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Abstract: Conservation of threatened flora in genetic collections ex situ using in vitro culture and
cryopreservation is receiving an increasing recognition as a complementary strategy to in situ
conservation in natural habitats. The present study is focused on an integrated approach which in-
volves conservation and propagation, emphasizing the usefulness of cryopreservation techniques for
germplasm conservation of streambank lupine (Lupinus rivularis Douglas ex Lindl.), an endangered
species in Canada. This included in vitro seed germination on Murashige and Skoog basal medium
supplemented with 1 µM thidiazuron to induce multiple shoot formation, micropropagation on a
medium with 5 µM benzylaminopurine, and in vitro rooting on medium with 20.0 µM indole-3-
butyric acid. Cryopreservation of seeds and shoot tips of in vitro grown plants was successful with
over 60% seed germination and 62% regrowth of cryopreserved shoot tips, respectively. Plants devel-
oped from cryopreserved seeds had chlorophyll contents in leaves and the growth characteristics
including the development of inflorescence, similar to plants raised from non-cryopreserved seeds.
These results provide further evidence that the combination of micropropagation with cryopreserva-
tion of seeds and vegetative parts may effectively facilitate long-term preservation of L. rivularis and
other endangered species.

Keywords: biobanking; conservation; cryopreservation; endangered species; lupine; micropropaga-
tion

1. Introduction

Lupinus rivularis Dougl. ex. Lindl., or streambank lupine, is a perennial, primar-
ily herbaceous species endemic to Western North America. The plants reach heights of
4–6 dm with lavender flowers that bloom from May until September. The species is found
globally only in a narrow strand along the North American Pacific Coast, from NorthWest-
ern California (USA) to SouthWestern British Columbia (Canada) [1]. In 2002, during the
assessment of the Committee on the Status of Endangered Wildlife in Canada (COSEWIC),
only six populations of L. rivularis were found in Canada: one on Southern Vancouver Is-
land, and five in the lower Fraser Valley with a population size range of one to 100 plants [2].
In 2014, eight populations of the species were confirmed with one to 600 plants [3]. How-
ever, it was alarming that, since the first assessment in 2002, many of the populations
have decreased in flowering plant numbers and areal extent [3]. All Canadian populations
of L. rivularis are at high risk from habitat destruction, herbicide spraying, predation by
slugs, climatic changes, and genetic swamping through hybridization with other lupine
species [2]. In addition, like all other lupines, it runs the risk of being picked for the
beauty of its flowers. Most of the populations of L. rivularis occur on railway beds, dykes,
and along roadsides in private industrial lands where disturbances are regular while
long-term protective measures are difficult to implement [4]. The COSEWIC 2002 report
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contains a strong statement that “the entire species could be eliminated within its Canadian
range with very little effort” [2]. Based on these assessments, streambank lupine was
designated as “Endangered” by COSEWIC and is listed in Schedule 1 of the Species at Risk
Act (SARA) in Canada. In British Columbia, streambank lupine is ranked S1 (critically
imperiled) by the Conservation Data Centre and is on the provincial Red list (BCCDC
2020). The recovery plan for L. rivularis recommends, among other measures, a long-term
protection for extant populations and habitats, addressing knowledge gaps relating to
species’ biology, and clarifying and mitigating threats [3].

Ex situ conservation of threatened species in genetic collections including botanical
gardens, seed banks, DNA banks, in vitro collections and cryobanks is a complemen-
tary strategy to in situ conservation in natural habitats [5,6]. In Vitro propagation and
cryopreservation are being increasingly utilized to support conservation of wild flora
and endangered plant species worldwide [6,7]. In Vitro propagated plants are suitable
for medium-term conservation purposes and to raise plant material for restoration of
dwindling populations of threatened species [8] as demonstrated for Castilleja levisecta
and Cirsium hillii [9,10]. Cryopreservation is the process by which living tissues are con-
served in a viable state in liquid nitrogen (−196 ◦C). Seeds are the preferred option for
cryobanking native plant species due to their natural ability to withstand drying and
the large diversity of genotypes that can be stored in minimal space [11]. Cryopreserva-
tion of in vitro shoot tips or axillary buds help in situations when only few plants remain
alive in nature, seeds are desiccation-sensitive or hard to germinate, and for preserving
elite germplasm [5,12–15]. L. rivularis reproduces primarily by seeds that are listed as
orthodox in the Seed Information Database of Kew Botanical Garden [16] and require
abrasion or decomposition of seed coats for germination to occur [2]. Darris and Young-
Mathews found that lupine seeds have physical dormancy and should be mechanically
scarified or soaked in hot water to enhance germination [17]. In Vitro seed germination
and tissue culture propagation of several lupine species that are used as forage crops have
been reported [18–21]. However, to the best of our knowledge, in vitro propagation and
cryopreservation of L. rivularis has not been documented.

