure, to determine the physiological mechanism of ApSerpin-ZX protein on cryopreserved cell. The MDA 
and H2O2 contents were significantly decreased in the treated group, along with reduced OH⋅ generation activity 
in the recovery stage. After the addition of ApSerpin-ZX, the POD and CAT activities keep increased, while SOD 
activity increased only after dehydration. Besides, the caspase-1-like and caspase-3-like activities were lower 
than the standard procedure. This study indicated that ApSerpin-ZX was a potential cryoprotective agent that 
alleviated oxidative stress and cell death induced by cryopreservation.   

1. Introduction 

Vitrification-based cryopreservation is a commonly used technology 
for the storage of elite germplasms under ultra-low temperature 
(− 196 ◦C), but cell death in the process is still a problem [6]. The main 
reason is that techniques used for cryopreservation impose compound 
stresses on cells or tissues. ROS-induced oxidative stress resulting from 
osmotic injury, desiccation, and temperature changes is thought to be a 
fundamental cause of cell death on cryopreserved samples [37]. Besides, 
programmed cell death (PCD) was induced by cryopreservation pro
cedure, as indicated by the elevated caspases activities [6]. For plant cell 
cryopreservation, correlational studies were few. The caspase-3-like 
protease activity was detected after the rehydration of cryopreserved 
Eucalyptus grandis axillary buds [40]. Our earlier studies documented the 
ROS-induced oxidative stress, and PCD affected the cell viability of 
cryopreserved embryogenic callus in Agapanthus praecox [52]. There
fore, inhibition of PCD is a practical approach to improve 

cryopreservation efficiency. 
Existing studies have found that PCD is blocked by channel blockers 

or inhibitors of different signaling steps, such as protease, kinase, and so 
on. A subset of the tested protease inhibitors (phenylmethylsulfonyl 
fluoride [PMSF], 4-[2-aminoethyl]-benzesulfonylfluoride [AEBSF] 
hydrocholride and leupeptin) blocked PCD [46]. It is noteworthy that 
both PMSF and AEBSF are serine protease inhibitors. In addition, these 
protease inhibitors all have inhibitory activity against cysteine pro
teases. Serpins, the most widely distributed family of serine protease 
inhibitors present in all higher eukaryotes, bacteria, viruses, and arch
aebacterial [20], possess cross-class inhibition. In other words, most 
serpin family members are indeed serine protease inhibitors, but several 
functioned as cysteine protease inhibitors [24]. Surprisingly, some are 
incapable of inhibiting proteases and serve other functions, such as 
ovalbumin and pigment epithelium-derived factor (SerpinF1) [3]. In 
general, the scissile bond (P1 and P1’ residues) in the reactive center 
loop (RCL) mediates serpins inhibitory specificity against the target 
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protease [27]. 
Serpins play crucial roles in regulating diverse physiological pro

cesses in animals and insects. Unlike animal serpins, very little is known 
about plant serpins’ physiological role and their cognate proteases. 
Although more than 20 serpins have been isolated or cloned from plants, 
only a few serpins have been characterized. AtSerpin1 is the best- 
characterized plant serpin to date. According to its feature of RCL, it is 
regarded as an LR-type plant serpin [6,29,30]. It has been shown to 
inhibit several PCD-related proteases, such as metacaspase AtMC9 and 
AtMC1, the endogenous papain-like cysteine protease RD21 [33,34,47]. 
Except for inhibitory properties, evidence also suggested that serpins 
respond to biotic and environmental stress in transcriptional and protein 
level. Down-regulated rice serpin OsSRP-LRS show enhanced cell death 
upon Rhizoctonia solani inoculation, UV, and salt treatments [5]. The 
protein level of Serpin-ZX from cashew was higher in a Lasiodiplodia 
theobromae-resistant plant than a susceptible plant [17]. In conclusion, 
serpins inhibit pro-cell-death proteases and play a pro-survival role in 
excessive cell death induced by biotic and abiotic stresses. Experiments 
showed that protease inhibitors added to the cryoprotectant agent 
improved the efficiency of cryopreservation, including well-known PCD 
related protease inhibitors, such as caspase I Inhibitor V [2], caspase-9 
inhibitor [8], ROCK inhibitor [48], and other protease inhibitors and 
plant extracts, such as Kazal type serine protease inhibitor SPINK3 [51], 
winter wheat soluble protein extracts [15] and wheat enolase [25]. In 
our previous study, we identified a serpin-ZX gene from Agapanthus 
praecox, shared similar gene structure and protein domain features to 
AtSerpin1 and other plant serpins. Accordingly, we attempt to identify 
the protein properties of ApSerpin-ZX and assess its potential cryopro
tective function in cryopreservation. 

