HorTScIENCE 58(12):1465-1473. 2023. https://doi.org/10.21273/HORTSCI17350-23

Sequence-related Amplified
Polymorphism and Target Region
Amplification Polymorphism Markers-
based Profiling of Sodium Azide and
Ethyl Methanesulfonate-derived Black
Rot-resistant Dendrobium sp.
‘Earsakul’ Mutants from In Vitro

Mutagenesis and Selection

Witsarut Chueakhunthod
School of Crop Production Technology, Institute of Agricultural Technology,

Suranaree University of Technology, 111 University Avenue, Muang District,
Nakhon Ratchasima 30000, Thailand

Apinya Khairum
Department of Agriculture, Faculty of Science and Technology, Thepsatri
Rajabhat University, Lopburi Province 15000, Thailand

Piyangkoon Jaukwon, Theerawat Chantakot, Tanandorn Woramit,
Sasitorn Hualsawat, and Piyada A. Tantasawat

School of Crop Production Technology, Institute of Agricultural Technology,
Suranaree University of Technology, 111 University Avenue, Muang District,
Nakhon Ratchasima 30000, Thailand

Keywords. black rot resistance, Dendrobium sp. ‘Earsakul’, ethyl methanesulfonate-induced
mutants, sequence-related amplified polymorphism, sodium azide-induced mutants, target region
amplification polymorphism

Abstract. To reveal the applicability of sequence-related amplified polymorphism (SRAP)
and target region amplification polymorphism (TRAP) markers to mutant genotyping and
marker identification for resistance to black rot (Phytophthora palmivora) in orchids (Den-
drobium sp. ‘Earsakul’), we fingerprinted four nonmutagenized controls and 12 black rot-
resistant mutants obtained with in vitro sodium azide (NaN;) and ethyl methanesulfonate
(EMS) mutagenesis and in vitro selection using culture filtrate of P. palmivora. Each of the
20 SRAP and TRAP primer combinations yielded 375 and 384 scorable DNA bands, respec-
tively, of which 94 (24.42%) and 88 (22.91%) were polymorphic, respectively. Mantel’s test
cophenetic correlation coefficients of SRAP, TRAP, and SRAP/TRAP were 0.750, 0.921, and
0.861, respectively, indicating the efficiency of these markers, especially TRAP and SRAP/
TRAP, for Dendrobium sp. ‘Earsakul’ mutant characterization. Moreover, the correlations
between the matrices of cophenetic correlation values for the dendrograms of SRAP with
TRAP, SRAP with SRAP/TRAP, and TRAP with SRAP/TRAP were 0.399, 0.566, and
0.793, respectively, and the dendrograms based on SRAP vs. TRAP and SRAP vs. SRAP/
TRAP, with lower correlations, had more variations, i.e., the number of clusters, the mem-
bers of clusters, and the placement of the materials, than the ones based on TRAP vs.
SRAP/TRAP. Among the three dendrograms, all nonmutagenized controls were clustered to-
gether, whereas all the highly resistant and the most resistant mutants were distributed sepa-
rately as individuals. Interestingly, the four SRAP and TRAP markers were significantly
associated with black rot resistance. Overall, our results will be useful for facilitating future
Dendrobium sp. ‘Earsakul’ breeding programs.

Orchids are the most exported and valuable
cut flower plants in Thailand, and they generate
an annual income of more than $58 million
from several countries (i.e., Japan, Vietnam, the
United States, China, Italy, South Korea, and
others). The Ministry of Commerce of Thailand
is focusing on increasing the exportation of cut
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flower plants to the Association of Southeast
Asian Nations countries, hence the increased
expansion of exports, with an average rate of
increase of 4.41% per year. Dendrobium or-
chids are the most exported orchids because of
their high-growing and long-lasting blooms, as
well as distinctive flower characters, especially

those of Dendrobium sp. ‘Earsakul’, which has
purple—white petals and white lips in a triangu-
lar shape. However, Dendrobium production is
largely affected by plant diseases, particularly
black rot (Phytophthora palmivora). Thus, the
development of disease-resistant orchid culti-
vars is an effective method for controlling dis-
ease outbreaks.

Improvement of Dendrobium orchids with
crossbreeding has several drawbacks, including
limited germplasm and the gene pool available
for desirable traits, troubles of sexual compati-
bility, low propagation rate, and long juvenile
periods and reproductive cycles. Mutation
breeding is an alternative for breeders to de-
velop new cultivars through induction either of
radiation or of chemical mutagens because they
generate genetic variations or even novel al-
leles, which may be associated with desirable
traits (i.e., disease resistance). Sodium azide
(NaN3) and ethyl methanesulfonate (EMS)
are popular chemical mutagens that are avail-
able for purchase and highly effective (Arisha
et al. 2014; Kumar et al. 2011; Savita et al.
2017; Yoosumran et al. 2018), and they can be
successfully used to induce disease resistance
in economically important crops (Chen et al.
2014; Lo et al. 2022). Generally, both mutagens
induce mutations by base substitution, leading
to incorrect base-pairing, and they also induce
chromosomal abnormalities. Moreover, muta-
tion breeding in combination with tissue cul-
tures (mutagenesis) provides a feasible method
of speeding breeding programs (Constantin
1984).