In this study, we describe an effective ex situ conservation approach referred to as the
conservation, propagation and redistribution (CPR) model [10], which combines in vitro
technologies to multiply L. rivularis plants for redistribution projects while the species
gene-pool can be safely cryopreserved for the long-term.

2. Materials and Methods
2.1. Seed Germination In Vitro and Multiple Shoot Induction

Mature seeds of L. rivularis were provided by the Streambank Lupine Recovery Team
in British Columbia, from two consequent years and designated respectively as Seed lots 1
and 2. Seeds were stored at 4 ◦C in the dark for one (Seed lot 2) or two (Seed lot 1) years
before using them for the experiments. Seeds were surface sterilized with 4% commercial
bleach (Clorox®; 5.4% sodium hypochlorite) for 1 h, followed by 20% bleach (Clorox®;
5.4% sodium hypochlorite) for 15 min, and rinsed with autoclaved deionized water four
times, each wash lasting 3 min. Sterile seeds were germinated in Magenta GA7 culture
vessels filled with 50 mL of semisolid culture medium containing MS (Murashige and
Skoog) [22] basal salts and vitamins (PhytoTechnology Laboratories, Kansas City, KS, USA)
with 3% sucrose and 2.2 g L−1 PhytagelTM (Sigma-Aldrich, Oakville, ON, Canada) and the
pH adjusted to 5.7. Medium was autoclaved for 20 min at 121 ◦C and 118 kPa and allowed
to cool in sterile conditions. To stimulate seed germination and induce multiple shoot
formation, various concentrations (0, 1, 5, 10 and 20 µM) of thidiazuron (TDZ; Caisson,
Logan, UT, USA) were added to the basal medium. Cultures were kept in a growth chamber
at 25 ◦C ± 2 ◦C in the dark. Seed germination percentage, percentage of seeds with multiple
shoot formation and the number of shoots developed per germinated seed were recorded
after 35 days of culture. However, most multiple shoots formed from seed lot 2 showed
necrosis and died within a few weeks. Therefore, the number of shoots per germinated seed
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was counted only for seed lot 1. Four replications were used for each treatment and each
replication contained ten seeds. In Vitro shoots developed from seeds were separated and
individually subcultured in Magenta GA7 culture vessels on MS basal medium without
growth regulators.

2.2. Shoot Multiplication In Vitro

One-month-old in vitro shoots, approximately 10 cm in length, developed from seeds
on TDZ-free basal medium were used to prepare the explants for shoot multiplication
experiments. Three types of explants, approximately 1 cm in length, were used: “apical sec-
tions” with an apical shoot tip cut from the top of the plant, “middle stem sections” with
one axillary bud extracted at the level of the 4th node (the middle of the plant height) and
“basal stem sections” with one axillary bud extracted from the bottom of the plant (the last
node). Each explant was placed in individual glass test tube filled with 10 mL of MS basal
medium with 0, 2, 5, 10 or 20 µM 6-benzylaminopurine (BA; PhytoTechnology). Ten indi-
vidual explants of each type were used per treatment. All cultures were kept in a growth
room at 25 ◦C ± 2 ◦C under a 16 h photoperiod provided by cool white fluorescent lamps
(Osram Sylvania Ltd., Mississauga, ON, Canada) at a light intensity of 35–40 µmol m−2s−1.
After 30 days, number of shoots developed per explant and shoot length were recorded.

2.3. In Vitro Rooting and Acclimatization

The effects of indole-3-butyric acid (IBA; PhytoTechnology) was evaluated on four-
week-old shoots from MS basal medium with 5 µM BA, approximately 2 cm in length,
to optimize in vitro root induction. Different concentrations of IBA at 0, 5, 10, 20 and 50 µM
were individually added to the MS basal medium with vitamins, 3% sucrose and 2.2 g L−1

PhytagelTM with pH adjusted to 5.7. A single shoot was placed in a Magenta GA7 vessel
and 30 shoots were used per treatment. Three replications were used for each treatment
and each replication contained ten shoots. The number of roots per shoot was recorded
after forty days of culture.

