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Abstract
Cryopreservation protocols have been successfully developed for hundreds of species and thousands of genotypes in labo-
ratories around the world. In many of the protocols, the rewarming process occurs in a rewarming solution (RS) with a high 
concentration of sucrose (0.8–1.2 M). Warming rate and associated conditions influence cell rehydration, loss of accumulated 
solutes (e.g. cryoprotectants) and recrystallization of small ice crystals in the nuclei. The need for, and effect of, high sucrose 
concentrations in the RS post-thawing regrowth rate after liquid nitrogen exposure was assessed in the range of 0.0-1.2 M 
sucrose with a set of 16 potato landraces cryopreserved with the PVS2-droplet vitrification method. The results showed no 
significant difference for the average recovery rate (81–87%) between sucrose concentrations of 0.3 M to 1.2 M. Fourteen of 
16 accessions had their highest recovery rate with sucrose concentrations between 0.3 and 0.9 M. The experimental results 
were subsequently extended to a genetically diverse set of 85 potato accessions (nine taxa), which demonstrated significantly 
higher recovery rates of 55–61% with RS sucrose concentrations of 0.3–0.9 M, compared to the sucrose concentrations of 
0.0 M (37%) and 1.2 M (44%). Only one of 85 accessions showed its highest recovery rate with the routinely used RS sucrose 
concentration of 1.2 M. Of all the concentrations tested, 0.6 M sucrose appeared to be the best bet in terms of recovery rates 
across the genotypes; therefore, our routine protocol has been changed from 1.2 M sucrose to 0.6 M. The specific response 
to low (0.0 M) and high RS sucrose concentrations (1.2 M) was highly variable within species/subspecies and appears to 
be genotype specific. Thus, caution should be taken in generalizing experimental cryopreservation results obtained with a 
limited number of accessions to larger germplasm collections.
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Introduction

Sucrose-rich rewarming solutions (RS) are widely used for 
reducing osmotic shock during rapid rewarming of cryopre-
served plant tissues and organs, or for diluting out harmful 
cryoprotectants after rewarming in warm water baths. The 
warming rate and its associated conditions influence cell 
rehydration, loss of accumulated solutes (e.g. cryoprotect-
ants), and recrystallization of small ice crystals in the nuclei 
(Farrant et al. 1977; Brockbank et al. 2004). Potato shoot tips 
have been successfully cryopreserved with different cryo-
preservation methods (Schäfer-Menuhr et al. 1997; Hirai and 

Sakai 1999; Yamamoto et al. 2012; Vollmer et al. 2016), but 
little information is available regarding the effect of the RS 
sucrose concentration on the recovery rate of cryopreserved 
potato shoot tips.

The International Potato Center (CIP) holds one of the 
largest and most diverse potato cryobanks worldwide, with 
a collection of 2330 potato landraces or ~ 50% of the in trust 
potato germplasm collection currently preserved in liquid 
nitrogen. One of CIP’s research priorities is to assess dif-
ferent variables of the cryopreservation process on a wide 
range of genotypes. The objective of the present study was 
to evaluate the effect of five different sucrose concentrations 
in the rewarming solution (RS) on the recovery rate of 16 
potato landraces cryopreserved with the PVS2-droplet vit-
rification method, and then assess the results with a geneti-
cally diverse set of 85 potato accessions, including 82% of 
CIP’s mini-core potato collection (http://geneb ank.cipot ato.
org/gring lobal /metho dacce ssion .aspx).
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The accessions used in this study belong to nine different 
taxa and varying ploidy levels from CIP’s in vitro potato 
collection (relative size of taxa in the in vitro genebank is 
indicated in parenthesis): S. tuberosum subsp. andigenum 
(~ 67.1%), S. stenotomum subsp. stenotomum (~ 5.8%), S. 
phureja (~ 4.3%), S. tuberosum subsp. tuberosum (~ 3.4%), 
S. × chaucha (~ 2.6%), S. stenotomum subsp. goniocalyx 
(~ 2.1%), S. × juzepczukii (~ 0.6%), S. × ajanhuiri (~ 0.3%) 
and S. × curtilobum (~ 0.2%) (taxonomy based on Hawkes 
1990).