An array of molecular marker systems, es-
pecially arbitrarily amplified DNA markers, i.e.,
random amplified polymorphic DNA and inter-
simple sequence repeat (ISSR), can be com-
monly used to detect and characterize mutant
and somaclonal variants (Bello-Bello et al. 2014;
Savita et al. 2017). For target-specific breeding
purposes, markers designed to uncover genetic
variability should be involved with functional
genes because they may reflect functional poly-
morphisms (Andersen and Liibberstedt 2003).
Unlike conventional random markers, i.e., ran-
dom amplified polymorphic DNA and ISSR,
functional diversity markers that are in phys-
ical association with coding regions are ob-
tained by designing primers from open
reading frames (ORFs) and annotated ex-
pressed sequence tags (ESTs) from pub-
lished sequences of candidate genes (Hu
et al. 2005; Li and Quiros 2001).

Sequence-related amplified polymorphism
(SRAP) and target region amplification poly-
morphism (TRAP) markers are commonly
used functional markers for molecular analyses
with the advantages of simplicity, multilocus
nature, high reproducibility, and feasibility of
subsequently sequencing their desirable prod-
ucts (Poczai et al. 2013). SRAP markers were
first introduced by Li and Quiros (2001) to tar-
get the amplification of ORFs by using two pri-
mers, a forward primer (with CCGG motif)
specific to the exon region combined with a re-
verse primer (with AATT motif) specific to
promoters, introns, and spacers. TRAP markers
were developed by Hu and Vick (2003) based
on candidate gene-specific detection by using a
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fixed primer designed against known ESTs rel-
evant to desirable traits paired with an arbitrary
primer of forward or reverse primers of SRAP
markers. Currently, there are several ESTs re-
sponsible for biosynthesis of secondary metab-
olites, carbohydrate metabolism and regulatory
function, transportation, and stress responses
(Tan et al. 2005). They are generally available
at OrchidBase (http://orchidbase.itps.ncku.edu.
tw/). Plants possess defense responses that be-
gin at the pathogen infection site and subse-
quently extend to the surrounding cells, thereby
activating defense signals and further display-
ing defense responses throughout the plant,
termed systemic acquired resistance (Kamle
et al. 2020). Systemic acquired resistance can
be triggered by most pathogens in distal/unin-
fected plant tissues following salicylic acid and
pathogenesis-related protein accumulation. We
recently found that some unique protein bands
of pathogenesis-related proteins, i.e., chitinase
and B-1,3-glucanase, were induced in both dis-
tal and infected leaves of some Dendrobium sp.
‘Earsakul’-resistant mutants (Hualsawat et al.
2022; Khairum et al. unpublished data). There-
fore, we can design fixed primers of the TRAP
markers based on these candidate proteins. To
reveal the effectiveness of both marker systems
on molecular research, Mirajkar et al. (2017)
was able to identify sugarcane mutant germ-
plasm developed through gamma radiation-
induced in vitro mutagenesis using SRAP and
TRAP markers. El-Shahed et al. (2017) also
identified somaclonal variants of micropropa-
gated banana using both marker systems. More-
over, they were successfully used to evaluate
genetic variability in orchid species (Feng et al.
2014, 2015). Our experiment aimed to use
SRAP and TRAP markers for mutant characteri-
zation among four nonmutagenized controls and
12 black rot-resistant mutants of Dendrobium
sp. ‘Earsakul’, compare the potential of two
marker systems for measuring the levels of ge-
netic variability and mutant identification, and
investigate the association of the SRAP and
TRAP markers with black rot resistance genes
using a regression analysis and Bonferroni
correction.

Materials and Methods

Plant materials. Sixteen Dendrobium sp.
‘Earsakul’ lines provided by Hualsawat et al.
(2022) and Khairum et al. (2022) were used in
our experiment: four nonmutagenized controls
and 12 black rot-resistant mutants obtained with
in vitro NaN3 and EMS mutagenesis and three
in vitro selection cycles with 30%-30%-40%,
and 50%-50%-60% (volume/volume) culture
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Table 1. Severity scores of symptoms and disease response at 5 d after challenge with Phytophthora
palmivora isolate NK-53-9 in four nonmutagenized controls and 12 resistant mutants (Hualsawat

et al. 2022; Khairum et al. 2022).

Lines Mutagens Severity scores of symptomsi Disease responseli
SUT16C0031 433 S
SUT16C007™ 5.00 S
SUT16C008™ 5.00 S
SUT16C014™ 5.00 S
SUT17N05304 0.5 mM NaNj3 0.00 HR
SUT17N05305 0.5 mM NaNj 0.67 R
SUT17N05308 0.5 mM NaNj 0.00 HR
SUTI13E18301 1.8% EMS 0.00 HR
SUT13E18303 1.8% EMS 0.83 R
SUTI13E18304 1.8% EMS 1.33 R
SUTI13E18305 1.8% EMS 0.00 HR
SUT17E18303 1.8% EMS 1.33 R
SUTI7E18311 1.8% EMS 0.50 HR
SUT17E18316 1.8% EMS 1.17 R
SUT16E18502 1.8% EMS 0.67 R
SUT16E18503 1.8% EMS 1.33 R

' The severity scores were determined using three plants per three replicates. Three leaves were used

for one plant.

