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Abstract: Micropropagation via organogenesis of Lachenalia viridiflora W. F. Barker, a native endan-
gered plant from South Africa, is presented in this study. Leaves, collected from in vivo plants,
were a source for culture initiation to obtain three types of explants (leaf, bulb, callus). They were
grown on Murashige and Skoog (MS) medium supplemented with two concentrations of sucrose
(3 or 6%, marked as S3 and S6) and different concentrations of benzylaminopurine (BA) (0.0-5.0 pM)
and naphthalene acetic acid (NAA) (0.0-0.5 pM). The results demonstrated that bulbing was more
efficient on media with 3% sucrose and this process was closely related to explant type—irrespective
of media type twice more adventitious bulbs (5.1-5.6) were regenerated on leaf and bulb explants
than on callus (2.6). The highest value of adventitious bulb number was recorded for interaction:
leaf x S3/2.5 BA/0.5 NAA (9.3 bulbs per explant). Irrespective of media type, the higher the number
of adventitious bulbs (obtained from leaf and bulb explants), the lower their diameter. Moreover,
adventitious bulbs regenerated from bulb explants formed the longest leaves (18.9 mm) and in the
greatest percentage (52.3%). The highest biomass weight increase indicator (50 times) was recorded

for interaction: leaf x S6/2.5 BA/0.25 NAA. Various combinations of plant growth regulators favor
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Organogenesis of Critically

Endangered Lachenalia viridiflora.
Agronony 2022, 12, 475. https://
doi.org/10.3390/agronomy12020475 1. Introduction
Lachenalia is a genus of bulbous geophytes from Asparagaceae family consisting of
136 species restricted to the winter rainfall regions of southern Africa [1,2]. Lachenalia
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It is likely that the economic importance of Lachenalia viridiflora will increase in the near

future due to its unusual decorativeness. Therefore, it is necessary to look for other, more
= efficient techniques than traditional methods of propagation. In vitro methods, such as
Copyright: © 2022 by the authors.  grganogenesis, allow for mass plant propagation and were described for selected lachenalia
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The aforementioned type of explants are frequently used in different geophytes for the
induction of storage organs, but in the case of endangered species, choosing storage organ
for culture initiation may be problematic due to the destruction of the mother plant [20]. In
such a situation, the choice of a leaf explant seems more appropriate. In case of lachenalia,
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leaf cutting has also been described as a main and sufficient in vivo method of lachenalia
propagation [4,21].

Figure 1. Lachenalia viridiflora: (A) Turquoise flowers and spotted leaf; (B) The starting culture
from which the explants were taken; (C) Leaf explant; (D) Bulb explant; (E) Callus explant. Ad-
ventitious bulb formed after: (F) 4 weeks of cultivation of leaf explants x S3/5 BA/0.5 NAA;
(G) 4 weeks of cultivation of bulb explants x 56/2.5 BA/0.5 NAA; (H) 4 weeks of cultivation of callus
explants x §3/2.5 BA/0.25 NAA; (I) 12 weeks of cultivation of leaf explants x 53/2.5 BA/0.25 NAA;
(J) 12 weeks of cultivation of bulb explants x S3/2.5 BA/0.5 NAA; (K) 12 weeks of cultivation of
callus explants x S6/without PGRs.

Apart from various type of explant, different media compositions are used for prop-
agation. Formation of bulbs in vitro requires exogenous application of appropriate plant
growth regulators (PGRs), in which the endogenous level is insufficient to that process [22].
Proper type and concentration of PGRs are essential to develop efficient clonal regeneration
protocol for Lachenalia viridiflora. PGRs like: BA (cytokinin) and NAA (auxin) are routinely
applied to induce various geophytes” organogenesis [20,22-27], also in lachenalia propaga-
tion [9,15,18,28]. According to Aremu et al. (2017) [11], BA belongs to the best cytokinin for
propagation of Lachenalia montana. Simultaneously, Niederwieser and van Staden [15] claim
that NAA is crucial for adventitious bud formation in Lachenalia hybrids. The same PGRs
are often applied for micropropagation of other plants from the Asparagaceae family [26].