Materials and methods

Propagation of plant material

In vitro potato plantlets were subcultured in 25 × 150 mm 
test tubes every 3–4 weeks onto modified Murashige and 
Skoog medium (MS), with 5–6 plants per tube. The medium 
contained full MS salts and the standard MS organic com-
pounds (Murashige and Skoog 1962) supplemented with 
25 g L−1 of sucrose and 3.0 g L−1 of Phytagel™. The pH 
was adjusted to 5.60 ± 0.02 prior to autoclaving. Plants were 
incubated at 18–22 °C with a 16/8 h photoperiod and light 
intensity of 80–100 µmol m−2 s−1. Terminal buds were sub-
cultured in deep petri dishes (70 buds per petri dish) for the 
final transfer and incubated for 3 weeks at 6–8 °C at low 
light intensity (15–25 µmol m−2 s−1), with a photoperiod 
of 16 h/8 h.

Excision of shoot tips

Shoot tips were excised from 3-week-old cold-acclimated 
in vitro plantlets. Excised shoot tips contained 3–4 leaf 
primordia (length: 0.8–1.2 mm; width: 0.4–0.7 mm). The 
excised shoot tips were placed successively onto sterile fil-
ter paper (1 × 1 cm), until each filter paper contained five 
shoot tips. The filter papers were supported on modified MS 
medium supplemented with 0.04 mg L−1 kinetin, 0.1 mg L−1 
gibberellic acid, 25 g L−1 sucrose and 2.8 g L−1 Phytagel™ 
(pH 5.60 ± 0.02) in standard petri dishes.

Cryoprotection

The filter papers containing five shoot tips each were placed 
into sterile 8.0 mL screw cap test tubes with 2.0 mL filter-
sterilized Loading Solution (LS) [liquid MS medium, 2.0 M 
glycerol, 0.4 M sucrose, pH 5.80 ± 0.02]. Shoot tips were 
treated at room temperature (22–26 °C) for 20 min. Using a 
sterile glass Pasteur pipette with a 1.0 mL rubber bulb, LS 
was carefully removed and replaced with 2.0 mL of ice-cold 
filter-sterilized Plant Vitrification Solution 2 (PVS2) [liquid 
MS medium, 3.28 M glycerol, 2.42 M ethylene glycol, 1.9 M 

dimethylsulfoxide, 0.4 M sucrose, pH 5.80 ± 0.02]. Shoot 
tips were treated with PVS2 on ice (0 °C) for 50 min at 
ambient light conditions in the flow chamber.

Cooling in liquid nitrogen (LN)

Shoot tips were removed from the vial using a sterile glass 
Pasteur pipette (∅ of opening: 2.7–2.8 mm), the pipette’s 
tip was placed on the bottom of the test tube, the shoot tips 
plus the PVS solution were drawn up into the pipette and the 
PVS2 was expelled from the pipette until the five shoot tips 
were contained in approximately 10 µL of PVS2 in the tip 
of the pipette. Shoot tips were placed along with the 10 µL 
PVS2-droplet on a sterile aluminum foil strip (5 × 20 mm) 
which was slightly folded (2–3 mm) at one end. The alu-
minum foil strip was quickly plunged into LN (− 196 °C) 
and transferred under LN into a 1.8 mL cryovial.

Rewarming

After a minimum of 24 h in LN, each aluminum foil strip 
(with five shoot tips) was removed from the cryovial and 
plunged into a sterile 8.0 mL screw cap test tube contain-
ing 4.0 mL room temperature filter-sterilized RS (liquid MS 
medium, 0.0–1.2 M of sucrose, pH 5.80 ± 0.02). RS was sup-
plemented with five different sucrose concentrations: 0.0 M, 
0.3 M, 0.6 M, 0.9 M, and 1.2 M (control treatment). The RS 
sucrose concentration of 1.2 M was routinely used at CIP for 
more than 10 years (Panta et al. 2015; Vollmer et al. 2017). 
Shoot tips were rewarmed in rewarming solution (RS) for 
20 min at room temperature (20–24 °C) under ambient light 
conditions (20–30 µmol m−2 s−1). Shoot tips were removed 
from the test tubes with a Pasteur pipette and placed for 
60–120 s on a sterile filter paper (1 × 1 cm) supported on 
sterile bond papers to wick away excess RS.