i The disease responses determined by severity scores at 5 d after pathogen infection were as follows:
highly resistant (HR) = 0.00 to 0.50; resistant (R) = 0.51 to 1.50; moderately resistant (MR) = 1.51
to 2.50; moderately susceptible (MS) = 2.51 to 3.50; and susceptible (S) = 3.51 to 5.00.

il Nonmutagenized controls.
EMS = ethyl methanesulfonate.

filtrate of P. palmivora. Information about the
plant materials is presented in Table 1. Briefly,
protocorm-like bodies were exposed with 0.5 mM
NaN; for 1 h or 1.8% (weight/volume) EMS
for 4 h and then transferred onto VW1 and
then MS2 media (Tantasawat et al. 2015)
for 2 months and 2 more months, respec-
tively. The putative mutant protocorm-like bod-
ies were transferred to liquid pea sucrose broth
(PSB) medium containing P. palmivora culture
filtrate at 30% to 60% (volume/volume) for
21 d (Khairum et al. 2018). Protocorm-like
bodies withstanding the culture filtrate were re-
covered on VW1 for 1 month. Selection was
repeated for three cycles. The putative mutants
were subjected to in vitro multiplication until
M, V, generation before the present molecular
analysis.

To isolate their DNA from fresh young
leaves, the cetyltrimethyl ammonium bro-
mide method of Zhang et al. (2009) was per-
formed. The quality and quantity of extracted
DNA were determined by an ND-1000 spec-
trophotometer (NanoDrop Technologies, Inc.,
Wilmington, DE, USA).

SRAP analysis. Twenty SRAP primer com-
binations derived from each of the five forward
and reverse primers (Table 2) were used. Poly-
merase chain reaction (PCR) was conducted as
stated by Feng et al. (2014) in 20 L of PCR
mix containing 40 ng of template, 1X buffer
concentration, 2.5 mM MgCl,, 0.2 mM dNTPs,
1U Tag DNA polymerase (Vivantis, Selangor
Darul Ehsan, Malaysia), and 0.4 wM of each
forward and reverse primer. An amplification
program was as follows: 94 °C for 5 min, fol-
lowed by five cycles of 94 °C for 1 min, 35°C
for 1 min, and 72 °C for 1 min; then, an addi-
tional 35 cycles of 94°C for 1 min, 50°C for
1 min, and 72 °C for 1 min were performed.
The final extension was performed at 72 °C
for 7 min in a T100™ Thermal Cycler

(Bio-Rad Laboratories, Inc., Hercules, CA,
USA).

TRAP analysis. The fixed primers were de-
signed according to the protocol described by
Hu and Vick (2003). Nucleotide sequences of
four genes including acidic endochitinase 1
(CHIB1), beta-1,3-glucanase 2 (BGL2), mito-
gen-activated protein kinase kinase kinase 16
(MAPKKK16), and phenylalanine ammonia-
lyase 2 (PAL2) were obtained from Orchida-
ceae Floral Transcriptome (http://orchidbase.
itps.ncku.edu.tw/est/ home2012.aspx), and 20
combinations with the SRAP reverse primers
were used (Table 3). The PCR amplification
was based on the work by Feng et al. (2015).
The final PCR reaction volume was 20 pL
of reaction mix that contained 40 ng of tem-
plate, 1X buffer concentration, 2.5 mM MgCl,,
0.3 mM dNTPs, 1U Tag DNA polymerase
(Vivantis, Selangor Darul Ehsan, Malaysia),
and 0.4 pM of each TRAP forward and SRAP
reverse primer. The PCR program was as fol-
lows: 94°C for 5 min, followed by five cycles
of 94°C for 1 min, 35 °C for 1 min, and 72°C
for 1 min; then, an additional 35 cycles of
94 °C for 1 min, 50 °C for 1 min, and 72 °C for
1 min were performed. The final extension was
performed at 72°C for 7 min in a T100™
Thermal Cycler (Bio-Rad Laboratories, Inc.).

The PCR products were displayed on 6%
(weight/volume) denaturing polyacrylamide gel
run for 70 min at a constant voltage of 200V
and stained by AgNO; according to Sambrook
and Russell (2001). Molecular weight markers
of 100 bp (Invitrogen, CA, USA) were added
to each gel for comparison of the scorable band
size.

Data scoring, cluster analysis, and princi-
pal component analysis. The absence of a clear
band was noted with 0 and the presence was
marked with 1 across both marker systems.
Polymorphism information content (PIC) was
calculated using the formula of Smith et al.
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Table 2. Sequence-related amplified polymorphism (SRAP) markers for analyzing four nonmutagen-

ized controls and 12 resistant mutants.

Primer combinations

Forward Reverse Total number Number of Polymorphic Polymorphism
primers primers of bands polymorphic bands bands (%) information content
Mel Eml 16 5 31.25 0.442
Em2 22 7 31.82 0.249
Em3 15 2 13.33 0.168
Em4 19 5 26.32 0.192
Em5 18 8 44.44 0.344
Me2 Eml 14 3 21.43 0.185
Em2 17 2 11.76 0.436
Em3 18 4 22.22 0.332
Em4 15 2 13.33 0.117
Em5 24 5 20.83 0.213
Me3 Eml 18 6 33.33 0.323
Em2 18 5 27.78 0.344
Em4 17 3 17.65 0.310
Me4 Eml 23 5 21.74 0.323
Em3 13 3 23.08 0.383
Em4 19 6 31.58 0.281
Me5 Eml 15 3 20.00 0.203
Em2 28 8 28.57 0.300
Em4 23 5 21.74 0.295
Em5 23 7 30.43 0.185
Total 375 94
Mean 18.75 4.70 24.63 0.281

