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Abstract
Gentiana kurroo Royle, a critically endangered medicinal plant species of India is conserved as in vitro slow growing cul-
tures in the In Vitro Genebank (IVGB) at ICAR-National Bureau of Plant Genetic Resources (NBPGR), New Delhi, India. 
Shoot tips (about 1 mm in length) excised from 8-weeks-old stock cultures subjected to cold hardening for four weeks at 
8 °C (dark) were precultured on Murashige and Skoog (MS) medium supplemented with 5% Dimethylsulfoxide (DMSO) 
at 8 °C (dark) for two days. Thereafter, shoot tips were dehydrated with PVS2 solution (30 min) at 0 °C and cryopreserved 
using conventional vitrification (V) and droplet-vitrification (DV) techniques. Average post-thaw regeneration after 4 weeks 
was ~ 35% by V technique and ~ 60% by DV in all the three accessions tested. Genetic stability assessment on the basis of 40 
Inter Simple Sequence Repeats and 30 Expressed Sequence Tagged-Simple Sequence Repeats markers revealed no variation 
between in vitro-cryopreserved plants and controls, in any of the genotypes. Thus, standardized DV method has the potential 
for long-term conservation of germplasm of G. kurroo and the three accessions are now safely cryobanked at ICAR-NBPGR.

Key message 
Gentiana kurroo is a critically endangered medicinal plant endemic to North-western Himalayas, India. A protocol to cryo-
preserve in vitro shoot-tips was developed using droplet vitrification technique with high recovery rates and genetically stable 
regnerants. The protocol is being applied for cryobanking of Gentiana germplasm at ICAR-NBPGR.
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Gentiana kurroo Royle, is a critically endangered medici-
nal plant species endemic to North-western Himalayas (Ved 
et al. 2015). In fact, in the region of Kashmir Himalayas 
(Dachigam National Park, Kashmir, India), a wild population 
was discovered growing after about six decades of reported 
local extinction (Khuroo et al. 2005). Since ancient times 
the roots and rhizomes of the plant have been used in indig-
enous system of medicine in India. Medicinal value of the 
plant has been scientifically validated and attributed to pres-
ence of glycosides and alkaloids in the roots and rhizomes 
(Skinder et al. 2017). Though the plant produces a large 
number of seeds (if allowed to produce), there is no report 
on its domestication/cultivation owing to poor germination 
and seedling establishment (Tomar et al. 2012). Further, the 
roots and rhizomes at specific age are collected for trade 
due to which seed formation and vegetative propagation gets 
adversely affected. Hence, in vitro clonal conservation was 
prioritized for this species (Pence, 1999). So far, out of ~ 400 
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species of gentian, protocols for cryopreservation have been 
developed for seven species using (1) cell suspensions in 
G. tibetica (Mikula 2006; Mikula et al. 2008), G. cruciata 
(Mikula et al. 2005, 2008, 2011a), G. kurroo (Mikula et al. 
2006, 2011b); (2) axillary buds of G. scabra (Suzuki et al. 
1998); (3) shoot meristems of G. scabra, G. trifora, G. tri-
fora × G. scabra and G. pneumonanthe (Tanaka et al. 2004); 
(4) hairy root tips of G. macrophylla (Xue et al. 2008) and 
(5) somatic embryos of G. tibetica and G. cruciata (Mikula 
et al. 2015). In spite of these reports, Mikula et al. (2015) 
observed that practical application for conservation of 
diverse germplasm still requires improvement in members of 
family Gentianaceae. Hence, in this study, cryopreservation 
of an organized tissue (shoot tips) in three accessions of G. 
kurroo was attempted using two different techniques namely, 
conventional vitrification (V) and droplet-vitrifcation (DV). 
We also assessed genetic stability of cryopreserved shoot 
tips using Inter Simple Sequence Repeats (ISSR) and Simple 
Sequence Repeats (SSR) markers.