In the present study, we characterized the gene expression of 
Apserpin-ZX under abiotic stress and cryopreservation. For exploring its 
potential cryoprotective function, we purified the recombinant 
ApSerpin-ZX protein and added it to the cryoprotectant agent. The 
embryogenic callus of A. praecox was chosen as cryopreserved materials. 
The relative survival and regrowth of A. praecox were regarded as 
assessment criteria. For further revealing the physiological mechanism 
of ApSerpin-ZX, the change of oxidative and cell death-related physio
logical response in modified cryopreservation of embryogenic callus of 
A. praecox was carried out to reveal the theoretical basis and mechanism 
of ApSerpin-ZX. 

2. Materials and methods 

2.1. Plant materials and abiotic stress treatments 

The embryogenic callus of Agapanthus praecox ssp. orientalis was 
obtained and cultured on standard MS medium with 1.5 mg∙L− 1 

picloram [12]. Abiotic stress tests were performed on embryogenic 
callus on MS medium with NaCl (100, 200 or 300 mM), mannitol (200, 
400 or 600 mM), methyl viologen (10, 20 or 30 μM). Control was 
transferred to MS medium. All the above treatments were cultured at 
25 ◦C under dark for 12 h or 24 h. Cold treatment was performed in MS 
medium at 4 ◦C in the dark for 12 h or 24 h [14]. All samples from the 
described treatments were repeated three times and frozen in liquid 
nitrogen immediately after harvesting. 

2.2. RNA isolation and cDNA synthesis 

Total RNA was extracted from embryogenic callus using TaKaRa 
MiniBEST Plant RNA Extraction Kit according to the manufacturer’s 
instruction (TaKaRa, China). The purified RNA was quantified by 
NanoDrop 2000 spectrophotometer (ThermoFisher Scientific, USA). The 
synthesis of the first-strand cDNA was carried out based on the manu
facturer’s instruction of the PrimeScript™ II 1st strand cDNA synthesis 
Kit using the DNase I-treated RNA as template and oligo(dT)-adaptor as 
primer. The synthesis reaction was performed at 42 ◦C for 1 h, 

terminated by heating at 95 ◦C for 5 min. The cDNA mix was stored at 
− 20 ◦C for subsequent use. 

2.3. Molecular cloning of ApSerpin-ZX 

RACE cDNA library was synthesized from total RNA using the 
SMARTer™ RACE cDNA amplification kit (Takara Bio., USA). 3′ and 5’ 
-RACE reactions were performed using gene-specific primer designed by 
existed sequence (extracted from de novo sequencing) [53] and the 
common anchor primer provided by the kit. All primers are listed in 
Supplementary Table S1. 3′ and 5′-RACE PCR product was run on 
agarose gels and selected single bright band to sequence. The cDNA 
sequence of ApSerpin-ZX was obtained from splicing of existed sequence 
and sequences of 3′ and 5′RACE. 

2.4. Qualitative real-time PCR analyses 

qualitative Real-time PCR (qPCR) was performed using the fluores
cent dye SYBR-Green (Takara, Dalian, China) and the LightCycler 2.0 
system (Roche Diagnostics, Germany). The reactions were carried out as 
follows: 60 s at 95 ◦C for denaturation, followed by 40 cycles of 10 s at 
94 ◦C, 20 s at 55 ◦C, and 30 s at 72 ◦C for amplification. All the reactions 
were repeated at least thrice, and no-template controls were included. 
Primers are designed based on de novo sequencing of A. praecox [53]. 
Primers are listed in Supplementary Table S1. Gene expression quanti
fication was calculated by 2-ΔΔCt (ΔΔCt = Δ [(Cttarge gene - Ctactin) treated - 
(Cttarge gene - Ctactin) control]). ApActin (CL5322.Contig7_AP_BB) gene was 
used as a housekeeping gene [54]. 

