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1. Introduction

Waterlilies are commonly known and called as ‘Bua Sai’ (in Thai), they
are frequently represented to be the iconic queen of aquatic plants and aquarium
landscapes, which includes an approximately 40 to 50 waterlily species and are
the largest group in genus Nymphaea L., family Nymphaeaceae, followed by
about discovered 800 waterlily species belonging to the order Nymphaeales [1,
2,4,7,8,9,14, 15,16, 17, 24, 25, 29, 31, 35]. Subgenus Bachyceras is recognized to
various tropical day-blooming waterlilies, which are described as blooming time
starting from 6.00 a.m. — 2.00 p.m. in each circadian rhythm. They are normally
used for living plant collection, water gardening, traditional propagation, and
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breeding [7, 8, 22, 25, 28, 29, 30, 35]. Members of this subgenus are considered diverse in both phenotypic and
genotypic traits [3, 30]. Due to their pan-, core-, and niche-wide distribution, they are widely distributed and
have adapted to propagate in several world regions, except Antarctica, under both hot and cold extreme
conditions [20, 28, 29, 30, 32, 34]. However, different ecosystems, habitat fragmentation, and urbanization also
affect their botanical characteristics and genetic backgrounds, both directly and indirectly. Likewise, Nymphaea
colorala Peter (Subgenus Bachyceras, Genus Nymphaea L., Family Nymphaeaceae), a tropical day-blooming
waterlily with floral uniqueness characteristics and notably blue flowered bloomer, is widely distributed from
East Africa to the other tropical zones, which is usually used as a plant model in waterlily research [1, 5, 6, 10,
11, 18, 29, 30, 32, 33]. The niche conservation of native, exotic, and alien waterlily species has been investigated
in numerous experiments and studies, thereby fostering species diversification in this group. In addition to in
situ and ex situ conservation, N. colorata and its hybrids, including natural and artificial hybrid lines/cultivars,
are chosen as plant models and plant materials for developing precision biotechnologies, especially mass-
propagation and ornamental crop production systems, germplasm preservation, and breeding programs. For
instance, Nymphaea ‘Chalong Khwan’ or Nymphaea ‘King of Siam’, an artificial waterlily hybrid with its
commercially valuable traits of amaranth-flowered flowers, which was created by outcrossing between
Nymphaea ‘Larpprasert’ and Nymphaea colorata. This waterlily hybrid cultivar was officially registered to the
International Waterlily and Water Gardening Society (IWGS) by Thai breeder Chaiyaphon Thamasuwan [1, 7,
13, 18]. Moreover, the natural hybrids of N. colorata are also required for hybridization, varietal improvement,
and genetic manipulation. Though the conservation and utilization of the waterlily genetic resource are
necessary for understanding, they are essential for reliable, sustainable biological resource management
within the ecosystem. In the context of novel agricultural biotechnologies, precision procedures are important
for adaptive responses and innovation in the face of climate change. Thus, we aimed to develop suitable
molecular markers for germplasm detection and genetic identification of N. colorata and its natural hybrids,
which were tested in both parental plants and in vitro seedlings, and to assess the genetic relationships of these
vulnerable waterlilies using HAT-RAPD markers.

2. Materials and Methods

2.1 Plant material preparation and in vitro seed culture

Mature seeds of three N. colorata cultivars obtained from outcrosses of the first day-bloomers as
maternal (seed) plants with the second and third day-blooming flowers, which were from the same cultivar
as paternal (pollen) plants, which caused from the protogynous phenomena (data were shown in figure 1A-
F). After waterlily germplasm sampling, seed samples were used as explants and then disinfected with suitable
sterilization protocols. Surface-sterilized seeds were cultured on half Murashige and Skoog’s (1/2MS) semi-
solid medium supplemented with 1.5% (w/v) sucrose and 1.0 mg/L 6- (N¢)-benzylaminopurine (6-BAP) for
primary in vitro seed culture establishment. The results showed that germination and survival percentages of
in vitro seedlings ranged approximately 30-45% after 4 weeks of culture. 1-2 cm-long, leafy-shooted seedlings
representing microgreens were selected to test the genetic background and identify them, compared with their
field grown seed donor plants. In vitro propagated seedlings were continuously maintained in standard tissue
culture conditions until which were finally transplanted to the nursery [26, 27].

Table 1. List of twelve N. colorata accessions used in this study.