Recovery

Shoot tips were dispersed on a larger filter paper (2.5 × 2 cm) 
in a Petri dish containing Potato Recovery Medium I (PRM-
I) (MS medium, 0.4 mg L−1 kinetin, 0.1 mg  L−1 gibber-
ellic acid, 20  mL  L−1 coconut water [Sigma C5915], 
102.6 g  L−1 sucrose [= 0.3 M], 2.8 g  L−1 Phytagel™, pH 
5.60 ± 0.02). Three filter papers, each containing five shoot 
tips were placed in each Petri dish. Shoot tips were incu-
bated on PRM-I for 3 days in darkness at 18–22 °C fol-
lowed by culturing on Potato Recovery Medium II (PRM-II) 
and III (PRM-III), for 3 days on each media (in darkness at 
18–22 °C). PRM-II and PRM-III contained the same compo-
sition as PRM-I, but with lower sucrose levels of 68.4 g  L−1 
[= 0.2 M] and 34.2 g  L−1 [= 0.1 M], respectively.

During culturing on PRM-I to PRM-III, shoot tips 
were supported on filter papers and transferred together to 
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avoid damage to the shoot tips. After 9 days in darkness, 
shoot tips were removed from the filter paper and placed 
directly onto the culture medium with the same composition 
as PRM-I, except with 25.0 g  L−1 [= 0.07 M] of sucrose 
(PRM-IV), and incubated for 4 days under diffuse light at 
18–22 °C with a 16 h/8h photoperiod followed by normal 
light conditions (80–100 µmol m−2 s−1). After 30 days, sur-
viving shoot tips were transferred individually onto fresh 
PRM-IV in 13 × 100 mm test tubes. Recovered samples 
without root formation were cut slightly at the base before 
transferring.

Viability assessment

Viability was assessed 60 days after rewarming. A shoot tip 
was classified as recovered, if it had developed into a complete 
and morphologically normal looking in vitro plant (elongated 
stem, functional apex, leaves, and roots). Shoot tips that devel-
oped into deformed plants showing only leaf formation or had 
signs of hyper-hydration (vitrification) were classified as sur-
vived, but not recovered.

Data analysis

Survival and recovery data were expressed as a percentage 
of the total assayed shoot tips. The experiment with the 16 
potato accessions was repeated three times with sample sizes 
of n = 15 and n = 10 shoot tips per genotype for cooled (+ LN), 
and control samples (− LN), respectively. The screening 
experiment (85 accessions) was repeated only one time, the 
three independent petri dishes (n = 5) assigned to each treat-
ment of each accession were used for statistical analysis. The 
Anderson–Darling normality test showed p-values of < 0.005 
for the survival (SR) and recovery rates (RR). Medians were 
analyzed with the Kruskal–Wallis (K–W) multiple compari-
son test (p < 0.05), a nonparametric test applicable to small 
sample sizes (Bewick et al. 2004). The tables show the aver-
age SR and RR values with standard error, but the statistical 
analysis was performed on the median values of SR and RR. 
Statistical analysis and graphical presentation was done with 
MINITAB 17.3.1 and Microsoft Excel 2010 software (Version 
14.0.4760.1).

Literature review on RS sucrose concentration

A set of 11 publications on droplet cryopreservation of 
potato shoot tips has been reviewed and classified by protocol 
steps, genotypes/taxa, recovery rates and assessment criteria 
(Table 1).