Three genotypes of G. kurroo (IC266697, IC554589 and 
IC612563; referred as GK1, GK2, and GK3, respectively) 
maintained in the In Vitro Genebank at ICAR-National 
Bureau of Plant Genetic Resources (NBPGR), New Delhi, 
India, were used as source material. Stock cultures were 
multiplied on MS medium (Murashige and Skoog 1962) 
supplemented with 8.9 µM 6-benzyladenine (BA) (Sigma-
Aldrich®, St. Louis, MO) and 1.1 µM 1-naphthalene acetic 
acid (NAA) (Sigma-Aldrich®), 3% (w/v, 0.08 M) sucrose 
(Hi-Media®, Mumbai, India), 0.8% (w/v) bacteriological 
agar (Hi-Media®) at pH 5.8, henceforth, referred as shoot 
multiplication (SM) medium (Sharma et al. 1993). Cultures 
were maintained at 25 ± 2 °C under standard culture room 
conditions (SCC), a 16 h photoperiod with light intensity 
of 40 μEm−2 s−1, provided by 40 W cool-white fluorescent 
tubes (Philips, Mumbai, India). Detailed experiments on 
standardization of V and DV techniques were carried out 
on genotype GK1. Preliminary trials were conducted to 
standardize preconditioning, pregrowth medium and Plant 
Vitrification Solution 2 [PVS2 − 0.4 M sucrose, 30% (w/v) 
glycerol, 15% (w/v) ethylene glycol and 15% (w/v)] dehydra-
tion using V technique. Preconditioning was done by cold 
hardening the 4-weeks-old stock cultures at 8 °C in dark for 
four weeks using following media – (1) SM medium, (2) 
SM medium supplemented with high sucrose (6% or 9%) 
and (3) SM medium with modified nitrate concentrations 
(1/2, 1/4, 3/4 and 1.5 times). Cultures grown on SM medium 
and incubated under SCC conditions for 8 weeks (non cold-
hardening) served as control. For all the experiments (both 
V and DV), excised shoot tips were precultured on MS + 5% 
DMSO (Sigma-Aldrich®) at 8˚C (dark) for 2 days.

For V technique, precultured shoot tips were dehydrated 
in 2.0 ml cryovials (Thermo Fisher Scientific®, Roskilde, 
Denmark) containing pre-chilled 1.0 ml PVS2 at 0 °C for 

0, 10, 20, 30 and 40 min. After the desired period in PVS2, 
cryovials were quickly plunged into liquid nitrogen (LN) 
in a Dewar flask and retained for at least 1 h. For thawing, 
cryovials were plunged in warm water at 45 °C for 2 min 
with constant stirring, followed by 1 min at 25 °C. After 
thawing, PVS2 solution was quickly removed and shoot tips 
were rinsed five times with unloading solution (US; 1.2 M 
sucrose in liquid MS medium; pH 5.8) over 20 min period. 
Thereafter, shoot tips were placed on sterile dry filter papers 
over SM medium held in Petri dishes. For DV technique, 
precultured shoot tips were dehydrated for 30 min in pre-
chilled PVS2 at 0 °C in cryovials. About 5 µL droplet of 
PVS2 solution was placed on a strip of sterile aluminium 
foil (20 × 5 mm) held in a sterile Petri plate and 10 explants 
were placed in each drop (2 min before the end of the PVS2 
exposure time). Following PVS2 dehydration, aluminium 
foil strips with shoot tips were directly plunged into LN and 
immediately placed into sterile cryovials (2 ml) filled with 
LN in a Dewar flask for at least 1 h. For thawing, the alu-
minium foils were rinsed in 10 ml US for 20 min at 25 °C 
(Sharma et al. 2017). In both V and DV, shoot tips treated 
with PVS2 (cryoprotected but non-frozen) and rinsed with 
US for 20 min at 25 °C served as controls. After incubation 
in dark for a week, cultures were transferred to SCC, on 
fresh SM medium. The experiments were repeated at least 
three times. Survival was assessed by visual examination as 
the ability of shoot tips to turn green and initiate sprouting 
within 10 days and regrowth by scoring the number of shoot 
tips that had formed normal shoots 4 weeks after plating. 
After 8 weeks, growing shoot tips were transferred to SM 
medium in culture tubes (Qualigens Fine Chemicals Pvt., 
Ltd., Mumbai, India) (150 mm × 25 mm). Results are pre-
sented as means (%) ± standard error of means. Statistical 
difference between mean values was assessed using Analy-
sis of Variance (ANOVA) and Duncan’s multiple range 
test (p ≤ 0.05). Prior to analysis, the original percentage 
data were arcsin transformed to satisfy the prerequisites of 
ANOVA.