(1997). Genetic similarity was estimated based
on Jaccard’s coefficients; the dendrogram was
generated by the genetic similarity and un-
weighted pair group method with an arithmetic
average clustering algorithm among the plant
genotypes studied. Mantel’s test of each marker
and comparisons between markers in the cluster
analysis were also estimated (Mantel 1967).
A principal component analysis (PCA) to

represent the multiple dimensions of the
Dendrobium sp. ‘Earsakul’ line distributions
was also conducted. All of these analyses
were implemented using NTSY Spc version 2.2
(Rohlf 1998).

Association analysis. The association be-
tween the SRAP and TRAP markers and severity
scores of black rot symptoms was determined by
a simple linear regression analysis using SPSS

version 16.0 (Levesque and SPSS Inc. 2006); the
markers were fixed as an independent variable,
and black rot disease severity was fixed as a de-
pendent variable according to Tantasawat et al.
(2012). The level of significance was tested using
the Student 7 test to determine the association.
To further reduce the possibility of declaring
false-positive results, the P value threshold
of a stringent « = 0.05 with Bonferroni
correction (0.05/number of total polymorphic
markers) was applied to determine highly sig-
nificant associations. This test allowed us to
reduce the number of significant markers
(Holm 1978).

Results and Discussion

SRAP polymorphisms. A total of 20 SRAP
primer combinations were used to attempt to
amplify DNA bands from bulked DNA of
each Dendrobium sp. ‘Earsakul’” nonmutagen-
ized control and resistant mutant (Table 2), pro-
ducing 375 scorable bands ranging in length
from ~200 to 1500 bp. Of these, 94 were
found to be polymorphic (24.42%). When com-
pared with our previous works using ISSR
markers for characterizing NaN; and EMS-
induced Dendrobium sp. ‘Earsakul’ mutants
from in vitro selection for black rot resistance,
the extent of the found polymorphisms was
lower than that found by Khairum et al. (2022)
and Tantasawat et al. (2017) (28.02%—-46.50%),
but it was higher than that found by Hualsawat
et al. (2022) (22.67%). The polymorphism per-
centage is largely dependent on the types of
markers and the types and number of genotypes
being studied. The SRAP markers only amplify

Table 3. Target region amplification polymorphism (TRAP) markers for analyzing four nonmutagenized controls and 12 resistant mutants.

Primer combinations

Reverse Number of Polymorphism
Forward primers primers Total number of bands polymorphic bands Polymorphic bands (%) information content
Acidic Eml 20 3 15.00 0.242
endochitinase 1 Em2 14 2 14.29 0.246
(CHIBI; C) Em3 14 5 35.71 0.213
Em4 19 2 10.53 0.219
Em5 18 2 11.11 0.273
Total 85 14
Mean 17.00 2.80 17.33 0.239
Beta-1,3-glucanase Eml 21 10 47.62 0.295
2 (BGL2; B) Em2 17 2 11.76 0.117
Em3 32 15 46.88 0.157
Em4 19 7 36.84 0.250
Em5 24 5 20.83 0.195
Total 113 39
Mean 22.60 7.80 32.79 0.203
Mitogen activated Eml 22 3 13.64 0.276
protein kinase Em2 19 1 5.26 0.375
kinase kinase 16 Em3 17 0 0.00 0.000
(MAPKKK16; Em4 19 2 10.53 0.297
M) Em5 15 4 26.67 0.230
Total 92 10
Mean 18.40 2.00 11.22 0.236
Phenylalanine Eml 17 7 41.18 0.320
ammonia-lyase Em2 20 3 15.00 0.380
2 (PAL2; P) Em3 17 3 17.65 0.185
Em4 17 3 17.65 0311
Em5 23 9 39.13 0.240
Total 94 25
Mean 18.80 5.00 26.12 0.287
Grand total 384 88
Grand mean 19.20 4.40 21.86 0.241
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the target region of ORFs, whereas the ISSR
markers are ubiquitously scattered across the
genome, thereby revealing the variations of the
entire genome. Although Hualsawat et al.
(2022) used the ISSR markers, their work in-
cluded a lower number of mutant lines (seven
lines) than our SRAP analysis (16 lines). More-
over, the polymorphism percentage of the
found polymorphisms was also lower than that
found by Feng et al. (2014) (97.00%) using a
SRAP analysis of several D. species collected
from several locations in China. The total num-
ber of scorable bands detected with each primer
combination ranged from 13 (Me4Em3) to 28
(Me5Em2) (average, 18.75), and each primer
combination produced two (MelEm3, Me2Em2,
and Me2En) to eight (MelEmS and MeSEm?2)
polymorphic bands (average, 4.70). The poly-
morphism percentage ranged from 11.76%
(Me2Em2) to 44.44% (MelEmS) (average,
24.63%). Theoretically, the dominant markers,
ie., SRAP, TRAP, or ISSR markers, have the
highest PIC value of 0.5. The range of PIC val-
ues computed as a mean over all the lines was
0.117 (Me2Em4) to 0.442 (MelEml) (average,
0.281), which was higher than that of our previ-
ous work using ISSR markers (0.190) (Khairum
et al. 2022). The higher PIC values found during
this study using the SRAP markers may have re-
sulted from the discriminatory power of this
marker system by specifically detecting ORFs of
some candidate genes possibly associated with
black rot resistance among the resistant and sus-
ceptible lines studied, suggesting the potential of
this marker system for mutant selection, thereby
leading to earlier selection and reduction of the
population size during mutation breeding pro-
grams. Ma et al. (2021) also found that the PIC
revealed by the SRAP markers (0.270) in di-
verse populations of black cardamom was
slightly higher than that of the ISSR markers
(0.232).