To determine survival in the greenhouse, all plantlets were rinsed with deionized
water to remove any excess medium and then transferred to 18-cell trays containing
soil mix, Sunshine Mix #4 (Sun Gro Horticulture Canada Ltd., Vancouver, BC, Canada).
Trays were placed in the mist bed for ten days and then transferred to greenhouse benches.
The greenhouse compartment was programmed to have a constant temperature of 23 ◦C
during the day and 18 ◦C at night with a 16 h photoperiod, and a light intensity of
250 µmol m−2s−1. Survival percentage was recorded fifteen days after the plants had been
transferred to the greenhouse.

2.4. Seed Cryopreservation and Its Effect on Plant Development

To investigate the impact of cryopreservation, seeds were sealed in 2 mL cryovials
(ThermoScientific, Rochester, NY, USA) and stored in liquid nitrogen (LN) Dewar for
24–48 h. Cryovials were then placed in a 40 ◦C water bath for 90 s for rewarming. Con-
trol and cryopreserved seeds were sterilized as described above and germinated on the
double layer of moisturized filter paper in 9 cm Petri dishes in a growth chamber at
25 ◦C ± 2 ◦C under light conditions as described above. Alternatively, control and cryopre-
served seeds were planted directly in Sunshine professional growing medium (Sun Gro
Horticulture Canada Ltd., Vancouver, BC, Canada) and placed in the greenhouse as de-
scribed above. Seed lot 2 was germinated only in a greenhouse due to small number
of seeds available. Germination under greenhouse and in vitro conditions as described
above was recorded at various intervals over 33 days. This experiment was performed
in three replications, with each replication consisting of 20–36 seeds. After 3 months,
seedlings developed in vitro were multiplied using the protocol developed in this study.
Seedlings developed from seeds in the greenhouse were transferred to bigger pots in the
same greenhouse. After 9 months, morphological characteristics of plants in the greenhouse
such as number of fully developed leaves, number of branches, length of the longest branch
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and number of flower stalks were recorded using 40 plants for each treatment. The chloro-
phyll content of the leaves was estimated using a modulated ratio fluorescence chlorophyll
fluorometer (CCM-300, Opti-Sciences, Hudson, NH, USA) based on the method described
by Gitelson et al. [23]. Four measurements were taken from each plantlet to represent the
chlorophyll content of each individual plantlet. The results are expressed as chlorophyll
content (mg m−2) and reported as mean ± standard error for 10 plants.

2.5. Cryopreservation of Apical Shoot Tips

Apical segments, ca. 15 mm in length, each including an apical shoot tip, were excised
from in vitro shoots one month after the last subculture and placed on MS basal medium
without growth regulators. After 7 days, apical shoot tips, 1.5 mm, were excised and cry-
opreserved using a droplet-vitrification method modified according to Popova et al. [24].
Briefly, apical shoot tips were precultured in liquid MS medium with 0.3 M sucrose for 24 h,
then osmoprotected in the solution C4-35% (17.5% glycerol and 17.5% sucrose, w/v) for
20 min followed by treatment in vitrification solution A3 (37.5% glycerol + 15% dimethyl-
sulfoxide (DMSO) +15% ethylene glycol + 22.5% sucrose, w/v) on ice for 30 min [25].
Each shoot tip was placed in an individual drop of ice-cold A3 onto a strip of aluminum foil
(6 × 30 mm; Western Plastics, Canada) that were quickly immersed in the liquid nitrogen
(LN) for at least 1 h. For rewarming, the foil strips were plunged in 20 ml of preheated
(40 ◦C) unloading solution (0.8 M sucrose) for 30 s, after which an equivalent volume of
unloading solution was added at room temperature. Foils were removed with forceps,
and shoot tips were kept in the solution for 30 min on a shaker (90 rpm). Shoot tips were
blotted dry on a sterile filter paper and cultured on MS basal medium with 1.0 µM gibberel-
lic acid (GA3) using 9 cm Petri dishes for regrowth. Cultures were kept in darkness for the
initial 5 days after rewarming and then moved to low light conditions (5 ± 2 µmol m−2s−1).
Control shoot tips underwent the same treatments, except they were not immersed in LN.
All solutions used for preculture, cryoprotection, and rewarming were prepared in MS
basal medium with MS vitamins (pH 5.7) and sterilized by filtering through 0.2 micron
filters (Falcon, Durham, NC, USA). Shoot tips that developed into plantlets after 50 days
were counted to assess regeneration. All treatments were performed in three independent
replications, each containing at least 10 shoot tips.