Genetic stability of cryopreserved plants of the three 
genotypes was assessed by Inter Simple Sequence Repeats 
(ISSR) and Expressed Sequence Tagged-Simple Sequence 
Repeats (EST-SSR) marker systems. Three randomly 
selected plants each of the in vitro multiplied plants (tis-
sue culture controls), cryopreservation control plants, 
plants obtained after post-thaw regrowth after V and plants 
obtained after post-thaw regrowth after DV were compared 
in each of the three accessions. Total genomic DNA was 
isolated from fresh, young leaf samples using the CTAB 
method of DNA isolation (Doyle and Doyle 1987). Iso-
lated DNA was quantified using NanoDrop 1000 (Thermo 
Fisher Scientific™, USA) and diluted to 40 ng/μL for further 
analysis. A total of 40 ISSR primers (UBC Series) were 
tested for PCR amplification in a thermal cycler (Gene Pro, 
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Hangzhou Bioer Technology Co., China). A 10 μL reac-
tion mixture was set up for each primer using 1U Taq DNA 
Polymerase (Vivantis Technologies, Malaysia). The thermal 
profile was programmed as: initial denaturation at 94 °C for 
2 min, followed by 37 cycles of denaturation at 94 °C (10 s), 
primer annealing Tm varying as per primer (30 s) and primer 
extension at 72 °C (65 s) and a final extension at 72 °C for 
10 min. The EST-SSR based analysis was carried out using 
30 in silico derived EST-SSR primers (unpublished data). 
PCR reactions were set up similar to the ISSR reactions 
and amplification profile was programmed as follows: initial 
denaturation at 94 °C for 5 min, followed by 40 cycles of 
denaturation at 94 °C (1 min), primer annealing Tm varying 
as per primer (30 s) and primer extension at 72 °C (1 min) 
and a final extension at 72 °C for 10 min. The amplification 
products were resolved on ethidium bromide stained 2% and 
3% agarose gel in 1 × TAE buffer for ISSR and EST-SSR 
markers, respectively, and visualized under UV light. Pair-
wise similarity among the analyzed samples was estimated 
based on Jaccard’s similarity coefficient (Jaccard 1908) and 
cluster analyses were performed based on the generated sim-
ilarity matrices by the unweighted pair group method with 
arithmetic mean (UPGMA) using the NTSYS-PC version 
2.0 (Rohlf 1998) software package.

In the present study using V technique, irrespective of 
cold hardening and PVS2 dehydration duration, the non-
frozen controls (but PVS2 treated) exhibited 100% survival 
and regrowth (data not presented), indicating ability of shoot 
tips to tolerate PVS2 dehydration. As shown in Fig. 1a, shoot 
tips excised from non-cold hardened cultures either did not 
survive (in 0 or 40 min PVS2 treatment) or showed very low 
survival (~ 10%) when subjected to 10–30 min PVS2 dehy-
dration, and failed to form shoots after LN freezing. Shoot 
tips excised from cold-hardened cultures led to significant 
increase in post-thaw regrowth (8–40%). Cold hardening 
of in vitro grown cultures (often called preconditioning or 
pregrowth) or shoot tips (often called preculture) has been 
reported to be an important factor for successful cryopreser-
vation in several cold hardy plants such as apple, birch, pear, 
kiwifruit, mulberry, Prunus and Rubus (Suzuki et al. 2005). 
Cold hardening has a tendency to stimulate an intrinsic toler-
ance to low temperature and desiccation by activating genes 
responsible for cold stress (Takagi 2000). In various Gen-
tiana spp. cold hardening has significantly increased sur-
vival and regrowth, with optimal duration (10–50 days) and 
temperature (5–15 °C) varying with species and technique 
of cryopreservation employed (Kikuchi and Yashiro 1995; 
Tanaka et al. 2004). Our results also confirm the impor-
tance of cold hardening to enhance post-thaw survival and 
regrowth, as non-cold hardened cultures failed to tolerate 
LN freezing. It is also important to study the effect of PVS2 
dehydration period, as it determines the level of cell dehy-
dration and the amount of PVS2 permeating the cells. In the 