2.5. Expression and purification of recombinant ApSerpin-ZX protein 

The restricted enzyme sites of BamHI and HindIII were introduced to 
the ORF fragment of ApSerpin-ZX by PCR amplification. The PCR prod
uct was digested and ligated into pET-30a vector. The recombinant 
plasmid pET-30a-ApSerpin-ZX was introduced into Escherichia coli 
Transetta (DE3) and cultivated in LB medium containing 50∙mg L− 1 

kanamycin. One positive colony was produced in 200 mL LB medium 
(containing 50∙mg L− 1 kanamycin) at 37 ◦C to an optical density 
(OD600 ≈ 0.6). Fusion protein expression was induced by the addition of 
0.1 mM to 1 mM IPTG. The crude protein solution was prepared from the 
pET-30a-ApSerpin-ZX recombinant strain after 1–6 h of induction at 
16 ◦C to 37 ◦C. The targeted protein was detected by 12% SDS-PAGE and 
Western blotting analysis. The uninduced was utilized as control (NC). 

In optimized conditions, the bacteria were suspended and washed 
twice in washing solution (10 mM Tris base, 50 mM NaH2PO4, 300 mM 
NaCl, pH 8.0) and disrupted by ultrasonication. After centrifuged for 30 
min at 4 ◦C at 5000 rpm, the insoluble fraction was retained and solu
bilized in 40 mL of dissolving solution (washing solution containing 6 M 
Urea). The solubilized protein was purified by affinity chromatography 
using His-trap Ni-column (Transgene, China). The column was washed 
with a 5-fold volume of solubilized protein solution by dissolving solu
tion and eluted with a pH 4.5 of dissolving solution. Adjusted the con
centration of eluted protein to approximate 100 μg∙mL− 1, refolding was 
performed by gradient dialysis to lower urea concentrations. The 
refolding buffer was 50 mM Tris base, 100 mM NaCl, 1 mM EDTA, 1 mM 
GSH, 0.1 mM GSSG containing different urea concentration (6-4-2-0 M). 
Finally, the refolded protein was enriched by an ultrafiltration tube for 
higher purity. 

2.6. Western blotting analysis 

After separation on 12% SDS-PAGE, the proteins were electro- 
transferred onto a PVDF membrane, which then was blocked over
night at 4 ◦C in TBS buffer (pH 7.4) containing 5% (w/v) powdered milk. 
After being incubated with 1:2000 diluted mouse anti-His monoclonal 
antibody (Abcam) for 3 h, the membrane was washed 3 times in TBS 
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buffer with 0.1% Tween-20. And then, it was incubated with 1:10000 
diluted HRP-conjugated goat anti-mouse IgG secondary antibody 
(Abjunt). The blotting detection was used EasySee® Western Blot Kit 
(TransGene, Beijing, China). 

2.7. Protease inhibition activity assay 

Protease inhibition assay was performed to check the inhibition ac
tivity of the purified protein to trypsin, as described by Shah et al. [45]. 
Briefly, ApSerpin-ZX protein solution was diluted to different concen
trations (50, 100, 150, 200, 250, 300 μg∙mL− 1) and 100 μL of diluted 
solution (distilled water as control, 30% acetic acid as blank) together 
with 200 μL (20 μg∙mL− 1, diluted by HCl) of trypsin and 100 μL of 
distilled water were incubated at 37 ◦C for 10 min. 500 μL (0.4 
mg∙mL− 1, diluted by Dimethyl sulfoxide) of Nα-benzoyl-DL-arginine 
ρ-nitroanilide hydrochloride (BAρNA; pre-warmed to 37 ◦C) was added 
to the mixture and then incubated for 10 min. The reaction was then 
terminated by the addition of 100 μL of 30% acetic acid (v/v). The op
tical density of the obtained supernatant was measured at 410 nm. The 
inhibition ratio (%) was calculated by (Abs-As- Ab)/Abs*100 (As indicates 
OD of sample; Abs indicates OD of sample blank; Ab indicates OD of 
blank). 