TRAP polymorphisms. Twenty TRAP
primer combinations were created using the
four candidate gene sequences (CHIB1, BGL2,
MAPKKKI16, and PAL2) to detect polymor-
phisms of these genes among the 16 Den-
drobium sp. ‘Earsakul’ lines (Table 3). A total
of 384 scorable bands from ~200 to 1500 bp
in length were observed; of these, 88 were
polymorphic (22.91%). The polymorphism of
the TRAP markers was lower than that of the
SRAP markers. This is possibly because the
TRAP polymorphic loci are specifically rel-
evant to the four candidate gene regions,
whereas those of the SRAP markers are ob-
tained directly from coding sequences of any
genes complementary with sequences of the
SRAP primers. Each primer combination
generated an average of 19.20 bands, and
4.40 bands of these were polymorphic. A
higher number of bands were generated by the
BGL2-based markers (113 scorable bands)
with 34.51% polymorphism (39 polymorphic
bands) compared with the markers based
on PAL2 (94 scorable bands), MAPKKK16
(92 scorable bands), and CHIB1 (85 scorable
bands) with 26.60%, 10.87%, and 16.47%
polymorphisms, respectively (25, 10, and 14
polymorphic bands, respectively). The poly-
morphism percentage ranged from 0.00%
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(M/Em3) to 47.62% (B/Eml) (average, 21.86%).
The polymorphism percentage of the markers
based on BGL2 ranged between 11.76% and
47.62% (average, 32.79%), whereas the ranges
for CHIB1, MAPKKK16, and PAL2 were
10.53% to 35.71% (average, 17.33%), 0.00%
to 26.67% (average, 11.22%), and 15.00% to
41.18% (average, 26.12%), respectively. The
PIC values ranged from 0.000 (M/Em3) to
0.380 (P/Em2). The overall average PIC of all
20 primer combinations was 0.241, which was
moderately informative compared with the
ones associated with the coding regions of
more genes using the SRAP markers (0.281).
Similarly, da Silva et al. (2016) observed that
the PIC of the SRAP markers (0.35) was higher
than that of the TRAP markers (0.33) when the
genetic variability of complex polyploid gua-
rana plant was evaluated.

Genetic diversity and relationships among
nonmutagenized controls and resistant mu-
tants. Two unweighted pair group methods
with arithmetic average dendrograms of the
16 Dendrobium sp. ‘Earsakul’ lines were
constructed using 94 and 88 polymorphic loci
of the SRAP and TRAP markers, respec-
tively. We also generated another dendro-
gram from the combined SRAP/TRAP data
with 182 polymorphic loci (Fig. 1). The pair-
wise genetic similarity coefficients across all
lines ranged from 0.698 to 0.922 (average,
0.806) for SRAP, 0.713 to 0.962 (average,
0.855) for TRAP, and 0.743 to 0.935 (aver-
age, 0.832) for SRAP/TRAP. However, our
previous works found relatively higher similar-
ity levels of 0.897 to 0.908 across these NaN;
and EMS-induced mutants using the ISSR
markers (Hualsawat et al. 2022; Khairum et al.
2022). These levels may have resulted from the
higher number of polymorphic bands synthe-
sized by the SRAP, TRAP, and SRAP/TRAP
markers (94, 88, and 182 bands, respectively)
compared with the ISSR markers (51 and
44 bands, respectively), or as a result of the dif-
ferences in the nature of the markers. Among
the three dendrograms, all nonmutagenized
controls were allocated together in cluster I, but
their genetics were not completely identical; the
levels of their genetic similarity ranged from
0.908 to 0.944, demonstrating evidence of so-
maclonal variation without NaN; and EMS
treatments. All the highly resistant and the most
resistant mutants were distributed separately as
individuals (Fig. 1A—C), possibly demonstrat-
ing that mutations in these mutants occurred in
different loci. These mutations may affect not
only black rot resistance but also other charac-
teristics. The presence or absence of SRAP and
TRAP fragments may stem from either the
gain or the loss of primer hybridization sites be-
cause of changes in the oligonucleotide sequen-
ces, i.e., point mutations or changes regarding
the alteration of size or hampering of the ampli-
fication of a target DNA. NaNj created point
mutations via a predominant transition of A/T
to C/G (86%) and transversion of C/G to A/T
(14%) (Olsen et al. 1993; Talebi et al. 2012)
and induced chromosome damage and poly-
ploidization (Khan et al. 2009). EMS also
induced transitions and transversions (70%—
99%) and caused chromosome damage like