Sucrose, as a carbon source, is commonly used in micropropagation and influences
bulb formation in vitro [20,29]. In the majority of geophytes, high sucrose concentration
(6% or higher) in medium is needed for bulb development [22]. According to Van Rensburg
and Vcelar [30] optimal sucrose concentration for bud formation in Lachenalia cultures
amounts to 50-70 g/L. However, in the Hyacinthus experiments, 3% of sucrose was the
sufficient concentration which even favored the formation of bulbs, as opposed to 6% [31].

Plants obtained by micropropagation are more likely to be free of viruses. This is
particularly important in the context of lachenalia’s susceptibility to the Ornithogalum
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mosaic virus (OMV), causing negative symptoms on flowers and leaves which completely
eliminate plants from further cultivation [32], or to the Veltheimia mosaic virus [33]. Plant
tissue cultures are also extremely useful for the rapid multiplication of rare or endangered
genotypes [10,26,34] due to the small amount of initial plant tissue required and the
high number of plants obtained [35]. The preservation of rare genotypes is in line with
maintaining plant biodiversity, which can be supported by introducing and developing
new, more efficient and rapid methods of in vitro multiplication [36].

So far, only two protocols for in vitro propagation of Lachenalia viridiflora have been
described. The first refers to plantlet regeneration through somatic embryogenesis [37],
second to seed germination under in vitro conditions [38]. In this study, for the first time,
the effect of explant type, sucrose and PGRs’ concentration on in vitro organogenesis
threatened with extinction of Lachenalia viridiflora was investigated. Based on the results
obtained, the preliminary propagation protocol for its mass propagation and conservation
will be proposed.

2. Materials and Methods
2.1. Plant Material and Culture Conditions

The experiment was conducted using Lachenalia viridiflora W. F. Barker material, ob-
tained from the greenhouse collection at the University of Agriculture in Krakow. In vitro
cultures were initiated in March 2018 using leaves, which were previously prepared as
follows: surfaced-disinfected with 70% ethanol (1 min) (Avantor Performance Materi-
als, Gliwice, Poland) and 15% solution Domestos (15 min) (Unilever, Warszawa, Poland),
rinsed 3 times with sterile water. The leaves were then plated and cultured on solid MS [39]
(Sigma-Aldrich, Merck, Poland) medium, supplemented with 30 g L~! sucrose (Avantor
Performance Materials, Poland) in the dark at 20 4+ 2 °C.

Within 10 weeks, callus had occurred on the surface of the leaves and after the next
14 weeks, in the callus, development of adventitious bulblets (with leaves) was observed
(Figure 1B). From these cultures, 3 types of explants were taken for the experiment: leaf
(10-11 mm length, 2-3 mm width) (Figure 1C), bulb (4-5 mm diameter) (Figure 1D) and
callus (portions of friable, undifferentiated tissue, 7-8 mm diameter) (Figure 1E). Bulbs
and leaves were cut lengthwise (V-shaped). Each type of horizontal explant was put on
8 combinations of solid MS media with different concentration of PGRs: BA (0-5 uM)
(Sigma-Aldrich, Merck, Poland), NAA (0-0.5 uM) (Sigma-Aldrich, Merck, Poland) and su-
crose: 3% (S3) or 6% (56) (Table 1). The media were adjusted to pH 5.8, gelled with 0.5% Lab-
agar (Biocorp, Warszawa, Poland) and autoclaved. Each screw glass jar (110 mm x 60 mm,
volume 300 mL) with 40 mL of MS medium contained five explants of the same type. Five
jars for each type of explant were exposed to each of the eight media combinations.

Table 1. Combination of the media.