2.8. Cryopreservation procedure 

A. praecox embryogenic callus cryopreservation is used as an 
assessment model. The cryopreservation procedure was described pre
viously [12]. Briefly, the embryogenic callus was precultured in MS 
medium supplemented with 171 g∙L− 1 sucrose and 3 g∙L− 1 phytagel at 
4 ◦C for 48 h (preculture). The embryogenic callus was transferred into 
cryovials, which contained 2 mL loading solution (liquid MS medium 
with 136.92 g∙L− 1 sucrose, 184.18 g∙L− 1 glycerol and 1 g∙L− 1 KNO3), 
and incubated for 60 min at 25 ◦C (osmoprotection). Then the 
embryogenic callus was transferred into PVS2 solution (liquid MS me
dium with 136.92 g∙L− 1 sucrose, 30 g∙L− 1 glycerol, 15 g∙L− 1 ethylene 
glycol, and 15 g∙L− 1 DMSO) for 40 min in an ice bath (dehydration). 
Then the cryovials were immediately plunged into liquid nitrogen for at 
least 1 h. After rapid warming in a 40 ◦C water bath for 90 s (rapid 
warming), embryogenic callus was washed with unloading solution 
(liquid MS medium with 410.75 g∙L− 1 sucrose and 1 g∙L− 1 KNO3) for 
30 min (dilution). Finally, the embryogenic callus was recovered on the 
proliferation medium under the same conditions as for subculture above 
(recovery). 

2.9. Cell viability assessment 

The survival of A. praecox embryogenic callus was detected by the 
TTC staining method as described previously [12]. After recovery for 24 
h, embryogenic callus was placed into a black-capped vial with 2 mL of 
the 8 g∙L− 1 TTC solution (dissolved in 50 mM phosphate buffer, pH 7.4). 
The vials were then incubated at 25 ◦C for 24 h. The embryogenic callus 
was washed by sterile water three times. Then, they were treated with 5 
mL of 95% alcohol to fade the red color in a 60–85 ◦C water bath for 60 
min. After the samples were centrifugated at 3000×g for 5 min, the 
supernatant was measured at A485 using a visible spectrophotometer. 
The ratio of absorbance value of cryopreserved (sample) and 
non-cryopreserved (check) samples was taken as the survival. 

2.10. Determination of MDA content 

Cryopreservation treated embryogenic callus (0.2 g) were homoge
nized in 5 mL of 10% (w/v) trichloroacetic acid (TCA) on ice with a 
mortar and pestle. The homogenate was centrifuged at 5000 ×g at 4 ◦C 
for 10 min, and then 2 mL of supernatant was mixed with 2 mL of 0.6% 
thiobarbituric acid (dissolved in 10% TCA). The mixture was incubated 
at 100 ◦C for 30 min and cooled rapidly with flowing water. Then, it was 

centrifuged at 5000 ×g for 10 min. The MDA content was measured at 
532, 600, and 450 nm, according to Hao et al. [26] with modifications. 

2.11. Determination of H2O2 content 

H2O2 content was assayed according to Peng et al. [38]. Cryopres
ervation treated embryogenic callus (0.2 g) were ground in 1.8 mL of 
100 mM cold phosphate buffer (pH 7.4) on ice. Extracts were then 
centrifuged at 5000 ×g at 4 ◦C for 10 min. To 1 mL of the supernatant 
were added 1 mL 16% of H2SO4, 0.2 mL of 20% KI, and 3 drops of 50 mM 
molybdic acid. After reaction for 5 min, the absorbance of the solution 
was measured at 405 nm. Standards were prepared by using known 
amounts of H2O2 in the same manner as the tested samples. 

2.12. Determination of OH⋅ generation activity 

OH⋅ generation activity was assayed by its capacity to oxidize bro
mopyrogallol red (BPR) as described by Wu et al. [49]. Cryopreservation 
treated embryogenic callus (0.2 g) were ground in 1.8 mL of distilled 
water on ice. Extracts were then centrifuged at 5000 ×g at 4 ◦C for 10 
min. A 0.3 mL of 0.2 mM FeSO4, 0.3 mL of 1 mM BPR and 0.3 mL of 1% 
(v/v) H2O2 solutions were added to 1 mL of the supernatant (sample) 
while 1 mL of distilled water served as the CK. After reaction for 1 min, 
the solutions were measured at 550 nm. The difference between the 
sample and the CK was expressed as OH⋅ generation activity. 

2.13. Determination of SOD, POD and CAT activities 

For extract preparation, 0.2 g of embryogenic callus was ground in 
1.8 mL of 100 mM cool phosphate buffer (pH 7.4). Mixtures were then 
centrifuged at 5000×g at 4 ◦C for 10 min. The supernatant was used for 
the assay of activities of SOD, POD and CAT. The method was referred to 
our previous article [12]. The protein concentration was measured using 
Bradford assay. 