Sample No. Sample Name: the concise details’ Sample Code

Nymphaea colorata Peter (a blue-petal cultivar; wildtype):

! Field-grown seed donor plant/wildtype #1 NCBLWT
Nymphaea colorata Peter (a blue-petal cultivar):

2 ) . NCB2
Field-grown seed donor plant/wildtype #2

3 Nymphaea colorata Peter (a light purple-petal cultivar): NCL1
Field-grown seed donor plant/natural waterlily hybrid line No. 1 #1

4 Nymphaea colorata Peter (a light purple-petal cultivar): NCL2

Field-grown seed donor plant/natural waterlily hybrid line No. 1 #2
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Table 1. List of twelve N. colorata accessions used in this study (continued).

Sample No. Sample Name: the concise details’ Sample Code

5 Nymphaea colorata Peter (a purple-petal cultivar): NCP1
Field-grown seed donor plant/natural waterlily hybrid line No. 2 #1

6 Nymphaea colorata Peter (a purple-petal cultivar): NCP2
Field-grown seed donor plant/natural waterlily hybrid line No. 2 #2

” Nymphaea colorata Pgter (a‘blue—petal cultivar): NCB_IS1
In vitro grown seedling/wildtype #1

8 Ny@phaea colorata Pe'ter (a'blue-petal cultivar): NCB_IS2
In vitro grown seedling/wildtype #2
Nymphaea colorata Peter (a light purple-petal cultivar):

9 . . . 11 NCL_IS1
In vitro grown seedling/natural waterlily hybrid line No. 1 #1
Nymphaea colorata Peter (a light purple-petal cultivar):

10 , . . 11 NCL_IS2
In vitro grown seedling/natural waterlily hybrid line No. 1 #2
Nymphaea colorata Peter (a purple-petal cultivar):

11 . . . 11 NCP_IS1
In vitro grown seedling/natural waterlily hybrid line No. 2 #1

1 Nymphaea colorata Peter (a purple-petal cultivar): NCP 152

In vitro grown seedling/natural waterlily hybrid line No. 2 #2

12 accessions tested: the individually randomized plant samples were collected and selected from field
grown seed donor plants and in vitro grown seedlings, which covered all N. colorata and its natural hybrids.

Figure 1. This is a picture of the (A) field grown seed donor plant of N. colorata (a blue-petal cultivar; wildtype),

(B) field grown seed donor plant of N. colorata (a light purple-petal cultivar; natural waterlily hybrid
line no. 1), (C) field grown seed donor plant of N. colorata (a purple-petal cultivar; natural waterlily
hybrid line no. 2), (D) in vitro cultured seedlings of N. colorata (a blue-petal cultivar; wildtype), (E) in
vitro cultured seedlings of N. colorata (a light purple-petal cultivar; natural waterlily hybrid line no.
1), and (F) in vitro cultured seedlings of N. colorata (a purple-petal cultivar; natural waterlily hybrid
line no. 2). White ruler bar = 14 cm., Black bar =1 cm.
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2.2 DNA extraction and quantification

Fresh leaves were collected from vigorous seed donor plants that were planted and grown in the fields
of Lotus and Waterlily Museum, Division of Central Administration, Office of the President, Rajamangala
University of Technology Thanyaburi (RMUTT) (data were shown in figure 1A-C and table 1). Three cultivars
of N. colorata were chosen to examine in this experiment, especially wildtype (a blue-petal cultivar), natural
hybrid line no. 1 (a light purple-petal cultivar), and natural hybrid line no. 2 (a purple-petal cultivar). Healthy
leaves were picked from the fields before pre-sterilization with mild detergent, then washed three times with
running tap water. Fresh leaf samples were stored at -20 °C in a refrigerator before use. The Cetyltrimethyl
ammonium bromide (CTAB) extraction used in this experiment was modified and then followed by the
traditional CTAB extraction procedure that reported by Doyle and Doyle in 1987 [12, 16, 24, 25]. Genomic
DNA (gDNA) pellets were dissolved in 500 ul TE buffer and stored at -20 °C. For in vitro cultured explant
samples, about 100 mg of six-month-old in vitro N. colorata seedlings and its natural hybrids were also gently
prepared for gDNA extraction using the modified CTAB extraction method as above (data showed in figure
1D-F and table 1) [12, 16, 24, 25]. The quantity of all stock gDNA samples was examined by spectrophotometer
at the wavelength of optical density (OD) at 260 and 280 nanometer (nm), which were used to evaluate the
amount of extracted gDNA samples, DNA concentration, and purification, respectively. At the same time,
gDNA samples were also used for quality control by 0.8% (w/v) smart agarose gel electrophoresis and then
visualized under UV trans-illumination.