2.6. Statistical Analysis

Data were analyzed by ANOVA, followed by the Duncan’s Multiple Range Test
(DMRT) at p = 0.05 using SAS University edition 3.4 (SAS Institute Inc. Cary, NC, USA).
All ANOVA results that were significant were subjected to the Tukey Test to determine
which means were significantly different from each other. Values in the figures followed
by different letters are significantly different (p < 0.05) and the data presented are the
means ± SEM.

3. Results
3.1. Seed Germination In Vitro and Multiple Shoot Induction

Seeds of both seed lots germinated in vitro with frequencies above 60% with no
significant differences between the seed lots and TDZ concentrations in the medium
(Figure 1A). In seed lot 1, germination on TDZ-containing medium was only 9% higher
than on the control medium without TDZ. Germination of seed lot 2 increased from 63%
on TDZ-free medium to 83–93% in the presence of 1, 5, and 10 µM TDZ but dropped to
60% at a higher concentration (20.0 µM).

Seeds of both seed lots produced single shoots when germinating on TDZ-free medium
while the presence of TDZ induced multiple shoot formation in both seed lots (Figure 1B).
In Seed lot 1, the highest frequency of multiple shoot formation (>80%) was recorded on
medium with 5–20 µM TDZ (Figures 1B and 2A). Average number of shoots developed
from one seed increased with increasing TDZ concentration and was maximum at 10 and
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20 µM TDZ with 4.2–4.8 shoots per seed (Figure 1C). In contrast, only 20–40% of seeds
from Seed lot 2 showed multiple shoot formation in the presence of TDZ.
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Figure 2. In Vitro culture of seeds, plants and cryopreserved shoot tips of Lupinus rivularis. Multiple shoot induction
from seeds on medium with 10 µM TDZ (A); In vitro plant developed from basal explant on medium with 5 µM BA (B);
Rooting of individual shoots subcultured on the medium with 20 µM IBA (C,D); Survival of cryopreserved shoot tips,
30 days after cryopreservation (E); Plant regeneration from cryopreserved shoot tips, 6 months after cryopreservation (F).
Bar in A–F = 1 cm.
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3.2. Shoot Multiplication In Vitro

A significant difference for shoot development was observed between three types
of explants. All explants extracted from the apical and basal parts of in vitro plants
developed into normal single shoots on the basal medium without BA (Table 1). By contrast,
only 30% of middle sections were capable for shoot formation without exogenous cytokinin
(Table 1). When BA was added in culture medium, apical sections produced an average 2
to 3 shoots compared to 1–2 shoots developed from middle and basal explants (Table 1).
Maximum number of shoots per explant (2.6–2.8) was recorded for apical explants cultured
with 5 and 10 µM BA and for basal sections cultured on the medium with 10 µM BA.
The length of new shoots developed from apical explants was significantly higher than
in shoots formed from middle and basal explants (Table 1). Meanwhile, no significant
influence of BA concentrations on shoot length was detected for explant type. Therefore,
apical explants cultured on medium with 5 µM BA were considered most suitable for
micropropagation of L. rivularis (Figure 2B).

Table 1. Effect of BA (0–20 µM) added to the culture medium and the explant type on explant response, average shoot
number, and shoot height. Data represents mean from three replications and 10 explants per replication. Means marked by
different letters in columns are significantly different according to the Tukey test (p < 0.05).