NaNj;, which differed in the lower frequency
of the mutagenic effect on chromosomes
(Goldhaber-Pasillas et al. 2014; Serrat et al.
2014). We hypothesized that these different
mechanisms of the two mutagens and their
varying frequencies that caused random var-
iations may be connected to the differences
in genetic makeup and/or genomic features
of individual resistant mutants because most
of them were distributed separately and not
clustered in groups according to the type of
mutagens. The genetic distances between all
the nonmutagenized controls and all the resis-
tant mutants were 0.205 for SRAP, 0.144 for
TRAP, and 0.170 for SRAP/TRAP. Moreover,
the levels of the genetic distance between the
controls and the NaNj-induced mutants com-
pared to those of the controls and the EMS-
induced mutants across these three data sets
were 0.165 vs. 0.218 for SRAP, 0.140 vs.
0.145 for TRAP, and 0.142 vs. 0.179 for
SRAP/TRAP. The clear differentiation between
these Dendrobium sp. ‘Earsakul’ controls and
resistant mutants induced with NaN3 and EMS
was also observed using the ISSR markers and
morphological characterization, i.e., increased
number of nodes, leaves, and roots (NaN5 and
EMS), increased (EMS) and decreased (NaN3)
node length, decreased leaf length (NaN3), and
increased leaf width (EMS) (Hualsawat et al.
2022; Khairum et al. 2022). These results indi-
cated the potential of both chemical mutagens,
especially EMS, to induce genetic variability
through mutations under in vitro conditions,
and they would be useful for a Dendrobium
breeding program. Mahpara et al. (2023) ob-
served the efficiency of EMS over NaN; by
providing more variants and altering the mor-
phological and yield characteristics in chili.

A good fit of the clusters to genetic similar-
ity was indicated by high cophenetic correlation
coefficients based on TRAP and SRAP/TRAP
from the Mantel’s test (0.921 and 0.861, re-
spectively; P < 0.01), whereas SRAP had a
lower cophenetic correlation (0.750; P < 0.01).
The SRAP and TRAP markers resulted in dif-
ferent dendrograms in which all the lines were
separated into three clusters with eight individu-
als (Fig. 1A) and four clusters with six individ-
uals (Fig. 1B), respectively. The dendrogram
based on both marker systems showed three
clusters with eight individuals (Fig. 1C), like
the SRAP data, but different for the members
of cluster II and the pattern of mutant line clus-
tering. The differences between SRAP-based
and TRAP-based dendrograms may be attribut-
able to the polymorphisms detected, again rein-
forcing the necessity of their target sites for
obtaining reliable estimates of genetic relation-
ships among genotypes. Therefore, genetic
profiles of these Dendrobium sp. ‘Earsakul’
mutants could not be explained by their real
relationship with only one marker system.
As evident from the dendrograms, cluster II
in SRAP included SUT17N05305(R) and
SUT17E18303(R), whereas SRAP/TRAP SUT
17E18303(R) was clustered together with
SUT17E18316(R), as also seen in cluster II
in TRAP. In SRAP, SUT17N05305(R) was
the most divergent with the least similarity
(83.20%) among the NaNj3-induced mutants.
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Fig. 1. (A) Sequence-related amplified polymorphism (SRAP)-derived, (B) target region amplification polymorphism (TRAP)-derived, and (C) combined
SRAP/TRAP-derived dendrograms of four nonmutagenized controls, SUT16C003 (S), SUT16C007 (S), SUT16C008 (S), and SUT16CO014 (S), and 12
resistant mutants, SUT17N05304 (HR), SUT17N05305 (R), SUT17N05308 (HR), SUT13E18301 (HR), SUT13E18301 (R), SUT13E18301 (R),
SUT13E18301 (HR), SUT17E18303 (R), SUT17E18311 (HR), SUT17E18316 (R), SUT16E18502 (R), and SUT16E18503 (R).
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Hualsawat et al. (2022) also found that this
mutant was the most genetically distant and
had the maximum genome size and DNA
content compared with other NaN;-induced
mutants after ISSR analysis and flow cytometry,
respectively. The SRAP markers may amplify
more functional regions of its large genome pos-
sibly shared in common with other mutants, i.e.,
SUT17E18303(R), which also had a compara-
tively large genome (Khairum et al. 2022).
Although the TRAP markers only gather in-
formation associated with expressed regions
that are more conserved and that may not group
SUT17N05305(R) with SUT17E18303(R),
SUTI13E18303(R), and SUT13E18304(R),
they were allocated in the same clusters
across all three data sets with more than
89.30% similarity (cluster III for SRAP and
SRAP/TRAP and cluster IV for TRAP). In
TRAP, there was one more cluster (cluster
IIT) that consisted of SUT16E18502(R) and
SUT16E18503(R) with 92.10% similarity.
However, Khairum et al. (2022) revealed
that these four mutants did not form any clus-
ter using ISSR markers. We speculated that
the polymorphisms of these Dendrobium sp.
‘Earsakul’ mutants in the intragenic regions
were larger, but they were smaller in the vicin-
ity of the microsatellites, which displayed a
dynamic genome composition, as also ob-
served by Ruibin et al. (2017). Based on
all the molecular markers, the NaN3-induced
mutant SUT17N05305(R) was found to be
the most genetically similar to all the nonmu-
tagenized controls (88.20% similarity). On
the contrary, two EMS-induced mutants,
SUT13E18301(HR) and SUT13E18305(HR), and
one NaNjz-induced mutant, SUT17N05308(HR),
were the most distantly related to all the controls
(76.50, 79.20, and 80.30% dissimilarity, respec-
tively). The genetic relationships of these highly
resistant mutants as well as SUT17N05305(R)
with all the controls were evident in the TRAP-
based and SRAP/TRAP-based dendrograms.
PCA with three-dimensional plots based
on all the polymorphic loci revealed that the
three coordinates accounted for 21.54, 13.16,
and 10.49 (total variance 45.19), respectively,
for SRAP, 18.96, 15.53, and 14.45 (total vari-
ance 48.94), respectively, for TRAP, and 19.37,
13.37, and 11.25 (total variance 43.99), respec-
tively, for SRAP/TRAP. As with the unweighted
pair group method with an arithmetic average
cluster analysis using the SRAP, TRAP, and
SRAP/TRAP loci, PCA differentiated all the
nonmutagenized controls in cluster I from the re-
sistant mutants (Fig. 2). In the TRAP-based and
SRAP/TRAP-based PCA, the resistant mutant
SUT17N05305(R) was the most closely related to
all the controls, and the three highly resistant mu-
tants SUT13E18301(HR), SUT13E18305(HR),
and SUT17N05308(HR) appeared to be more dis-
tinct than all the controls and other resistant
mutants (Fig. 2B and C). Because these
highly resistant mutants are quite geneti-
cally diverse, they may be used as parents
for orchid improvement, and we intend to
study them for their resistance mechanisms
against black rot disease using a transcrip-
tome analysis in the future. Moreover, the
resistant mutants that formed clusters on
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the TRAP-based and SRAP/TRAP-based
dendrograms, including SUT17E18303(R)
and SUT17E18316(R) (cluster II for TRAP
and SRAP/TRAP), SUT13E18303(R) and
SUTI13E18304(R) (cluster IV for TRAP and
cluster 11T for SRAP/TRAP), and SUT16E18502(R)
and SUT16E18503(R) (cluster III for TRAP)
were closely allocated in the TRAP-based
and SRAP/TRAP-based PCA. Nevertheless,
the first four of these resistant mutants were
separated as individuals rather than delin-
eated into the clusters on the SRAP-based
dendrogram (Fig. 2A).