2.3 Genetic analysis by high annealing temperature-random amplified polymorphic DNA (HAT-RAPD)

Polymerase chain reaction (PCR-based) technique was studied by using HAT-RAPD, which has been
applied to investigate genetic relationship and identification in various Nymphaea species and their hybrids,
and then reported by Suksakul et al., 2018 [16]. Seventy-two primers containing 12 nucleotides were also tested
and produced DNA bands on the agarose gel. PCR reactions of the HAT-RAPD technique were applied and
conducted in a BIO-RAD T100™ Thermal Cycler. A total reaction mixture was prepared for each PCR reaction,
adjusted to 30 pl, containing about 100 ng/ul gDNA template. PCR amplification conditions were performed
by involving in initial denaturation of 1 cycle of 94 °C for 3 minutes (the main step no. 1), following by the
main step no. 2 contained 40 cycles of 94 °C for 45 seconds (Denaturation), 46 °C for 45 seconds (Annealing),
72 °C for 1 minute (Extension) and then a final cycle in the main step no. 3: 1 cycle of 72 °C for 5 minutes (Final
Extension) [16]. After the thermal cycling procedure was finished, the amplified PCR products were stored at
4 °C overnight before the gel electrophoresis. PCR amplified products were electrophoresed on 1.5% (w/v)
smart agarose gel that was incubated in 1X TAE (Tris-Acetate-EDTA) Buffer Solution at 100 V (Voltage), with
running time (~ 30 minutes), depending on PCR product size, and stained with 6X ready-to-use (RTU) loading
dye solution. The different stained DNA sizes of PCR amplicons were verified against a volume of 10 pl 0.1%
(ng/ul) VC 100 bp Plus ready-to-use (RTU) DNA ladder molecular size standard (Vivantis Technologies Sdn
Bhd, Malaysia), which was used as a DNA marker, compared to the negative control lane (deionized water,
DI). The electrophoresed gels were stained with 0.1% (w/v) ethidium bromide (EtBr) solution for 10 minutes
before gel documentation. The reproducibly obtained DNA fragments were repeated at least three times.
Clearly, the resultant bands were counted and analyzed using a binary coding system (1/0). For all genotypes,
amplified banding results were scored using a 1/0 coding method, where ‘1" indicated the presence of a DNA
band and ‘0’ its absence at the loci used for each HAT-RAPD primer. Numeric data generated from each
primer were recorded and then compared between samples using the Numerical Taxonomy System Package
(NTSYS-pc, version 2.01e) (Applied Biostatistics Inc., New York, USA) [16, 24, 25]. Leading to a genetic
similarity index and phylogenetic dendrogram, the SimQual and SAHN modules were also used to compute
the similarity coefficient, as the resultant similarity matrix was utilized for constructing an accurate
phylogenetic dendrogram throughout an unweighted pair group method with arithmetic mean (UPGMA)-
based technique (Applied Biostatistics Inc., New York, USA) [16, 24, 25].
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3. Results and Discussion