BA Concentration
(µM) Explant Type Explant Response (%) Shoot Height

(mm) Avg. nos. of Shoot/Explant

0
Tip 100 18.80 abc 1.0 de

Mid 30 1.34 e 0.3 e

Base 60 8.61 de 1.2 bcde

2
Tip 100 20.94 ab 2.2 abcd

Mid 60 4.74 de 1.1 cde

Base 80 7.97 de 1.5 abcde

5
Tip 100 24.59 a 2.7 ab

Mid 100 12.36 bcd 1.8 abcde

Base 90 13.34 bcd 2.0 abcd

10
Tip 100 19.66 ab 2.6 abd

Mid 90 9.69 cde 2.0 abcd

Base 100 14.07 bcd 2.8 a

20
Tip 100 18.66 abc 2.1 abcd

Mid 80 9.74 cde 1.6 abcde

Base 70 10.02 cde 1.0 e

3.3. In Vitro Rooting and Acclimatization

Root induction was observed only in the treatment with 20.0 µM IBA (Figure 2C,D),
with 45% of the shoots showing the response. The average number of roots and root
length were observed to be 7 and 2.1 cm, respectively, on the medium supplemented
with 20.0 µM IBA. However, callus formation was observed without rooting in other
treatments, including the control. Normal shoot and root development was observed
without callus formation in the treatment with 20.0 µM IBA, and hence it was considered
an optimal inductive stimulus for in vitro rooting. Nearly 80% rooted plantlets survived in
the greenhouse following 10 days of conditioning in the mist bed. All shoots from different
treatments, including the control, which failed to form roots and grow into plantlets did
not survive after three weeks of transplanting in the greenhouse.

3.4. Seed Cryopreservation and Its Effect on Plant Development

Cryopreserved seeds from seed lot 1 germinated in the greenhouse (62%) and in vitro
(78%) similar to non-cryopreserved seeds (Figure 3A). For Seed lot 2, the difference for ger-
mination was found to be non-significant for cryopreserved (71%) and non-cryopreserved
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(58%) seeds (Figure 3B). Germination events observed for seeds in the control and seeds
exposed to liquid nitrogen were similar under the same germination conditions (Figure 3).
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Figure 3. Germination percentage over 35 days under in vitro and greenhouse conditions for control and cryopreserved
seeds of two different seed lots, seed lot 1 (A) and seed lot 2 (B) of Lupinus rivularis. FP—in vitro seed germination was
performed on filter paper using 9 cm Petri dishes in the growth chamber; GH—seed germination was performed on soil
substrate in the greenhouse.

All seedlings that emerged from control and cryopreserved seeds developed into
normal plants (Figure 4A–D). There was no difference in the length of the longest branch
and number of flower stalks among plants developed from control and cryopreserved
seeds and between seed lots (Table 2). The only significant variation between plants from
control and cryopreserved seeds was observed in the number of branches in Seed lot 2.
Number of fully developed leaves was significantly different between the seed lots 1 and
2 but it was not related to cryopreservation (Table 2). Chlorophyll content was slightly
higher in leaves of plants grown from cryopreserved seeds in both of the lots, but this
difference was not significant (Table 2).
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vitrification protocol without liquid nitrogen exposure. After cryopreservation, 62% of 
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further propagated using the micropropagation protocol described in this study to pro-
duce a large population of uniform plants. Plant regeneration from both control and cry-
opreserved shoot tips occurred directly without an intervening callus phase. 

Figure 4. In Vitro germination of cryopreserved seeds and growth of Lupinus rivularis on filter paper (A) bar = 1 cm; and in
the greenhouse after three months (B) bar = 1 cm; Seedlings developed from cryopreserved and non-cryopreserved (control)
seeds in the greenhouse after six months, bar = 3 cm (C); and flowering observed in the greenhouse after nine months
(D) bar = 3 cm.
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Table 2. Morphological traits and chlorophyll content in leaves of plants developed in a greenhouse from control and
cryopreserved seeds of two different lots.

Seed Lot Treatment Number of
Leaves

Number of
Branches

Length of the
Longest

Branch (cm)

Number of
Flower Stalks

Chlorophyll
Content
(mg/m2)

Lot 1 Control 5.8 ± 0.32 b 5.9 ± 0.4 a 21.1 ± 1.4 a 1.4 ± 0.2 a 454.2 ± 7.7 a

Cryopreserved 5.8 ± 0.26 b 6.0 ± 0.4 a 18.9 ±1.4 a 1.6 ± 0.2 a 470.4 ± 10.9 a

Lot 2 Control 8.0 ± 0.5 a 5.6 ± 0.7 a 18.4 ± 2.5 a 1.0 ± 0.0 a 451.9 ±11.2 a

Cryopreserved 8.1 ± 0.8 a 3.0 ± 1.5 b 24.7 ± 5.0 a 1.5 ± 0.7 a 462.5 ±9.4 a

Note: Data represents mean ± standard error. Morphological traits were measured using 40 plants in each group. Chlorophyll content
in leaves was estimated using four measurements from each of 10 plants per group. Means followed by different letters in columns are
significantly different according to Tukey Test (p < 0.05).