Plant Growth Regulators (uM)
Sucrose (%)

BA NAA

0 0

5 0.5

3 25 0.5
25 0.25

0 0

5 0.5

6 25 0.5
25 0.25

All types of the explants were weighted at the beginning of the experiment to deter-
mine initial explant fresh weight. The cultures were maintained in darkness at 20 = 2 °C
for 12 weeks, after which biometrical observations were made.
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2.2. Biometrical Observations

Induction of adventitious bulbs: their number (Bulbs No.) and diameter (Bulb D), per-
centage of bulbs forming leaves (Bulbs FL), length of the leaves (Leaf L) and biomass (initial
explant fresh weight + fresh weight of adventitious bulbs with or without leaves) were
recorded for all types of explants from all combinations of media (3 explants x 8 media), af-
ter 12 weeks of culture. Additionally, biomass weight increase indicator (WI) was calculated
in accordance to Equation (1):

(biomass — initial explant fresh weight) x 100
initial explant fresh weight

WI [%] = @
During the experiment, the dynamics of adventitious bulb formation on each type of
explant and on all combinations of media were observed every 4 weeks.

2.3. Statistical Analysis

The results were analyzed using Statistica 13.3 software (TIBCO Software Inc., Palo
Alto, CA, USA) [40]. Statistical analyses were applied to all data that were previously
checked for normality by the Shapiro-Wilk test. Analysis of Variance (two-way ANOVA)
followed by Duncan’s multiple range test (at a significance level p < 0.05) were performed
to determine the effects of the type of explant and medium on the examined features of
Lachenalia viridiflora, as well as to identify the significant differences among explant-medium
combinations. The analysis of dynamics was presented using descriptive statistics. Then,
for more in-depth study of interrelations among factors, in particular the individual media
components, and studied culture traits data were subjected to Principal component analysis
(PCA) and Pearson’s correlation coefficients were computed. PCA was calculated using
total dataset including all studied traits, media and explant types. Variables were previously
standardized. The number of principal components capturing most relevant data variation
was determined according to Kaiser rule and percentage of variance criterion [41,42]. As
a part of the analysis, a PCA biplot was created that allowed for the investigation of
relationships between variables and observations.

3. Results and Discussion

Many studies have focused on the optimization of in vitro culture conditions for effec-
tive regeneration, thereby restoration of endangered geophytes and their conservation [20].
In the present study, formation of adventitious bulbs via organogenesis of Lachenalia viridi-
flora under various culture conditions was observed. This issue, to our knowledge, has not
been reported before.

In this study, the analysis of the main effects proved that interactions between treat-
ment groups were significantly different (Table 2).

Table 2. Two-way ANOVA results indicating the main effects of explant type, medium and their
interaction on studied traits.

Source Mean Squares
of Variation df Biomass (g) WI Bulbs No. Bulb D (mm) BulbsFL (%) LeafL (mm)
Explant (E) 2 7.32 *** 62,252,188 *** 105.30 *** 1.93* 7689.6 *** 1743.53 ***
Medium (M) 7 3.35 *** 5,219,339 *** 58.28 *** 5.48 *** 6673.0 *** 260.01 ***
ExM 14 1.12 %% 2,928,211 *** 9.80 ** 1.04* 489.9 NS 60.87 NS
Error 96 0.27 808,766 3.98 0.53 347.1 41.65

* The asterisks mean significant at the * 0.05, ** 0.01, *** 0.001 probability level; N not significant.