Regarding to the micropropagated seedlings grown in vitro, no abnormal morphological
characteristics or malformed leafy seedlings were observed; however, germination and growth performance
showed significant differences among N. colorata cultivars and treatments. Fourteen primers containing twelve
nucleotides were also screened and then selected that these HAT-RAPD markers for PCR product
amplification and DNA fingerprinting on the 1.5% (w/v) smart agarose gel, especially primer A32, B22, B23,
B27,B32, C21, C24, C28, C29, D23, E24, E32, F23, and F31 (data were shown in figure 2 and table 2). Depending
on the HAT-RAPD technique, twenty-fifth waterlily accessions contained in both tropical and hardy waterlily
hybrids have also been demonstrated by precisely selected seventeen primers out of seventy-two primers (i.e.
A22, A24, A27, A29, A30, B21, C28, C29, C31, D23, D31, E22, E24, E32, F23, F25, and F31), which produced the
total clearly scored of 226 bands (sized in ~ 200-3,000 bp). It gave a total polymorphic loci percentage of 98.67%.
While the genetic similarities among all accessions ranged from 0.47 to 0.88, they were used to infer their
genetic relationships with three major groups [16]. Therefore, genetic variation assessment and analysis could
be investigated to understand the genetic basis of various biological phenomena in plants [21]. In particular,
true-to-type plantlets grown in vitro have also been shown to exhibit clonal fidelity in tissue-cultured plants
using DNA-based markers, such as ISSR, RAPD, and HAT-RAPD, which were investigated in Aloe vera and
Hedychium longicornutum Griff. ex Baker [21, 26]. Interestingly, some HAT-RAPD markers, including primer
E32, could be used to characterize in vitro regenerated banana plantlets (Musa spp., AAA genome) induced to
mutate using gamma ray radiation [25]. From our molecular marker detection, the DNA amplicons showed
clear bands, which were counted and scored in numeric results (data showed in Table 2). Numeric data from
each effective primer yielded a total of 240 distinct DNA bands, with an average frequency of 17.14 bands per
primer, spanning approximately 150-3000 base pairs (bps) (data showed in Table 2). The genetic distance
matrix obtained for individual samples of three cultivars/populations according to the field grown seed donor
plants and their seedlings grown in vitro showed that the genetic distance among twelve genotypes ranged
from moderate to high values of 0.64 to 0.94, with an average of 0.82 (data were shown in figures 3-4). Hence,
the polymorphic loci obtained from HAT-RAPD genotyping of appropriate markers were analyzed for total
polymorphic loci percentage (73.33%) and then compared for genetic similarities between the samples using
the program NTSYS-pc (data showed in figures 2-4 and table 2). From the accurately generated dendrogram,
each sample was constructed and classified into two main clusters, especially cluster no. 1: field-grown seed
donor plants and cluster no. 2: in vitro grown seedlings, respectively. Each clustering group revealed genetic
relationships within and between N. colorata cultivars (data were shown in Figures 3 and 4). Whilst the genetic
similarities within the same cultivars according to blue-petal cultivars versus (vs.) blue-petal cultivars, light-
purple petal cultivars vs. light-purple petal cultivars, and purple-petal cultivars vs. purple-petal cultivars
showed closer genetic relationship than another cultivar, except in some individuals of cluster no. 2 that
showed the genetic variation during the outcrossing. Leading to some blue-petal N. colorata individual
samples being particularly separated as another genotypic trait with different genetic inheritances, caused by
occurrences and possibilities in both natural and artificial hybridization, apart from somaclonal variation in in
vitro grown seedlings and plantlets. However, the specifically designed DNA-based markers and advanced
high-throughput data derived from the multiple omics technologies are still more importantly applied to
characterize and double-check in the genetic relationship assessment and variability of the living plants and
certain germplasms of N. colorata than the one-trial or one-dimensional laboratory practice [1, 21, 22, 23, 24].
Using primer C24 of HAT-RAPD yielded a unique monomorphic set of PCR products and the lowest
percentage of polymorphic loci (60%) among the others (data showed in Figure 2A-D and Table 2). By contrast,
primer C21 not only yielded a monomorphic set of amplified PCR products, but also generated different alleles
within the same locus, as shown in the alliant alleles, and this occurred in some individual plant samples. They
are caused by genetic manipulation, for instance, gene introgression, nucleotide insertion, nucleotide deletion,
nucleotide duplication, and so on (data were shown in Figure 2A-D and Table 2). Previous studies have
confirmed the genetic uniformity and clonal fidelity of micropropagated Aloe plants derived from shoot-tip
explants [21]. On the other hand, RAPD markers also showed consistent genetic uniformity and maintained
genetic fidelity in the field-grown mother plants and in vitro-propagated plantlets of H. longicornutum [21].
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Application of some efficient molecular markers in the tropical and hardy waterlilies, the selected DNA-based
markers of ISSR, RAPD, PCR-RFLPs, HAT-RAPD and SCoT techniques and additive nuclear internal
transcribed spacer (nrITS sized in approximately 900 bps) characterized sequences containing the partial
regions of 185, ITS1, 5.8S, ITS2, and 26S rRNA genes were also used to identify and classified the interspecific,
intersubgeneric (ISG) waterlily hybrid cultivars and several waterlily species [3, 4, 6, 7, 8, 15, 16, 17, 19, 21, 22,
23, 24, 25, 28, 29, 30]. Thus, we have aimed to assess and identify the genetic relationship and variation among
the field grown seed donor or mother plants and in vitro grown seedlings by using reasonable molecular
markers that will not be an arduous procedure for confirming the genetic relationship and authentication of