3.5. Cryopreservation of Apical Shoot Tips

All shoot tips survived (100%) step-wise cryoprotectant treatments of the droplet-
vitrification protocol without liquid nitrogen exposure. After cryopreservation, 62% of
shoot tips survived and developed into normal healthy plants (Figure 2E,F) and could
be further propagated using the micropropagation protocol described in this study to
produce a large population of uniform plants. Plant regeneration from both control and
cryopreserved shoot tips occurred directly without an intervening callus phase.

4. Discussion
4.1. Seed Germination, Shoot Multiplication and Plantlet Development

The main purpose of this study was to establish protocols for micropropagation and
cryopreservation to preserve L. rivularis germplasm, an endangered species in Canada.
Micropropagation and cryopreservation are key techniques which hold tremendous po-
tential in the field of plant biodiversity conservation [5,6]. Mass propagation can be used
as a means to generate a source of robust plants to replenish declining populations in
their natural habitats. Similarly, cryopreservation plays an important role in ensuring
the long-term security of the germplasm. We have developed and successfully applied a
conservation approach CPR for saving and restoration of Canadian species at risk including
Castilleja levisecta [9,14] and Cirsium hillii [10]. Plants of C. levisecta and C. hillii after in vitro
propagation and cryopreservation were re-introduced in their natural habitats where they
showed normal growth, shoot and flower development over years [10]. In the present
study, we applied the conservation approach to safeguard a genetic recourse of critically
imperiled and endangered streambank lupine (L. rivularis). Existing strategies for recov-
ery of streambank lupine have focused on mitigation of extinction threats to this species
through preservation of natural habitats and the gene pool by maintaining pure popula-
tions. L. rivularis is known to hybridize with other lupine species in particular with invasive
L. arboreus [1] and the growing interest in lupines as a food crop indicates that preserving
a range of gene pools for this species may be agriculturally important. L. rivularis could
also be of medicinal value as other lupine species have therapeutic properties, especially in
diabetes therapy [26,27]. Similar to other Lupinus spp. grown as ornamentals and for
forage [28,29], L. rivularis can be introduced as a new flowering plant (Figure 2D) in land-
scaping. Introduction of endangered species as cultivated crops for specific applications is
likely to improve germplasm maintenance and conservation strategies.

Thidiazuron (TDZ) in low concentrations is often used to develop effective in vitro
propagation systems through formation of multiple shoots on different types of explants
such as cotyledons, nodal explants, embryonic axis, etc. [30–34]. TDZ was also shown to
induce multiple shoot development from seeds germinating in vitro [35–38], with profound
effect in regeneration of legumes [39]. Seeds of Pisum sativum cultured with 4 mg/L TDZ for
12 weeks followed by 4 weeks on medium with 0.5 mg/L BA produced over 400 shoots per
seedling [40]. In the present study, the shoots produced with 5–20 µM TDZ were abnormal
and died during the next 3–4 passages on TDZ-free medium (data not shown). High con-



Agronomy 2021, 11, 37 9 of 13

centrations of TDZ or long exposure were reported to induce morphological, physiological,
and cytogenetic abnormalities in many other species making plants incapable for further
growth or multiplication [41]. Therefore, 1 µM TDZ was selected as an optimum level for
developing normal shoots from seeds of L. rivularis. The presence of TDZ in the medium
did not affect germination which was relatively high in both seed lots. Similar observations
have been recorded earlier for TDZ induced seed germination in several species including
L. angustifolius and L. luteus [42]. Interestingly, seeds of lot 2 produced fewer shoots and
their ability for multiple shoot formation was lower compared to that of seeds from lot 1
although they were one year younger. In wild species such differences in seed quality are
frequent and may occur due to unfavorable environmental conditions during maturation
process which also highlights the importance of testing seeds of multi-year generations in
implementing conservation programs [43].