In the present study, leaf and bulb explants were cut lengthwise due to the information
that wounding may enhance forming of buds in some lachenalia’s genotypes [14,17].
According to Grace and Van Staden (2003) [9], the genotype strongly influences the period
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of adventitious bud formation, whereas Niederwieser and Ndou (2002) [18] claim that in
Lachenalia hybrid cultures, number and size of bulblets depended on tissue age. Bulbs are
desirable regenerants in Lachenalia due to faster transfer to ex vitro conditions and easier
transport, as storage organs characterize higher survival rate than shoots [17]. Similar
conclusions were drawn in the case of other geophytes [22,43—45]. In present study, the
adventitious bulbs of Lachenalia viridiflora developed on the explants treated with BA and
NAA via direct organogenesis, similarly to other experiments with geophytes: Tulipa tarda,
Allium aflatunense, Lilium ledebourii [46—48] and slight callus tissue had appeared only on
the surface of leaf and bulb explants. The explant types that were studied here showed
different ability of bulbing, which additionally depended on media composition (Figure 2).
The lowest value of adventitious bulbs number (0.8 bulb per explant) was noticed for
interaction callus x S6/without PGRs but this value did not differ statistically from values
assigned to 11 other two-factor objects (1.5-3.3 bulbs per explant). The highest value of this
feature was recorded for leaf explant x S3/2.5 BA/0.5 NAA (9.3 bulbs per explant), and
together with other values (6.6-9.2 bulbs per explant) assigned to five objects, formed one
statistical group which did not include variables such as callus and media without PGRs. It
proves that these variables should not be used in the propagation procedure of Lachenalia
viridiflora. The highest value of adventitious bulb number (9.3) noticed in this study was
nearly the same to that recorded for bulbs number (9.7) formed in vivo on lachenalia
‘Namakwa’ leaf cuttings [21], however, the length of such a cutting (100 mm) corresponds
to the length of 10 leaf explants used here. This implies that in vitro organogenesis may
be highly efficient compared to traditional methods of lachenalia propagation. In our
study, comparing the explant types, irrespective of media combination, can be divided into
two statistical groups. The first consists of callus, which has proved to be a less favorable
bulb-forming explant (2.6 bulbs), and the second of bulb and leaf explants which formed
nearly twice more bulbs (5.1-5.6 bulbs). Most Lachenalia species form not enough daughter
bulbs [4], thus high regeneration potential of leaf tissue within this genus [14] is used by
growers in commercial lachenalia propagation via leaf cuttings [49]. Leaf explants were
also most often applied during in vitro organogenesis within this genus [11,15,28]. In the
present experiment, bulb explants (the counterpart of a modified leaf) were also used with
sufficient results, whereas callus explant, probably due to its structure and characteristics,
turned out to be a worse plant material, although it was used successfully in an experiment
with others geophytes [50,51]. According to Fehér [52], not every but only certain callus
cells are involved in organogenesis. This can explain why callus was a less favorable bulb-
forming explant in this study. Analyzing the impact of media combination, irrespective of
explant type, it was found that more adventitious bulbs were formed on medium S3/2.5
BA/0.5NAA (7.2 bulbs per explant) than on medium S6/2.5 BA/0.25 NAA (5.5 bulbs per
explant) and on four other media combinations which formed a homogeneous statistical
group in terms of this feature; they were: S3 or S6/without PGRs, S6/2.5 BA/0.5 NAA
and S6/5 BA/0.5 NAA (2.0-3.2 bulbs per explant). Phenotypic responses of Lachenalia
montana in vitro regenerants also depended on exogenous PGRs; 1 pM BA positively
influenced the formation of the adventitious bulbs from leaf explants, while 10 uM BA
treatment entirely inhibited bulb production and caused formation of callus [11]. Highest
number of buds (20.6) in Lachenalia cultures were recorded on lower BA concentration
(0.5and 1.0 mg L~ [15]. Additionally, 1.0 mg L~! BA with 0.1 mg L~! NAA occurred
to be the best combination for bulbing in Lachenalia ‘Romaud’ culture [28]. High level of
BA or NAA inhibits formation of bulbs in Lilium cultures as well [53,54], however, slight
differences were observed on Lilium regale scale explants, between 5 pM and 10 uM BA
treatment in bulbing, which amounted to 1.7 and 2.4 bulbs, respectively [27]. On the
contrary to the above experiments, the highest number (16) of adventitious bulblets in
Muscari muscarimi cultures were noticed when scale explants were treated with 18 uM BA
and 3 pM NAA [55]. In the experiments with Tulipa tarda, most adventitious bulbs were
formed on callus explants cultured on 0.5 pM BA and 3% sucrose [46,51], but when the same
medium contained 6% sucrose, the number of adventitious bulbs significantly decreased
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(similarly to the present results with Lachenalia viridiflora). Moreover, if the medium was
free of BA, there were no differences between 3 and 6% sucrose in the bulb regeneration [46].
In other Lachenalia cultures [17], there were no differences in bulbing between 3% and 6%
sucrose, although larger bulblets formed under higher sucrose concentration. Sucrose is
regarded as the main component of medium responsible for bulb development [17,22].
Bach et al. [31] in Hyacinthus culture demonstrated that high level of both sucrose and
glucose had positive impact on storage organ formation. Some Tulipa cultivars formed
bulbs after glucose alone or with fructose treatment [56], whereas in Lilium culture, starch
was the main component involved in bulblet formation [45]. High sucrose concentration
promoted formation of bulb in: Tulipa [57], Lilium [58], Hyacinthus [59,60] and Narcissus [61].
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Figure 2. The effect of different explant and medium type on the number of adventitious bulbs (Bulb
No.) and their diameter (Bulb D). Mean values + SE with different small letters as well as mean
values with different large letters are significantly different according to Duncan’s multiple range test
atp <0.05.