N. colorata and its natural hybrids, but also used to characterize its artificial hybrids and mutant lines/cultivars
in further studies.
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Figure 2. Representing pictures of polymerase chain reaction (PCR) amplified with the screened and selected
high annealing temperature (HAT-RAPD) primers from in vitro cultured seedlings and their field
grown seed donor plants of N. colorata and its natural hybrids. Primers used: (A) HAT-RAPD Primer-
A32, (B) HAT-RAPD Primer-C21, (C) HAT-RAPD Primer-C24, and (D) HAT-RAPD Primer-E32.
Lane M represents 100 bp Plus DNA ladder RTU, Lane DI represents deionized water (negative
control), Lanes 1-6 represent field-grown seed donor plants of N. colorata and its natural hybrids, and
Lanes 7-12 represent in vitro cultured seedlings of N. colorata and its natural hybrids. The sample
loading lanes (lanes 1-12) were assigned to the sample codes in Table 1.
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Table 2. List of high annealing temperature — random amplified polymorphic DNA (HAT-RAPD) primers used
for genetic relationship and fidelity assessment of in vitro cultured N. colorata seedlings, compared to
their field grown seed donor plants. The nucleotide sequences of selected primers, PCR product sizes,
the number of total bands, and the percentage of polymorphic loci are shown in the column.

Appr.o?(lmately Total Polymorphic .
Primer Nucleotide sequence amplified DNA scorable loci examined P(?lymorphm
name (5'—3) range/ bands with scorable loci percentage
PCR products (%)
] (Sb/p") bands
sized (bp)

A32 TTGCCGGGACCA 200 —2250 20 14 70.00
B22 GGTGACTGGTGG 300 —2250 16 13 81.25
B23 GGTGCCGGAGCA 300 — 3000 19 14 73.68
B27 GGCGGTTATGAA 150 — 2250 20 14 70.00
B32 ATCGCGGCTTAT 250 — 2250 15 12 80.00
C21 GGAGAGCGGACG 150 — 3000 23 18 78.26
C24 CCTTGGCATCGG 300 —2250 15 9 60.00
C28 GTCGACGCATCA 300 — 3000 13 9 69.23
C29 GTCGCCTTACCA 150 — 3000 17 11 64.71
D23 ACCATCAAACGG 300 — 1800 12 10 83.33
E24 CCGGAGTGGATG 200 — 2500 18 14 77.78
E32 CAGGAACAGCAA 250 — 1300 12 8 66.67
F23 CCATCCGCACGA 200 — 3000 20 15 75.00
F31 ATCGTGACGCCG 200 —2750 20 15 75.00

Total numeric result (s) ~ 150 — 3000 240 176 73.33

+ Sb/p = total scorable amplified DNA bands per primer.

NCB1 WT| 1.00
NCB2 091 1.00
NCL1 0.87 092 | 100
NCL2 0.82 086 | 094 | 100
NCP1 0.82 084 | 087 | 0.8 [ 1.00
NCP2 0.76 080 | 082 | 084 | 086 [ 100

NCB IS1 0.68 071 ] 074 | 074 [ 073 | 0.76 1.00

NCB I§2 0.64 066 | 066 | 066 | 070 [ 0.67 0.81 1.00

NCL 181 0.68 072 | 073 | 071 | 072 | 0.72 091 0.81 1.00

NCL 182 0.67 072 1 072 | 071 [ 072 | 0.74 0.84 0.74 0.89 1.00

NCP 181 0.67 069 | 071 | 070 | 068 [ 0.70 0.81 0.73 0.83 0.84 1.00

NCP 182 0.68 069 | 071 | 071 [ 071 | 0.73 0.75 0.67 0.74 0.79 0.86 1.00
NG NCB1 WT | NCB2 | NCL1 | NCL2 | NCP1 | NCP2 [NCB IS1 [NCB IS2 | NCL IS1 | NCL 182 | NCP IS1 | NCP IS2

Figure 3. The similarity coefficient matrix of HAT-RAPD data of the 12 N. colorata accessions with 14 primers.
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Figure 4. Phylogenetic dendrogram constructed by cluster analysis (UPGMA) of HAT-RAPD data of twelve
N. colorata accessions with 14 primers.

4. Conclusions

This is the HAT-RAPD application specifically reported for N. colorata accessions and their in vitro
progenies, which distinguishes it from previous studies. It has the potential to serve as molecular markers for
assessing genetic relationships, species-specific identification, authentication, variability, and heterogeneity
that expected due to reciprocal outcrosses and cross pollination among the field grown seed donor plants.
However, in vitro seed culture and storage of these N. colorata cultivars will be demonstrated in further studies.
Our research results not only served as a precise database for micropropagation and genetic characterization
of N. colorata and its hybrids, but also developed effective molecular markers for seed-derived plants, true-to-
type species, and pedigree analysis. Hence, a combination of plant biotechnological approaches would be
useful for establishing in situ and ex situ conservation of all N. colorata hybrid lines/cultivars. There are also
opportunities to apply in commercial ornamental crop production, breeding technology, genetic engineering,
and the utilization of certain waterlily germplasm resources.
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