Results on shoot multiplication of L. rivularis are in line with data reported for forage
lupine species. For example, Pniewski et al. developed in vitro propagation method for
nine cultivars and breeding lines belonging to four crop lupine species following seed
germination in vitro [20]. Significant differences in multiplication ratio calculated for 10 pas-
sages were observed between species and cultivars. The authors reported that low BA
concentration (0.05–0.25 mg/L) was required for regeneration of normal plants. Microprop-
agation of L. angustifolius from segments of 3-day-old in vitro seedlings was accomplished
successfully on MS medium with 2.25 µM BA and 1.13 µM kinetin. The epicotyl explants of
L. montanus cultured on MS medium with 3.0 µM IAA and 1.0 µM BA produced optimum
response for the number of shoots and their growth [44]. In the present study, apical,
middle and basal stem segments of L. rivularis showed different responses in terms of
number of new shoots and shoot length (Table 1). Literature describing the influence of
explant position on the mother plant on micropropagation efficiency is scarce in lupines
and in a large number of plant species. Interestingly, in contrast to our observations, Quer-
cus robur explants from basal and apical regions demonstrated the lowest frequencies of
shoot development and multiple shoot formation compared to nodal explants excised from
the mid-stem positions [45]. Second node explants were found most viable and ready to
proliferate in Psidium guajava [46] and first three apical nodes were preferable materials to
initiate the culture of Corylus avellana [47]. These results are a reflection of the endogenous
levels of phytohormones which often determine the requirements of the type and levels of
exogenously applied growth regulators to achieve a desired morphogenetic response [48].

In vitro developed shoots were successfully rooted with the addition of an exoge-
nously added auxin (20.0 µM IBA) and the plantlets survived the greenhouse transplant.
The preconditioning of plantlets in the mist bed was necessary to reduce the shock of
transferring plants from nearly 100% humidity in the culture vessels to the greenhouse.
However, a large number of longer roots developed on IBA-containing medium along with
mist bed conditioning ensured the development of robust plantlets that survived well in
the greenhouse.

4.2. Seed Cryopreservation and Its Effect on Plant Development

Cryopreservation can provide viability insurance for the long-term, over 100 years,
for the orthodox seeds [49,50] and is worth testing for biobanking of a wide range of
endemic and endangered wild species. For successful cryopreservation, orthodox seeds
should be desiccated to a moisture content below the high moisture freezing limit [11].
In the case of L. rivularis, however, seed water content could not be determined due to the
scarcity of available seeds and they were used directly to test the feasibility of cryopreser-
vation. Germination of L. rivularis seeds in both growth chamber and in the greenhouse
was not affected by LN exposure. This is in line with other studies on cryopreservation
of orthodox seeds of wild species at risk [51–54]. Moreover, in some species, such as for
example, Spanish endemics Helianthemum polygonoides and H. squamatum, cryopreservation
contributed to dormancy breaking [55]. Among nine Indian medicinal plant species tested
for seed response to cryopreservation, seeds of eight species germinated at levels compa-
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rable to desiccated control seeds [56]. In six Encholirium and two Dyckia species endemic
to Brazil, seed germination ability after freezing in liquid nitrogen was higher than or
similar to control seeds [57]. Out of eight endemic species of the Canary Islands tested for
cryopreservation, seeds of seven species germinated at rates higher or similar to unfrozen
control [58]. According to Coehlo et al., successful cryopreservation of orthodox seeds has
been reported for at least 21 endemic plant species in the last decade [59]. In most of the
reviewed studies, no loss in seed viability and no significant differences were observed for
the germination rate between cryopreserved and non-cryopreserved seeds.

Plants developed from cryopreserved L. rivularis seeds were similar in morphology
and growth characteristics to plants raised from control seeds. The only difference was
observed in the number of branches in one seed lot which may be a result of origin and
physiological differences in the population caused by environmental conditions of the habi-
tat. Similar to our results, cryopreservation of seeds had no influence on protocorm growth
and plant development in some tropical and terrestrial orchids [60,61]. In Solanum lycop-
ersicum, a wild plant from Ecuador, fresh weight of plants developed from control and
cryopreserved seeds were not statistically different [62]. The authors also recorded higher
levels of peroxidase activities in leaves and decreased contents of chlorophylls of plants
developed from cryopreserved seeds, which is in contrast to our observation of similar
chlorophyll contents in leaves of plants from the cryopreserved and control treatments.
Normal plant development and production of inflorescences in our study suggest that seed
cryopreservation is an efficient method to conserve the genetic diversity of the existing
L. rivularis populations. However, further study of the effects of longer exposure of seeds
to liquid nitrogen may help in improving overall effectiveness of the cryopreservation
process.