Taking into account the two examined factors (explant x medium), the adventitious
bulbs had a diameter ranging from 2.1 to 4.7 mm (Figure 2). The distinguishing medium
for all explants was the one without PGRs and with 3% sucrose. Analysis irrespective of
explant type confirmed that adventitious bulbs formed on this medium had significantly
higher diameter (4.5 mm) compared to the diameter of the adventitious bulbs regenerated
on the other media (2.5-3.3 mm). Irrespective of media combination, higher diameter
was noticed for adventitious bulbs obtained from bulb explants (3.3 mm) than from callus
(2.9 mm). With regard to leaf and bulb explants, a relationship was observed—the more
bulbs are formed, the smaller their diameter (Figure 6B). Similar observation was made
by Cheesman et al. (2010) [62] during Eucomis zambesiaca bulbing. Lachenalia ‘Ronina’
formed, on average, 5.4 adventitious bulbs/explant after 16 weeks of treatment with 3%
sucrose; 2.5 pM BA, 0.5 ptM NAA with 4.1 mm in diameter [12]. Diameter of Lilium regale
adventitious bulbs 6 weeks after cultivation on medium with 3% sucrose, 5-10 uM BA and
0.5 uM NAA, ranged between 4.0-4.2 mm [27]. In Fritillaria imperialis culture, treatment
with 3% sucrose and 0.2 mg L~! BA caused the largest bulb diameter which amounted to
10.1 mm [63]. In Hyacinthus culture, elevated sucrose concentration to 9% was the main
factor that increased bulb diameter to 1.21 cm [64].

Biomass (defined as a sum of initial explant fresh weight and fresh weight of adventi-
tious bulb with or without leaf) ranged from 0.27 g for leaf explant x S3/without PGRs
to 2.68 g for bulb explant x S3/2.5 BA/0.25 NAA (Figure 3). Irrespective of media combi-
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nations, the bulb explant was the most favorable to obtain the highest value of biomass
(1.9 g), next in this regard was callus (1.3 g) and the last, the leaf explant (1.1 g). Analyzing
only the effect of media type, it was noticed that lack of PGRs resulted in obtaining approx-
imately half the biomass (0.68-0.82 g) compared to the media containing the regulators
(1.35-1.93 g depending on media combination), and sucrose seems to have no impact on
this feature. These trends are confirmed by correlation analysis, presented in Figure 6B,
revealing most often a positive relationship between explant biomass and PGRs content,
and lack of correlation between explant biomass and sucrose. On the contrary, in Tulipa
tarda cultures, there were no significant differences between biomass fresh weight obtained
on MS media with or without PGRs [51]. In the case of Lapiedra martinezii, 6% sucrose
was the main factor increasing biomass of bulblets, nearly to 1.5 g [65]. Whereas, in an
experiment with Hippeastrum hybridum an average weight of bulbs, equal to 2.17 g, was
achieved under 9% sucrose treatment [66], but in Eucomis zambesiaca cultures, the greatest
impact on bulb weight, which amounted to 57 mg, had the temperature of 20 °C [62].
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Figure 3. The effect of different explant and medium type on the biomass and biomass weight
increase indicator (WI). Mean values + SE with different small letters as well as mean values with
different large letters are significantly different according to Duncan’s multiple range test at p < 0.05.