present study, survival and regrowth increased with increase 
in PVS2 dehydration time (Fig. 1a) and was highest when 
shoot tips were dehydrated for 30 min (c. 43% survival and 
c. 40% regrowth), then slightly decreasing with further expo-
sure to 40 min (c. 38% survival and regrowth). No shoot tips 
survived cryopreservation without PVS2 treatment. Thus, 
the experiment clearly indicated that PVS2 dehydration for 
30 min resulted in optimum recovery after 4-weeks cold 
acclimation (at 8 °C in dark) of cultures pregrown on SM 
medium. The next set of experiments was aimed at optimiz-
ing pregrowth medium for best post-thaw recovery. In almost 
all treatments (6% and 9% sucrose), the shoot tips survived 
(80–100%) and exhibited normal growth in non-frozen con-
trols. In contrast, only 40% post-thaw survival and ~ 18% 
regrowth using 6% sucrose, ~ 20% survival without recov-
ery growth using 9% sucrose, whereas ~ 40% survival and 
regrowth was observed using 3% sucrose. The effect of 
modifying (lowering or increasing) nitrate in MS medium 
(by using 1/4, 1/2, 3/4 and 1 × 1/2 nitrate) resulted in reduc-
tion in post-thaw recovery compared to pregrowth on SM 

Fig. 1   a Effect of cold hardening and PVS2 dehydration duration on 
post-thaw survival and regrowth of shoot tips of Gentiana kurroo 
(genotype GK1); NC not cold hardened and C cold hardened cul-
tures. b Comparison of efficacy of conventional vitrification (V) and 
droplet-vitrification (DV) techniques in three genotypes (GK1, GK2 
and GK3). Error bars represent standard errors. Bars marked by the 
same letter are not significantly different for survival (upper case) and 
regrowth (lower case) according to Duncan’s Multiple Range Test
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medium with 3% sucrose (data not given). It is, therefore, 
concluded that inclusion of higher concentration of sucrose 
(6% and 9%) and modification in nitrate concentration in the 
pregrowth medium was not beneficial in improving post-
thaw survival and regrowth.

Since first reported for sweet potato shoot tips (Penny-
cooke and Towill 2000), the DV technique has been suc-
cessfully applied to a large number of plant species owing 
to high post-thaw recovery and being adopted for long-term 
conservation of many crops in the cryobanks across the 
world (Panis 2019; Wang et al. 2020). However, there are no 
publications regarding its implementation in Gentiana spp. 
Hence, an attempt was made to compare shoot tips cryo-
preservation of G. kurroo using V and DV techniques, in 
three genotypes. Using DV technique, significant improve-
ment in post-thaw survival (c. 65%) as well as regrowth (c. 
60%), as compared to V was observed (~ 35% regrowth) in all 
the three genotypes (Fig. 1b). Secondly, there was compara-
tively less variation between replicates in terms of regrowth 
within a genotype and among the genotypes using DV. The 
major difference between these two techniques is freezing 
rate/cooling rate. The cooling rate in DV is about 130 °C s−1 
is faster than that for V of about 6 °C s−1, therefore facili-
tating rapid transition of intracellular water from a liquid 
state to a glassy state while decreasing water crystallization 
(Towill and Bonnart 2003). These results are in conformity 
with publications in many plant species including those from 
our laboratory (Agrawal et al. 2004). Genotype-to-genotype 

variation with respect to success of any protocol and post-
thaw recovery are well documented in Gentiana species 
(Tanaka et al. 2004) and other species (Agrawal et al. 2008; 
Sharma et al. 2017). In contrast, similar regrowth of cryo-
preserved shoot tips across genotypes in the present study 
was observed. Regrowth of cryopreserved shoot tips without 
transitory callus (Fig. 2a–c) is significant as it is indicative 
of low risk of genetic instability. After 2–3 weeks, multiple 
shoots were formed which could be transferred to fresh SM 
medium (Fig. 2d). Profuse rooting was also observed.