2.14. Determination of caspase-1-like and caspase-3-like activities 

Preparation of cell extract and assay of Caspase-1-like and Caspase-3- 
like activities were performed as described by Biswas and Mano [7]. 
Cryopreservation treated embryogenic callus (0.2 g) were ground in 50 
mM sodium acetate (pH 5.5, containing 50 mM NaCl, 1 mM EDTA, 1 mM 
phenylmethylsulfonyl fluoride and 0.1 mM E64). Extracts were then 
centrifuged at 14,000 ×g for 30 min at 4 ◦C. The supernatant was 
collected to measure the activities of Caspase-1-like and Caspase-3-like. 
Caspase-1-like and Caspase-3-like activities were measured with syn
thetic tetrapeptide fluorogenic substrates Ac-YVAD-AMC and 
Ac-DEVD-AMC, respectively. Fluorescence of AMC (excitation 380 nm; 
emission 445 nm) was determined with a spectrofluorometer. The 
fluorescence intensity difference between the absence and the presence 
of an inhibitor was considered as the activity of the protease. A standard 
curve was prepared with AMC in the range of 0–200 μM. 

2.15. Data analysis 

All data were mean values ± SE of three experiments. SAS 9.3 was 
applied for statistical analysis [9]. One-way ANOVA was used to 
compare one or two variables. An unpaired t-test was used to compare 
two samples (or treatments). Differences were deemed significant at p <
0.05 and extremely significant at p < 0.01. 

3. Results 

3.1. ApSerpin-ZX expression respond to abiotic stress 

The complete cDNA sequence of ApSerpin-ZX gene was 1727 bp in 
length, with a full ORF of 1341 bp, encoding a predicted protein of 446 

G. Chen et al.                                                                                                                                                                                                                                    



Cryobiology 98 (2021) 103–111

106

amino acids. The DNA sequence was 3089 bp in length with a single 
intron (supplemental Fig. S1A). This was similar to other plant serpin 
genes, e.g., barley HorvuZ4 (BSZ4), maize Zeama9 and Populus PoptrZx, 
suggesting that this represents the standard gene structure for plant 

serpins. The ORF encoded a polypeptide of 446 amino acids with the 
predicted molecular weight of 49.13 kDa and theoretical isoelectric 
point of 5.17. No signal peptide and transmembrane domain were pre
dicted suggesting that ApSerpin-ZX were unlikely to be exposed to the N- 

Fig. 1. Temporal expression of ApSerpin-ZX mRNA in A. praecox embryogenic callus under abiotic stress. (A) qPCR analysis of the expression of ApSerpin-ZX under 
different concentrations of NaCl, Mannitol, Methyl viologen and 4 ◦C. ApActin gene (CL5322.Contig7_AP_BB) was used as an internal control to calibrate the cDNA 
template for all the samples. The results are expressed as mean ± SD of three replicates. Significant differences evaluated by t-test are indicated as * (P < 0.05) 
between 12 h and 24 h in the same treatment. (B) qPCR analysis of the expression of ApSerpin-ZX during cryopreservation. The results are expressed as mean ± SD of 
three replicates. Different letters (a, b, c) indicate significant differences (P < 0.05) in the same group. 
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glycosylation machinery and thus may not be glycosylated in vivo. 
ApSerpin-ZX contained a plant serpin domain with 385-amino acid (aa 
21–405) and a conserved RCL structure, which possessed cleavage sites 
of Phe(F) and Glu (E) (supplemental Fig. S1B). Meanwhile, the sequence 
of RCL was conserved with other plant serpin. Further phylogenetic 
analysis showed that ApSerpin-ZX belonged to monocot serpin (sup
plemental Fig. S1C). 

To investigate the transcriptional response of ApSerpin-ZX, the 
expression profiles of ApSerpin-ZX under different abiotic stress were 
analyzed. The ApSerpin-ZX was upregulated under various abiotic 
stresses (Fig. 1). The expression of ApSerpin-ZX treated for 24 h was 
much higher than that of 12 h in each abiotic stress treatment. After 
treated with 200 mM NaCl for 24 h, the expression level of ApSerpin-ZX 
was about seven times than untreated sample. Similarly, the quantity of 
ApSerpin-ZX transcripts increased by almost five and six times when it 
was grown in 400 mM mannitol and 30 μM methyl viologen for 24 h, 
respectively. The expression level of ApSerpin-ZX was also improved by 
cold stress. The expression level of ApSerpin in the entire cryopreser
vation procedure was higher than that of untreated (CK). It was 
increased 4 times after preculture treatment. After dilution treatment, 
the expression level of ApSerpin reached the top, which was 6 times to 
CK. These results showed that ApSerpin expression was highly induced 
by different abiotic stress and compound stress in cryopreservation. 