WI was inserted to compare the fresh weight increase on different explant type that
had different initial fresh weight. Generally, on leaf explants regenerated on media with
PGRs, the value of biomass increase (WI) was higher compared to other explant types,
but these differences were not always of statistical significance (Figure 3). The highest
value of WI among all objects was noticed for interaction leaf x 56/2.5 BA/0.25 NAA—the
biomass increased by 50 compared to the initial fresh weight of the explant, whereas the
combination of callus and S6/without PGRs only doubled the fresh biomass weight. The
data also indicated that irrespective of media combination, the WI was higher for leaf
explant (2882%) than for bulb explant (930%) and callus (560%). Irrespective of explant
type, the lowest biomass increase was recorded for media without PGRs (575-691%), the
highest for medium S6/2.5 BA/0.25 NAA (2347%), however, this value was on the same
statistical level with two other media combinations: S6/2.5 BA/0.5 NAA (1814%) and
53/2.5BA/0.5 NAA (1795%). In the experiment with Tulipa tarda, there were no differences
in increase of fresh weight of callus tissue between media with or without 0.5 uM BA [46].

The response of adventitious bulbs in relation to the ability to form leaves depended
on the interaction of two studied factors, but no clear tendency could be defined in which
of these factors might have been more important in this interaction (Figure 4). Using two



Agronomy 2022, 12, 475

8 of 14

Bulbs FL [%]
100 -

90 -
80 -
70 -
60 -
50 -

40 -

30- |

20-

combinations: leaf explant x S6/2.5 BA/0.25 NAA and leaf explant x 56/2.5 BA/0.5 NAA,
resulted in no leaf formation. In other objects, 6.6-77.7% (depending on factors combina-
tion) of adventitious bulbs showed the ability to form leaves. The analysis, carried out
irrespective of individual factors, revealed some statistically significant relationships with
regard to this feature. Irrespective of media combination, the adventitious bulbs regen-
erated from three explant types displayed different potential for leaf formation. Leaves
were formed most frequently by adventitious bulbs originated from bulb explants (52.3%),
then from callus (35.2%) and, last often, from leaf explants (24.8%). Irrespective of the
media, adventitious bulbs on the bulb explants developed earlier than on other explants
(Figure 1G,]), therefore, the leaves also developed earlier and faster, and were longer. Ir-
respective of explant type, less adventitious bulbs cultivated on media S6/without PGRs,
56/2.5 BA/0.25 NAA and S6/2.5 BA/0.5 NAA (10.9/11.1/16.0%, respectively) formed
leaves compared to adventitious bulbs cultivated on the other five media combinations
(42.1-57.8 depending on medium type). Bulbing was the main goal of this experiment,
and in this context, leaf formation can be viewed as a negative phenomenon. However, if
further in vitro propagation of Lachenalia viridiflora was planned, then the leaves could be
used as explants.
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Figure 4. The effect of different explant and medium type on the percentage of adventitious bulbs
forming leaves (Bulb FL) and on the leaves’ length (Leaf L). Mean values + SE with different small
letters as well as mean values with different large letters are significantly different according to
Duncan’s multiple range test at p < 0.05.