Results and discussion

A preliminary review of the literature on cryopreservation 
of different plant species using the droplet-vitrification 
method showed that most experiments traditionally used 
a RS containing a 1.2 M sucrose concentration for unload-
ing (~ 70% of the reviewed publications used a 1.2 M RS 
sucrose concentration). Specifically, for potato, 11 publi-
cations reported four different sucrose concentrations for 
unloading in RS: 0.09 M, 0.8 M, 1.0 M and 1.2 M. As all 
steps of a protocol can influence directly or indirectly the 
efflux of CPAs (unloading efficiency) and influx of water 
(osmotic stress), a detailed comparison of the methodolo-
gies reported was warranted (Table 1).

The age of the in vitro plantlets used for shoot tips 
excision varied from 2 to 7 weeks and the shoot tip size 
from 1 to 4 mm. The intracellular water and ion content 
of shoot tips coming from older and younger plants may 
vary, consequently the intrinsic osmotic potential could 
be different, affecting the influx of water during unload-
ing. In larger shoot tips (2–4 mm) unloaded CPAs and 
incoming water may need to move longer distances than 
in shorter shoot tips (1–2 mm). Further, cold harden-
ing and pre-culture steps can significantly influence the 
intracellular water content of potato shoot tips as shown 
by Folgado et al. (2015). Pre-culture and cold-harden-
ing times, as well as pre-culture sucrose concentrations 
(0.09–0.7 M), varied considerably between the reviewed 
protocols. As the potato genotypes were treated with 
different cryoprotectant agents, it makes sense that RS 
sucrose concentrations may also need to be varied. For 
example, unloading of DMSO may, or may not, require 
different RS sucrose concentrations and unloading times 
than PVS2 (Kryszczu et al. 2006; Schäfer-Menuhr et al. 
1997; Kaczmarczyk et al. 2008). Additionally, the condi-
tions of recovery (light vs. darkness) and the composi-
tion and sucrose concentration of the recovery media may 
cause different post-unloading stresses as the differential 
of sucrose concentrations between RS and recovery media 
may affect water influx during recovery. Finally, different 
response variables were used for the assessment in the 
reviewed publications. Some authors reported complete 
plant recovery (Schäfer-Menuhr et al. 1997; Vollmer et al. 
2017), while others reported only survival (swollen shoot 
tips of > 3 mm) or shoot formation (Kim et al. 2006; Panta 
et al. 2015).

On a smaller scale, the effect of RS sucrose concentra-
tion and unloading times was previously assessed by Kim 
et al. (2006) where an assessment of a combination of 
unloading times (10, 30, 60 min) and sucrose concentra-
tions (0.3 M, 0.8 M, and 1.2 M) was done using two potato 
varieties, var. ‘Dejima’ (S. tuberosum) and ‘STN13’ (S. 
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stenotomum subspecies stenotomum). The best unload-
ing time and sucrose concentration based on these two 
varieties (30  min exposure to 0.8  M sucrose RS) was 
tested on a set of 12 genotypes (belonging to 4 taxa). The 
reported survival rates ranged from 64 to 94% (+ LN). 
Consequently, it may be possible that the unloading time 
in the present study of 20 min is not long enough to per-
mit complete unloading of the cryoprotection solution 
(PVS2) or that transferring to a new RS solution (wash-
ing) is required.

Towill and Bonnart (2003) reported that cracking of 
external glass during warming did not result in a decrease 
of viability. Based on their results, it seems that the critical 
steps for successful and fast rewarming are not related to 
devitrification or thawing, but maybe influenced by a subse-
quent efflux of CPAs and influx of water into the shoot tips.

In the present study, the initial experiment with 16 potato 
accessions showed for the non-frozen samples (− LN) a sig-
nificantly higher median of RR with a RS sucrose concentra-
tion of 0.6M (means: 92.9% [− LN], 86.3%[+ LN]), com-
pared to the 0.0 M RS-sucrose concentration (means: 83.0% 
[− LN], 66.5% [+ LN]). This small set of accessions (16) 
showed no significant differences between RR medians for 
RS in the remaining sucrose concentrations 0.3 M, 0.6 M, 
0.9 M, and the routinely utilized 1.2 M (means: 81.1–86.8%) 
(Table 2).