3.2. Ectopic expression of ApSerpin-ZX in E. coli strain 

To obtain the protein of ApSerpin-ZX, the recombinant expression of 
ApSerpin-ZX in E. coli Transetta (DE3) was performed. SDS-PAGE elec
trophoresis analysis of crude extracts from the transformed E. coli 
Transetta (DE3) showed high amounts of polypeptide with the expected 
molecular mass (ca. 49.13 + 3 = 52.13 kDa) of the ApSerpin-ZX 
(Fig. 2A). For exploration of the optimized expression condition of 
pET-30a-ApSerpin-ZX, we examined the yield of recombinant protein in 
a full combination of final IPTG concentration (0.1, 0.5 and 1 mM) and 
induction temperature (16, 25, 30 and 37 ◦C) (supplemental Fig. S2). 
SDS-PAGE electrophoresis analysis showed that the optimized expres
sion condition was 0.1 mM IPTG inducted for 3 h at 25 ◦C. The 
expression level of ApSerpin-ZX recombinant protein was confirmed by 
western blotting assay (Fig. 2B). 

3.3. ApSerpin-ZX possessed trypsin inhibition activity 

ApSerpin-ZX protein was expressed as a non-soluble protein. The 
inclusion body purification method was used by a nickel column. The 
purified His-tagged ApSerpin-ZX protein was refolded through gradient 
dialysis for further experiments. The inhibition ratio of ApSerpin-ZX was 
confirmed by incubating trypsin with varying concentrations of 
ApSerpin-ZX (Fig. 3). 30 μg of ApSerpin-ZX inhibited more than 95% 
activity of trypsin. The concentration of ApSerpin-ZX, which inhibited 
trypsin’s total inhibition activity by 50%, was considered one unit of 
protease inhibitor, e.g., 8.3 μg. 

3.4. ApSerpin-ZX protein improved the survival of cryopreserved 
A. praecox 

The efficacy of the recombinant ApSerpin-ZX protein as a cryopro
tectant was determined in the embryogenic callus of A. praecox. Firstly, 
we added ApSerpin-ZX directly to embryogenic callus for cytotoxicity 
test (supplemental Fig. S3). The cell viability has barely changed after 
incubation. Hence, we estimate that ApSerpin-ZX recombinant protein 
has no cell toxicity. Then, the purified ApSerpin-ZX protein was added 
into the plant vitrification solution (PVS), which was the crucially 
important step in cryopreservation [13,16,44]. The viability of cry
opreserved embryogenic callus increased as a function of growing 
quantities of ApSerpin-ZX protein from 0.6 to 1.2 mg∙L− 1 (Fig. 4). 
Although the survival decreased slightly with a high concentration of 

ApSerpin-ZX protein, it was still higher than PVS without ApSerpin-ZX 
protein. The addition of 1.2 mg∙L− 1 ApSerpin-ZX protein achieved the 
most increased survival to 70.41%. The ApSerpin-ZX protein had a 
positive effect on the survival rate of cryopreserved A. praecox 
embryogenic callus. For a comprehensive evaluation of the ApSerpin-ZX 
protein on cryopreservation efficacy, Arabidopsis’ regrowth geminated 
for 60 h was also tested (supplemental Fig. S4). The regrowth of seed
lings from the procedure with ApSerpin-ZX protein was significantly 
elevated, especially for a concentration of 0.3 mg∙L− 1. This result 
confirmed that ApSerpin-ZX protein had a positive effect on survival and 
regeneration. 