Association analysis. A simple linear regres-
sion analysis revealed significant associations be-
tween 12 SRAP and TRAP polymorphic loci
and severity scores of black rot symptoms (P <
0.05) (Table 4). Five SRAP loci, MelEm147,
Me3Em2221, Me3Em2600, Me4Eml350, and
Me4Eml3sg, and three TRAP loci, C/Em5,1,
M/Em4,,;, and P/Em3,75, showed negative as-
sociations with the severity scores of black rot
symptoms. On the contrary, three SRAP loci,
MelEml,;p, MelEml,qg, and Me3Em1,q,
and one TRAP locus, P/Em54,4, showed
positive associations with severity scores of
black rot symptoms. After Bonferroni correc-
tion (P < 2.75 x 10™*), four markers remained
significant. Three markers with negative associ-
ations, Me3Em2,,;, C/Em5,;, and M/Em4,,3
(R? = 0.687-0.933; t = —5.538 to —14.008;
P = 0.0000), and beta coefficients of —0.829
to —0.966 were associated with black rot resis-
tance. One marker with positive associations,
Me3Emlys (R? = 0.953; ¢t = 15557, P =
0.0000), and a beta coefficient of 0.976 was as-
sociated with black rot susceptibility. However,
these markers should be validated with larger
mutant populations for their associations with
black rot resistance before further application.

Comparison between marker systems. Man-
tel’s test was used again to calculate and
compare the similarity and cophenetic matri-
ces for SRAP, TRAP, and SRAP/TRAP.
There were significant correlations between the
pairwise comparisons of SRAP with TRAP,
SRAP with SRAP/TRAP, and TRAP with
SRAP/TRAP (0.475, 0.741, and 0.878, respec-
tively; P < 0.01), indicating concordance be-
tween these markers for the assessment of
genetic diversity and relationships among all
the Dendrobium sp. ‘Earsakul’ nonmutagenized
controls and resistant mutants. It should be
noted that the goodness of fit of TRAP and
SRAP/TRAP for cophenetic correlation values
of 0.921 and 0.861, respectively, were higher
than those of SRAP (0.750), suggesting the
suitability of TRAP and SRAP/TRAP over
SRAP for the assessment of genetic diversity
and relationships among our orchid genotypes.
Although the correlations between the matrices
of cophenetic correlation values for the dendro-
grams of SRAP with TRAP, SRAP with
SRAP/TRAP, and TRAP with SRAP/TRAP
were significant (0.399, 0.566, and 0.793, re-
spectively; P < 0.01), there were some varia-
tions in the dendrograms. The dendrograms
based on SRAP vs. TRAP and SRAP wvs.
SRAP/TRAP, which had lower correlations, had
more variations (i.e., the number of clusters, the
members of clusters, and the placement of the