The data was evaluated to determine if genotype played 
a role in recovery rates. CIP 705458 (S. stenotomum subsp. 
goniocalyx) (mean RR: 93.8%) showed a significantly higher 
median RR (+ LN) than CIP 702353, CIP 704047, and CIP 
706825 (S. stenotomum subsp. goniocalyx, S. × chaucha, 
and S. phureja, respectively) (means of RR: 64.9–69.8%). 
Interestingly, when the data was pooled across all genotypes, 
cryopreserved shoot tips showed a low differential of 4.5% 
between the average SR (85.5%) and RR (81.0%) (Table 2). 
Three different patterns were observed among the genotypes 
which included: (I) six accessions (CIP 701611, CIP 702152, 
CIP 702439, CIP 704061, CIP 704087 and CIP 704043) had 

stable RRs (+ LN), independent of the RS sucrose concen-
tration (0.0 M–1.2 M), (II) five accessions (CIP 702190, CIP 
704052, CIP 705569, CIP 705458 and CIP 706250) showed 
lower RRs when sucrose was removed completely from RS 
(0.0 M), (III) five accessions (CIP 701561, CIP 702353, 
CIP 704541, CIP 704047 and CIP 706825) showed a higher 
RR with one of the intermediate RS sucrose concentrations 
(0.3 M, 0.6 M, or 0.9 M) (Fig. 1).

Somewhat surprising, complete removal of sucrose 
from RS (0.0 M) resulted in an acceptable RR range of 
46.7–86.7% (Fig. 1). This suggests genotype is an important 
factor that should be considered in response rates and further 
species and ploidy level do not seem to play a role in RR.

The results from this initial experiment, were expanded 
to a set of 85 diverse potato accessions, to determine if the 
RS sucrose concentration can be reduced to 0.3 M, 0.6 M, or 
0.9 M. RS sucrose concentrations of 0.3–0.9 M resulted in 
significantly higher medians of the RR (means: 55.2–61.1%) 
compared to the 0.0 M and 1.2 M RS-sucrose concentrations 
(RRs: 36.4–43.9%) (Table 3), suggesting that RR is affected 
by the RS concentration employed.

No statistical differences were observed between the ana-
lyzed species/subspecies for the analysis of the decrease of 
the average recovery rate under osmotic stress conditions 
(0.0 M and 1.2 M sucrose in RS) in relation to the best bet 
RS sucrose concentration of 0.6 M. Although statistically 
non-significant, the S. phureja accessions showed a relative 
decrease of 16.6% [absolute RR: 36.7%] in its average RR 
with a RS sucrose concentration of 1.2 M, compared to a rel-
ative decrease of 59.1% [absolute RR: 18%] when rewarmed 
in RS without sucrose (0.0 M). S. xchaucha showed a nearly 
3-time higher relative decrease of 46.2% in RR for the same 
comparison (Table 3, right column). In general, no clear 
correlation between species/subspecies and its response to 
increased osmotically stressful RS sucrose concentrations 
(0.0 M or 1.2 M) was observed.

Potato genotypes belonging to the same species/subspe-
cies, show a variable response to the assessed RS sucrose 

Table 2  Cumulative average 
survival and recovery rates 
of 16 potato accessions 
cryopreserved with the PVS2-
droplet method and rewarmed 
in rewarming solution (RS) 
with five different sucrose 
concentrations (0.0 M, 0.3 M, 
0.6 M, 0.9 M, and 1.2 M)

Different letters indicate significant differences between treatments based on the Kruskal–Wallis multiple 
comparison test for the median values (p < 0.05)
SR survival rate; RR recovery rate; SE standard error; −LN control treatment, without exposure to liquid 
nitrogen; +LN shoot tips frozen in liquid nitrogen