Genetic stability of plants regenerated from cryopre-
served shoot tips using both V and DV techniques was 
confirmed by molecular analysis using 40 ISSR and 30 
EST-SSR markers in all the three genotypes. Representa-
tive banding profiles of plantlets derived from cryopreserved 
shoot tips using ISSR and EST-SSR primers are depicted in 
Fig. 2e, f, respectively. Out of the 40 ISSR markers tested, 
18 primers (45%) amplified in all the three genotypes, while 
19 out of the 30 EST-SSR markers gave scorable amplifi-
cation (63.33%). A UPGMA based dendrogram based on 
Jaccard’s similarity co-efficient generated for each genotype 
and marker system separately, depicted high levels of genetic 
similarity between plants of the same accession. Further, no 
significant variation was observed among the controls and 
plants regenerated from cryopreserved shoot tips at any of 
the tested marker loci, in all the three genotypes. Hence, it 
can be concluded that all the in vitro propagated plantlets 
were genetically similar to their respective mother plants. 

Fig. 2   a–c Comparison of efficacy of conventional vitrification (V) 
and droplet-vitrification (DV) techniques in genotype GK1 of Genti-
ana kurroo (3 weeks after plating). a Control (PVS2 dehydration and 
non-frozen). b Post-thaw regrowth of cryopreserved shoot tips using 
V technique. c Post-thaw regrowth of cryopreserved shoot tips using 
DV technique. d Applicability of DV protocol for  cryopreservation 

of shoot tips in three genotypes of G. kurroo. e, f Representative gel 
image of amplification of three genotypes with e EST–SSR primer 
G14. f ISSR primer IS-10, Lane L: 100  bp DNA marker (L). TCC 
tissue culture control,—represents control (PVS2 dehydration and 
non-frozen), + V conventional vitrification technique, + DV droplet-
vitrification technique
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Flow cytometry showed that cryopreservation did not change 
the genome size of the proembryogenic mass or regenerants 
in Gentiana cruciata, G. tibetica (Mikula et al. 2008) and in 
G. cruciata using AFLP (Mikula et al. 2011a). The results 
of present study regarding confirmation of genetic fidelity in 
cryopreserved plants using ISSR and/or SSR markers are in 
agreement with reports in other plant species such as Bacopa 
monnieri (Sharma et al. 2017), banana (Agrawal et al. 2014), 
Rubus (Reed et al. 2010), wild pear (Condello et al. 2009) 
and wild Solanum lycopersicum (Zevallos et al. 2014).

Until now, cryopreservation has been attempted in seven 
species of Gentiana and in most of the cases unorganized 
tissues (cell suspensions) were used as explants. In general, 
use of these tissues as explants has few practical difficul-
ties viz., difficult to develop, maintain and handle, require 
longer period like 2–3.5 years in G. cruciata (Mikula et al. 
2011a), 10 years in G. tibetica (Mikula 2006) and 11 years 
in G. cruciata and G. tibetica (Mikula et al. 2008). Suzuki 
et al. (1998) attempted cryopreservation in G. scabra using 
axillary buds, obtained 78–90% of post-thaw survival fol-
lowing air desiccation (exact regrowth percentage is not 
mentioned). Tanaka et al. (2004) reported post-thaw survival 
of 60–76.7% (V) to 80–93.3% (encapsulation-vitrification, 
EV) in G. scabra, 16.7–46.7% (V) to 43.3–83.3% (EV) in G. 
triflora and 40% (V) to 80% (EV) in G. pneumonanthe. In 
both the cases, ~ 70–72 days are required for obtaining shoot 
tips for cryopreservation. In contrast, our protocol requires 
only 58 days, thus shortening the total period by 12–14 days 
with post-thaw regrowth of ~ 60% using DV and ~ 35% using 
V. Thus, the DV protocol standardized here has the potential 
for long-term conservation of germplasm of the critically 
endangered plant, G. kurroo. All the three genotypes of G. 
kurroo (IC266697, IC554589 and IC612563) have been 
safely cryobanked at ICAR-NBPGR, New Delhi, India, 
using the DV technique.
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