3.5. Effect of ApSerpin-ZX protein on oxidative stress induced by 
cryopreservation 

For further revealing the physiological response of ApSerpin-ZX 
protein in A. praecox embryogenic callus cryopreservation, the opti
mized concentration of ApSerpin-ZX protein (1.2 mg∙L− 1) was applied 
as treated group, the standard procedure as control group. The degree of 
membrane lipid peroxidation of the cryopreserved cell had a significant 
relationship to the cell viability [39]. We tested the cell viability 
(Fig. 5A, B and 5C) and MDA content (Fig. 5D) during the procedure. It 
showed that addition of ApSerpin-ZX protein in the dehydration step 
elevated the cell viability and weakened the membrane lipid 

Fig. 2. Expression and western blotting analysis of ApSerpin-ZX on E. coli. (A) 
SDS-PAGE analysis of bacteria containing pET-30a-ApSerpin-ZX plasmid with or 
without induction by IPTG. Proteins were stained with Coomassie Brilliant 
Blue. Lane M, protein molecular mass marker (kDa); Line NC, negative control 
for ApSerpin-ZX (without induction); Line 1h~6h, 0.1 mM IPTG induced for 
1~6 h. (B) Western blotting was performed using anti-6 × His-tag antibody. 
The inducing conduction was as same as (A) described. 
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peroxidation. H2O2 was the main ROS molecular inducing oxidative 
stress during A. praecox cryopreservation [12]. ApSerpin-ZX protein 
decreased H2O2 content (Fig. 5E). In the meanwhile, OH⋅ generation 
activity was also reduced in dilution and recovery steps (Fig. 5F). The 
change of antioxidant enzymes’ activities was also analyzed (Fig. 5G, H 
and 5I). POD and CAT activities strongly increased, while SOD activity 
showed different feedback. The scavenging activity of H2O2 was 
enhanced by ApSerpin-ZX protein. Consequently, ApSerpin-ZX protein 
interfered with ROS generation and then weakened the oxidative stress 
and improved cell viability. 

3.6. Effect of ApSerpin-ZX protein on caspases-like activities in 
cryopreservation 

Cryopreservation treatment would activate the caspase activity in 

animal cell and caspase-like activities in plant cells. We examined the 
caspase-1-like and caspase-3-like activities during cryopreservation 
procedure (Fig. 5J and 5K). Caspase-1-like and caspase-3-like activities 
were significantly reduced in the process with ApSerpin-ZX protein. The 
caspase-1-like activity was decreased by 43.77% in the dehydration 
stage and 24.87% in the recovery stage, respectively. ApSerpin-ZX 
protein also weakened the caspase-3-like activity. This result sug
gested that ApSerpin-ZX protein was related to inhibiting from PCD 
event during cryopreservation. 

4. Discussion 

In plants, more than 20 serpins were isolated or cloned from wheat 
[18,43], Hordeum vulgare [19], Cucurbita maxima [50], Avena sativa 
[28], and their inhibitory properties were examined. The serpin family 

Fig. 3. Inhibitory activity of ApSerpin-ZX with trypsin. Inhibitory activity of ApSerpin-ZX was recorded as residual enzyme activity in the presence of inhibitor. The 
highest inhibition activity was regarded as 100% inhibition ratio. 

Fig. 4. The effect of different concentrations of exogenous ApSerpin-ZX protein on the survival of A. praecox embryogenic callus. The results are expressed as mean 
± SD of three replicates. Different letters (a, b, c) indicate significant differences (P < 0.05). 
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has been characterized on a genome-wide scale in Arabidopsis [20], rice 
[23] and wheat [4]. The serpin family has gained attention in many 
plants for its role in disease response, i.e., maize [21], tomato [11], and 
abiotic stress response in Arabidopsis [1], rice [5], durum wheat [32] and 
tobacco [10], and even in cereal grain development in wheat [36] and 
barley [42]. In this study, we identified ApSerpin-ZX gene from 
A. praecox, and ApSepin-ZX protein was characterized as a potential 
cryoprotective. 

The expression of ApSeprin-ZX responds to abiotic stress at tran
scriptional level. The mRNA of ApSerpin-ZX was increased after treated 
with NaCl, methyl viologen, mannitol and 4 ◦C for 12 h and further 
increased within 24 h treatment. This indicated that the expression of 
ApSerpin-ZX was induced by salt, oxidative, osmotic and cold stresses. 
That is to say, the function of ApSerpin-ZX was involved in abiotic stress 
response. This was consistent with other plant serpins. AtSerpin1 was 