RS sucrose concentration −LN +LN

SR (%) ± SE RR (%) ± SE SR (%) ± SE RR (%) ± SE

0.0 M 88.3y ± 3.0 83.0y ± 3.2 74.6b ± 2.7 66.5b ± 3.3
0.3 M 94.4x ± 1.4 90.0x,y ± 1.9 88.3a ± 2.1 84.2a ± 2.1
0.6 M 95.4x ± 1.2 92.9x ± 1.6 89.1a ± 1.7 86.3a ± 1.8
0.9 M 93.9x ± 1.2 88.5x,y ± 1.9 90.7a ± 1.6 86.8a ± 1.8
1.2 M (control) 92.7x,y ± 1.4 88.6x,y ± 1.7 84.7a,b ± 2.7 81.1a ± 2.8
Mean 92.5 ± 0.8 88.2±0.8 85.5 ± 1.3 81.0 ± 1.4
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concentrations suggesting that it is likely genotype specific 
response. As an example, the accessions from S. tubero-
sum subsp. andigenum and S. xchaucha include both acces-
sions that were sensitive (IDs 1, 2, 7, and 19) and tolerant 
to 0.0 M (IDs 33, 34, 35, and 47) (Fig. 2). Similar results 
can be observed for other taxa. This led to the notion, that 
within the different potato taxa specific accessions are more 
tolerant to stresses during unloading with RS than others. It 
is assumed that water content of the cells before cryopro-
tection, influx and efflux capacity of cryoprotectant agents 
(CPAs) and water, and sensitivity to CPAs’ toxicity and 
osmotic stress, vary greatly between genotypes of the same 
species/subspecies. Further, it might be possible that homol-
ogous groups of genes, that are present in specific accessions 
of different taxa, are strongly involved in the loading/unload-
ing process of CPAs and/or control of influx/efflux of water 
(osmotic stress).

An analysis of the 85 screened accessions showed that 
66 of the 85 accessions had the highest RR with a RS 
sucrose concentration of 0.6 M (42 genotypes) or 0.9 M (24 
genotypes). In contrast, removal of sucrose from RS still 
resulted in a recovery rate of 30% or higher in 44 of 85 

accessions. The minimum acceptable recovery standard used 
at CIP is a RR of 30% (Vollmer et al. 2015). Six genotypes 
(CIP 703288, CIP 703314, CIP 703762, CIP 703952, CIP 
706845, and CIP 707336) showed RRs of 80–100% when 
sucrose was completely removed from RS (0.0 M); five of 
them belong to S. stenotomum subsp. stenotomum. Nine of 
the 85 genotypes showed a RR of 80% or higher for a RS 
sucrose concentration of 1.2 M (CIP 701531, CIP 703520, 
CIP 703709, CIP 704501, CIP 704767, CIP 705352, CIP 
705575, CIP 706213, and CIP 706764). These nine acces-
sions belong to six taxa: S. tuberosum subsp. andigenum 
(4), S. xchaucha (1), S. stenotomum subsp. stenotomum (1), 
S. stenotomum subsp. goniocalyx (1), S. xajanhuiri (1), and 
S. phureja (1) (Fig. 2), again suggesting little correlation of 
taxa with RR in their response to sucrose levels in the RS.

Seventy-seven of 85 accessions were classified based on 
their response to the maximum and minimum RS sucrose 
concentrations (0.0 and 1.2 M), as well as, to their toler-
ance along the complete range of tested concentrations. 
The accessions were ordered and classified in four groups: 
(a) accessions sensitive to RS sucrose concentration of 
0.0 M (IDs 1–24), (b) accessions sensitive to a RS sucrose 

Fig. 1  Recovery rates (+ LN) of 16 potato accessions cryopreserved 
with the PVS2-droplet method and rewarmed in rewarming solution 
(RS) with five different sucrose concentrations (0.0 M, 0.3 M, 0.6 M, 
0.9 M and 1.2 M). The standard error for each sucrose concentration 

is indicated by bars. ADG: S. tuberosum subsp. andigenum, STN: S. 
stenotomum subsp. stenotomum, GON: S. stenotomum subsp. gonio-
calyx, CHA: S. × chaucha, PHU: S. phureja 
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concentration of 1.2 M (IDs 25–33), (c) accessions toler-
ant along the whole range of tested RS sucrose concentra-
tions (IDs 34–70), (d) accessions sensitive to RS sucrose 
concentrations of 0.0 M and 1.2 M (IDs 71–75) (Fig. 2). 
The remaining eight of 85 accessions could not clearly be 
assigned to one of these four groups.