The highest value of leaf length (27 mm) was recorded in the case of adventitious
bulbs regenerated from bulb explants cultivated on medium with 3% sucrose and without
the PGRs (Figure 4). Statistically, the same length of leaf was observed for bulbs obtained
also from bulb explants but grown on media supplemented with 53/5 BA/0.5 NAA
(25.8 mm), S3/2.5 BA/0.25 NAA (22.7 mm), S3/2.5 BA/0.5 NAA (20.7 mm) and 6% sucrose
without PGRs (18.1 mm). Leaf explants cultivated on media S6/2.5BA/0.5NAA and on
56/2.5BA/0.25NAA, proved to be explants forming bulbs without leaves. Two-factor
analysis of leaf length showed also a stronger influence (not always confirmed by statistical
differences) of the type of explant and sucrose concentration than of the PGRs’ concentration.
This tendency in relation to the type of explant was statistically confirmed by an analysis,
irrespective of media type—bulbs obtained from bulb explants formed the longest leaves
(18.9 mm), from callus with average length leaves (11.7 mm) and from leaf explants, the
shortest ones (5.7 mm). In relation to sucrose concentration, this tendency was confirmed by
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Bulbs No.
12 -

Week

Medium

an analysis irrespective of explant type—the longest leaves were observed for adventitious
bulbs cultivated on medium with 3% sucrose (15.2-16.5 mm depending on the PGRs’
concentration) than on medium with 6% sucrose (7.4-9.8 mm depending on the PGRs’
concentration). A longer leaf may provide more explants that can be used for further
micropropagation (which was not the purpose of this study).

An analysis of dynamics of adventitious bulbs” formation revealed that with the
lapse of the duration of the culture, the number of arising adventitious bulbs on the
explants increased, but the course of this process depended on the explant type and media
composition (Figure 5). Rising trend in bulbing was more visible between the fourth and
eighth week for leaf and bulb explants cultivated on medium S3/5 BA/0.5 NAA, which
increased from 4.16 to 7.24 and from 1.96 to 5.48, respectively. Generally, from eighth to
twelfth week, higher growth dynamics of bulbs was noticed for all explant types cultivated
on S3/2.5BA/0.5NAA,S3/2.5BA/0.25 NAA and S6/2.5 BA/0.25 NAA.

Explant — Leaf — Bulb Callus

0.0 BA
0.0 NAA
S3

5.0 BA 2.5BA 25BA 0.0 BA 5.0 BA 25BA 2.5BA
0.5 NAA 0.5 NAA 0.25 NAA 0.0 NAA 0.5 NAA 0.5 NAA 0.25 NAA
S3 S3 S$3 S6 S6 S6 56

Figure 5. The dynamics of adventitious bulbs’ formation after 4, 8 and 12 weeks of cultivation,
depending on the explant and medium type. The shown values are means + SE.

The principal component analysis (PCA) method is used to reduce the size of a statisti-
cal dataset and create a smaller set of new variables (principal components) containing most
of the information of a larger group of original variables [67,68]. In this study, the principal
component analysis was performed to assess the general structure of interrelations between
studied traits of Lachenalia viridiflora, individual PGRs (BA, NAA) and sucrose in medium.

The first three principal components (PCs) explain 68.78% of total variation (Table 3),
of which PC1 and PC2 account for 55%. The PCA outcomes and their graphical represen-
tation on biplot enable to distinguish two main groups of strongly correlated variables
(Table 3, Figure 6A). The first group encompasses variables constituting the most impor-
tant contributors to the PC1 and correlated negatively such as Biomass (—0.67), Bulbs No.
(—0.71) and both PGRs: BA (—0.74) and NAA (—0.75). This shows that biomass and the
number of adventitious bulbs are related to PGRs (Table 3, Figure 6A). The PCA indicated
medium-related clustering of observation points, separated by the first principal compo-
nent (Figure 6A). The observations representing explants regenerated on media with PGRs
are closer to the vectors of variables of Biomass, Bulb No. and WI, which confirms the above
assumptions. The second group includes variables that have the greatest contribution to
the PC2. Those are negatively correlated Bulbs FL (—0.67) and Leaf L (—0.79), as well as
positively correlated Sucrose (0.60) and WI (0.56) (Table 3, Figure 6A). This suggests the
association between sucrose and the intensity of leaf formation and their elongation. The
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second principal component slightly divide observations into groups according to explant
type (Figure 6A). Observations that represent bulb explants are located closer to variable
Bulbs FL and Leaf L vectors, which indicate that this type of explant mostly tend to form
leaves. Leaf-derived explant observations slightly cluster towards vector of WI variable,
which is in line with previous analysis and confirm the highest fresh weight increase of this
explant type.