materials) than the ones based on TRAP vs.
SRAP/TRAP. A possible explanation for the
differences in the resolution of SRAP and
TRAP may stem from the origin of polymor-
phic fragments (ORFs and ESTs). We designed
the fixed primers of TRAP using ESTs or genes
relevant to disease resistance to evaluate the ge-
netic profiles of the Dendrobium sp. ‘Earsakul’
nonmutagenized controls and resistant mutants,
and a higher polymorphism was obtained from
using the fixed primer designed using BGL2.
Our other works found that BGL2 and CHIB1
were associated with antifungal activities dur-
ing the infection of P. palmivora in these black
rot-resistant mutants (Hualsawat et al. 2022;
Khairum et al. unpublished data). However, the
polymorphism revealed by the fixed primer de-
signed from CHIB1 was low. Moreover, the
TRAP fragments amplified from the fixed
primer designed from BGL2 were not associ-
ated with black rot resistance (Table 4). Al-
though the fixed primers were created from
sequences of interesting ESTs or genes, it was
difficult to decide which DNA fragments were
associated with target sequences and how the
low polymorphism was obtained. As described
by Hu et al. (2005), mismatching between
TRAP primers and the target sequences from a
low annealing temperature (35°C) during the
first five cycles of the PCR led to ~1% of the
amplified TRAP fragments from the desirable
genes. It is possible to postulate that most of
the polymorphic TRAP fragments derived from
nonspecific amplification. Several reports also
revealed that only a small number of TRAP
fragments had homology to the targeted DNA
sequences relevant to the traits of interest (Hu
et al. 2005; Liu et al. 2005; Qiao et al. 2007). In
addition to TRAP, variations in a target se-
quence for SRAP detection does not necessarily
imply a phenotypic effect. Nevertheless, TRAP
and SRAP were more specific than the molecu-
lar techniques using only arbitrary primers be-
cause we found some fragments associated
with black rot resistance, and a cluster analysis
based on these markers could differentiate the
resistant mutants and all the nonmutagenized
controls. In the future, sequencing the amplified
fragments associated with black rot resistance
should be performed to indicate whether the
amplified fragments are from the intended loci
originally selected or random fragments from
many parts of the genome. We noticed that the
fixed and forward primers of the TRAP and
SRAP markers have a major role in generating
the amplification profiles because the same
arbitrary primer synthesized totally different
amplification profiles when combined with dif-
ferent fixed primers. Because the TRAP and
SRAP reactions generated abundant markers
through using a single fixed/forward primer
with numerous interchangeable arbitrary pri-
mers, they proved to be applicable for geno-
typic profiling, constructing a linkage map, and
locating quantitative trait loci, as performed by
Chueakhunthod et al. (2020), Ghanbarnia et al.
(2012), Liu et al. (2005), and Xiao et al. (2010).
It should be noted that increasing the initial an-
nealing temperature would possibly result in
higher specificity and fewer amplified frag-
ments, which may be applicable for targeting
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Fig. 2. (A) Sequence-related amplified polymorphism (SRAP)-derived, (B) target region amplification polymorphism (TRAP)-derived, and (C) combined SRAP/
TRAP-derived principal component analysis (PCA) plots based on the first three components of four nonmutagenized controls, SUT16C003 (S), (S), SUT16C008
(S), and SUT16C014 (S), and 12 resistant mutants, SUT17N05304 (HR), SUT17N05305 (R), SUT17N05308 (HR), SUT13E18301 (HR), SUT13E18301
(R), SUT13E18301 (R), SUT13E18301 (HR), SUT17E18303 (R), SUT17E18311 (HR), SUT17E18316 (R), SUT16E18502 (R), and SUT16E18503 (R).
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Table 4. Simple linear regression analysis between
the sequence-related amplified polymorphism
(SRAP) and target region amplification polymor-
phism (TRAP) markers and scores of black rot
symptoms in four nonmutagenized controls and
12 resistant mutants.

Markers Beta tvalue P value® R2

Me3Eml,g" 0976  15.557 0.0000 0.953
Me3Em25,; —0.966 —14.008 0.0000 0.933
C/Em5;,0" —0.829 —5.538 0.0000 0.687
M/Em4,,5"  —0.966 —14.008 0.0000 0.933

T Bonferroni correction threshold (e/number of
markers) 0.05/182 = 2.75 x 107*.

i The number preceding the subscript (sizes of
SRAP and TRAP markers in bp) refers to the
primer combination for generating the marker.

il C = forward primer CHIBI.

¥'M = forward primer MAPKKK16.

specific genomic regions. However, the poten-
tial of rapidly generating abundant markers
would be reduced.

Conclusion

We proved the effectiveness of the TRAP
and SRAP markers-based profiling of black
rot-resistant Dendrobium sp. ‘Earsakul’ mu-
tants induced with NaN; and EMS under
in vitro mutagenesis and followed by in vitro
selection with P. palmivora. Their intragenic-
specific and multilocus nature as well as sim-
plicity and low cost through using a single
forward primer with numerous interchange-
able reverse primers make them very attrac-
tive for molecular research (i.e., genotyping
and genetic diversity and relatedness evalua-
tions, trait mapping, gene tagging, and marker-
assisted selection). The SRAP and TRAP
profiles that revealed the delineation of the re-
sistant mutant from the nonmutagenized con-
trols and the functional polymorphisms among
the resistant mutants can be used as criteria for
the selection of parents to increase genetic vari-
ability in future breeding programs and for fur-
ther evaluation of their horticultural traits and
black rot resistance before distribution. More-
over, the four SRAP and TRAP markers that
were identified as significantly associated with
black rot resistance may also be used to initially
validate black rot resistance in Dendrobium
orchids.
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