4.3. Cryopreservation of Apical Shoot Tips

In complement to seed cryo-storage, cryopreservation of shoot tips of in vitro plants
can help conserving the gene pool of the existing plants and support their multiplication to
replenish the dwindling populations [63,64]. The successful cryopreservation of shoot tips
using modern methods, such as droplet-vitrification, depends on finding a balance between
sufficient dehydration of the material in the concentrated cryoprotectant solutions and cyto-
toxic effect of these solutions [65]. Cryopreservation of plant vegetative parts is a complex,
multi-stage procedure that requires optimization of a number of parameters such as temper-
ature, duration of treatments, cryoprotectant solution concentration, pre and post culture
conditions, and the method of cryopreservation for each plant species [66]. In the present
study, we applied a different approach to cryopreservation of in vitro plant material which
was developed and successfully tested earlier for a number of plant species [14,67–70].
In this approach, plant materials are classified into groups based on their sensitivity to
chemical and osmotic stresses, with standard protocols proposed for each group [24,70].
Due to the lack of sufficient starting material, previously optimized standard protocol was
tested for L. rivularis shoot tips based on their size and structural similarity to shoot tips
of some other Canadian species studied previously [14,68]. As a result of this single trial,
62% of shoot tips survived cryopreservation and developed into normal plants that could
be further propagated using the in vitro multiplication method developed in this study.
Since micropropagation allows regeneration of a large number of plants, the number of
cryopreserved samples can be increased easily to further enhance the ease and recovery of
plants from the cryobank.

5. Conclusions

The CPR model offers an effective approach to safeguarding and replenishing the
dwindling genetic resources of wild species at risk of extinction. In Vitro propagation tech-
nology allows multiplication of vigorous plants for redistribution while cryopreservation
creates a long-term germplasm collection, serving as an ultimate back-up for an unfortu-
nate scenario of the species becoming extinct in nature. In this study, we developed ex
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situ conservation approach for L. rivularis using in vitro technologies. In Vitro germinated
seeds were induced to form multiple shoots which were further propagated and used to
provide fresh shoot tips for cryopreservation with successful recovery of cryopreserved
shoot tips into normal plants. Cryopreservation of seeds followed by germination in the
growth chamber or in a greenhouse was also found to be an effective conservation op-
tion with no adverse effect on seed germination and plant development. Taken together,
the in vitro propagation and conservation approaches developed in this study provide
excellent opportunities for long-term preservation and restoration of L. rivularis, and pos-
sibly for many other species currently under threat of extinction. In Vitro multiplication
methods developed in this study can also assist potential introduction of this species as a
medicinal or ornamental plant.
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15. Ciringer, T.; Martín, C.; Šajna, N.; Kaligarič, M.; Ambrožič-Dolinšek, J. Cryopreservation of an endangered Hladnikia pastinacifolia
Rchb. by shoot tip encapsulation-dehydration and encapsulation-vitrification. In Vitr. Cell. Dev. Biol. Plant. 2018, 54, 565–575.
[CrossRef]

16. Kew 2019. Royal Botanic Gardens Kew Seed Information Database (SID). Version 7.1. Available online: http://data.kew.org/sid/
(accessed on 18 September 2020).

17. Darris, D.; Young-Mathews, A. Plant Fact Sheet for Riverbank Lupine (Lupinus rivularis); USDA NRCs Plant Materials Center:
Corvallis, OR, USA, 2012.

18. Costa, J.; Ricardo, C.P. Tunicamycin and swainsonine stimulate Lupinus albus L. root growth in vitro. Plant Sci. 1994, 101, 137–142.
[CrossRef]

19. Borek, S.; Kalemba, E.M.; Pukacka, S.; Pietrowska-Borek, M.; Stawiński, S.; Ratajczak, L. Nitrate simultaneously enhances lipid
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