The best bet RS sucrose concentration of 0.6 M showed a 
significantly higher RR (72.9–75.9%) in S. tuberosum subsp. 
andigenum and S. xchaucha accessions than the S. phureja 
accessions (44.0%). It was decided to use the term “best 
bet” instead of “optimum”, as the real optimum RS sucrose 
concentration will not exactly coincide with the here tested 
RS sucrose concentrations (e.g. no results are available for 
0.5 M or 0.7 M of RS sucrose concentration). For the experi-
ment with the 85 accessions the highest average RR (61%, 
Table 3) was observed with a RS sucrose concentration of 
0.6 M (“best bet”).

Nevertheless, based on the knowledge of the authors, the 
present study reports for the first time the assessment of a 

diverse set of 101 potato genotypes (16 acc. + 85 acc.) over a 
wide range of RS sucrose concentrations (0.0 M, 0.3 M, 0.6 M, 
0.9 M, 1.2 M). The results of this study showed, that complete 
removal of sucrose (0.0 M), as well as, high RS sucrose con-
centration (1.2 M) significantly reduces the RR of cryopre-
served potato accessions. It was noted that the use of 1.2 M 
sucrose in RS is used as a standard concentration for many 
species and genotypes.

We postulate that cryopreserved potato clones show a 
highly genotype specific response to RS sucrose concentra-
tion during rewarming. Experimental results obtained with 
a limited number of accessions (16) should not be general-
ized for larger population sizes or collections (as is frequently 
done) because it does not always reflect the whole story as 
seen here. It would be interesting to perform similar experi-
ments with species other than potato, to study the extent the 
most frequently reported RS sucrose concentration of 1.2 M 
can be optimized.

Fig. 2  Complete plant recovery rate (%) of 75 of 85 assessed potato 
landraces (larger subset), cryopreserved with the PVS2-droplet vit-
rfication method and rewarmed in rewarming solution (RS) with 
five different sucrose concentrations (0.0  M, 0.3  M, 0.6  M, 0.9  M, 
and 1.2  M). The acessions were classified by it tolerance to RS 
sucrose concentration (see text). The header of each bargraph shows 
the following information: a ID (1–75), b accession number (CIP 

XXXXXX), c species/subspecies identifier (ADG: S. tuberosum 
subsp. andigenum, TBR: S. tuberosum subsp. tuberosum, STN: S. 
stenotomum subsp. stenotomum, GON: S. stenotomum subsp. gonio-
calyx, PHU: S. phureja, AJH: S. xajanhuiri, CHA: S. xchaucha, CUR: 
S. curtilobum, JUZ: S. xjuzepczukii), d “m-c” if the accession forms 
part of CIP’s mini-core collection
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Conclusions

In an experiment with 16 clonal potato accessions, the use 
of RS sucrose concentrations of 0.6 M and 0.9 M showed 
on average ~ 5% higher recovery rate, compared to the 
routinely used 1.2 M sucrose concentration, suggesting 
that sucrose can be decreased in RS. A screening experi-
ment with a set of 85 genetically diverse potato accessions 
confirmed this suggestion, and sucrose concentrations of 
0.3–0.9 M resulted in significantly higher recovery rates 
compared to the routinely used 1.2 M sucrose concen-
tration. The genotypic specific response to low (0.0 M) 
and high RS sucrose concentrations (1.2 M) was variable 
within species/subspecies and ploidy levels. Interestingly, 
some genotypes showed high recovery rates of ≥80% even 
when sucrose was completely removed from the RS.

In general, the highest recovery was observed with a RS 
sucrose concentration of 0.6 M (“best bet”), and therefore 
CIP’s routine cryopreservation protocol for potato has been 
changed accordingly (from 1.2 M to 0.6 M RS sucrose con-
centration). We recommend being cautious in generalizing 
experimental cryopreservation results obtained with a lim-
ited number of accessions to larger collections.
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