upregulated by cold stress, that it increased up to 25-fold in the leaves 
and 5-fold in the roots of plants exposed to 4 ◦C over a 24 h period [22, 
31]. AtSerpinZ4 (At2g26390) was increased by salt stress, with 16-fold 
change in roots after 6 h of salt stress and dropped back to a 2-fold in
crease after 24 h of salt stress [41]. Except for single abiotic stress, the 
transcription of ApSerpin-ZX was also regulated by cryopreservation 
procedure. The mRNA level of ApSerpin-ZX was increased at preculture, 
then declined slightly for dehydration, increased even more at dilution 
and declined slightly at recovery during the procedure. This indicated 
ApSerpin-ZX was upregulated by cryopreservation treatment and 
respond to cryoinjury. While for the relative protein level, ApSerpin-ZX 
was elevated almost 3-fold after preculture treatment and then fell back 
to the standard level in the following procedure (supplementary Fig. S5). 
The generation of cell-death proteases might explain this. Serpin activity 
was also inhibited and hydrolyzed by the protease when accentuated 

Fig. 5. The cell viability and physiological response of cryopreserved A. praecox embryogenic callus after the addition of ApSerpin-ZX protein. (A–B) TTC staining 
pictures of control and treated group. Bar = 200 μm. (C) Cell viability in the treated group. The cell viability was assessed by TTC staining method. (D–F) The change 
of oxidation level of control and treated group. The MDA content (D), H2O2 content (E) and OH⋅ generation activity (F) were treated as the evaluation index of 
oxidation level. (G–I) The change of SOD (G), POD (H) and CAT activities (I) of control and treated group. (J–K) The caspase-1-like (J) and caspase-3-like (K) 
activities of control and treated group. Cryopreservation procedure with the optimized concentration of ApSerpin-ZX protein (1.2 mg L− 1) was regarded as a treated 
group, and the standard procedure was regarded as a control group. The results are expressed as mean ± SD of three replicates. Significant differences evaluated by t- 
test are indicated as * (P < 0.05) between control and treated. 
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cell death occurrence [33,34]. Hence, ApSerpin-ZX cannot be accumu
lated in the later stage of cryopreservation. This phenomenon offered 
the possibility for external ApSerpin-ZX to inhibit the activities of pro
teases induced by cryopreservation. 

To investigate the cryoprotective property of ApSerpin-ZX protein, 
the effect of ApSerpin-ZX on the regeneration was assessed. It has been 
reported that serine proteases inhibitors had improvement to biological 
samples cryopreservation. Recombinant SPINK3 (Serine Protease In
hibitor Kazal type 3) is bound to the apical portion of both fresh and 
frozen ram sperm to improve sperm progressive motility [51]. For this 
study, we selected two well-researched plants in our lab as materials, e. 
g., A. praecox embryogenic callus and Arabidopsis seedlings germinated 
for 60 h. Our results indicated that proper concentration of ApSerpin-ZX 
could protect plant cells from cryoinjury, which include, but are not 
limited to osmosis stress, extreme temperatures, chemical toxicity, 
oxidative stress or programmed cell death. In animal cells cryopreser
vation, cell death was relative to the caspase activity, especially 
caspase-3 [6]. Although no homologous gene of caspase-3 was found in 
plants, the activity of caspase-3-like was detected when PCD took place 
[7]. The activity of caspase-1-like in the plant often reflects vacuolar 
processing enzyme activity, which is a certain regulator of PCD [35]. 
Many plant serpins are all efficient inhibits of mammalian serine pro
teinases in vitro, suggesting that they act as inhibitors in vivo [27]. 
AtSerpin1 inhibits the activity of proteases, such as RD21, MC1 and MC9 
in vivo. In cryopreservation of A. praecox embryogenic callus, we also 
found that the caspase-3-like and caspase-1-like activities were elevated 
along with the rate of PCD. Given that, to further confirm the effect of 
exogenous ApSerpin-ZX protein, oxidative stress and PCD related 
physiological indexes were detected, such as MDA content, ROS level, 
antioxidant enzymes and caspase-like activities, which were proved to 
be the indicator of cell viability in cryopreservation. The conclusion was 
drawn that ApSerpin-ZX elevated H2O2 scavenging capacity through 
activating activities of POD and CAT. Therefore, the membrane lipid 
peroxidation was weakened. In the meanwhile, reduced ROS level 
decreased the activity of caspase-3 and caspase-1-like, suggesting that 
ApSerpin-ZX might mitigate the occurrence of PCD. However, more 
conclusive evidence is still needed. Based on this study, ApSerpin-ZX 
may find a place as a desirable biotechnological tool to achieve a 
higher proportion of surviving cells in plant cryopreservation. 
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