Table 3. Component loadings of 9 variables, eigen values, proportion of total variability represented
by the first three principal components (PCs) and cumulative variability.

Principal Components

Characters
PC1 PC2 PC3
Biomass —0.668545 —0.08133 0.220848
WI —0.364687 0.563526 0.594663
Bulbs No. —0.707269 0.050211 0.560183
Bulb D 0.376447 —0.384364 0.160915
Bulbs FL —0.507503 —0.668136 —0.148332
Leaf L —0.340757 —0.788754 —0.084753
Sucrose 0.345083 0.595031 —0.255695
BA —0.739398 0.302067 —0.479799
NAA —0.747778 0.345689 —0.440573
Eigen Value 2.82 2.12 1.26
Percentage of Variance 31.34 23.42 14.01
Cumulative % of Variance 31.33 54.75 68.76
5 4 -3 2 1 0 1 2 3 4 5
3 Leaf Bulb
10 o j 29 ¢ -
coles . 4 g = 2 2 i i 3 s 3
! B Sucrose 3 4 0% o ol M 012 ous JGH 03 ods ROM| 027 0% oo o o0 -mas 0l 02
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Figure 6. (A) Biplot of the Principal component analysis (PCA) representing the projection of variable
vectors and observation points on the plane defined by the first two PCs, showing associations
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between studied traits, explant types, PGRs and sucrose. The symbols representing the observation
points relate to the different combinations of medium, lines connecting the observation points
determine the range of location of different explants (see legend chart); (B) Pearson correlation
coefficient matrix between studied traits, PGRs and sucrose, presented separately for three types of
explant. The asterisks mean significance at p < 0.05. Correlation direction is emphasized in color
(positive in blue, negative in red) and strength in color saturation (the stronger correlation, the more
intense color).

As an additional way of studying PCA results, Pearson correlation coefficients were
calculated separately for each explant type. This analysis confirms what was demonstrated
by PCA correlations between variables in the case of leaf and bulb explants (Figure 6B). It
indicates significant and strong negative correlation of Bulb FL and Leaf L with sucrose
as well as significant positive correlation of Biomass, WI and Bulb No. with PGRs. The
culture derived from callus showed different pattern of variables’ correlation. The Pearson
correlation analysis revealed also significant, moderate negative correlation between Bulb
D and both PGRs among leaf and bulb explants. On PCA biplot, these variables” vectors
are located in opposite quadrants of the PC1 axis, however, positive correlation of Bulb D
variable with PC1 is weak to moderate (Figure 6A,B).

4. Conclusions

The application of the in vitro technique proved to be an effective method for mi-
cropropagation via organogenesis of Lachenalia viridiflora. Based on the obtained results,
we concluded that twice as many adventitious bulbs were obtained from leaf and bulb
explants as compared to callus. The more adventitious bulbs regenerated on the leaf and
bulb explants, the smaller their diameter was. Bulbing and leafing was promoted by the
medium containing 3% of sucrose. The adventitious bulbs derived from bulb explants
formed the leaves most often. No leaves were noticed on adventitious bulbs from leaf
explants when medium contained 6% sucrose, 2.5 uM BA, 0.5 or 0.25 uM NAA. The highest
biomass was obtained from bulb explants, and the addition of various combinations of
PGRs favored obtaining higher biomass compared to media without PGRs.

Considering the propagation efficiency (adventitious bulb number per explant) and
the economic aspect (lower proportion of PGRs and sucrose in the medium), leaf explants
cultivated on MS medium supplemented with 3% sucrose and 2.5 uM BA, and 0.25-0.5 uM
NAA or bulb explants cultivated on MS medium supplemented with 3% sucrose and
2.5 uM BA and 0.5 pM NAA are combinations recommended for the production of bulbs
of Lachenalia viridiflora. The results may support mass propagations and, consequently, the
conservation of this valuable species.
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