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Purpose: The objective of the present study was to examine the
impact of explant type and varying concentrations of 2,4-
Dichlorophenoxyacetic acid and 6-Benzyladenine growth regulators
on the San Pedro cactus callus morphological and biochemical
characteristics. Research method: Four types of explants were used
i.e. explants with areola, without areola, with truncated areola, and
with central tissue. Additionally, five combinations of BA and 2,4-D,
were tested (0 mg/L BA + 2 mg/L 2,4-D, 2 mg/L BA + 2 mg/L 2,4-D, 3
mg/L BA + 3 mg/L 2,4-D, 4 mg/L BA + 4 mg/L 2,4-D, 0 mg/L BA + 0
mg/L 2,4-D). Findings: The results indicated that callus formation
induced in all treatments 6 days after inoculation. There were
significant differences in growth parameters, including fresh weight,
volume, moisture, tissue firmness, total phenols, total flavonoids
and antioxidant activity of the callus (P < 0.01) and dry weight of
callus (P < 0.05). Explants holding a segment of central tissue,
yielded the least favorable results in most of experimental
treatments, and the application of 2,4-D in the absence of BA had an
inhibitory and toxic effect on the San Pedro cactus explants.
Research limitations: No limitations were found. Originality/Value:
Specifically, use of 2 mg/L BA + 2 mg/L 2,4-D and explants with
areola resulted in callus with higher fresh weight, volume and total
flavonoids, as well as good tissue integrity and firmness. The
reported results are a valuable resource for future research related
to cell tissue culture and the elicitation of secondary metabolites in
Echinopsis spp.
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INTRODUCTION

The San Pedro cactus, with the scientific name Echinopsis pachanoi is a native plant found in
the southwest of America, Mexico, and Indonesia. It has been historically used for its
hallucinogenic properties. Additionally, it is recognized for its diverse biological activities,
including antimicrobial effects, analgesic and psychoactive properties. The cactus also
contains specific biochemical compounds such as the peptide Ep-AMP1, mescaline,
bridgexigenin A, B, and C, and pachanols A, B, and C (Agte et al., 1995; Kinoshita et al.,
1995).

In recent years, the production of plant secondary metabolites has garnered significant
attention as a potential source of effective pharmaceutical compounds (Dias et al., 2016;
Hussain et al., 2012; Wang et al., 2017). The utilization of in vitro culture methods for
extracting pharmaceutical compounds offers numerous benefits, including overcoming the
limitations imposed by seasonal and geographical changes, environmental factors, and the
potential for optimal and rapid production, as well as the establishment of a continuous
production system in terms of quantity and quality (Rameshi, 2015). Therefore, enhancing our
understanding of the growth behavior of undifferentiated cells is crucial for determining
optimal subculture stages and harvesting periods for maximum biomass or metabolite
accumulation (Cabanas-Garcia et al., 2021). The literature contains limited scientific reports
on the growth behavior of in vitro cultures of cactus species, with most focusing on Nopalea
cochenillifera (Adki et al., 2012), cell suspension cultures of Opuntia ficus-indica (Llamoca-
Zérate et al., 1999), Mammillaria candida, and Turbinicarpus laui (Reyes-Martinez et al.,
2019). E. pachanoi, a medicinal cactus containing specific biochemical compounds,
necessitates the study of tissue culture and callus production.

Research has shown that equal or nearly equal amounts of auxin and cytokinin can lead to
favorable results in callus production. For instance, in a study on E. chamaecereus, treatment
with 2.97 mg/L of both growth regulators BAP and NAA resulted in the highest amount of
callus production. Additionally, callus formation was observed to occur more on cut surfaces
(Tellez-Roman et al., 2020). In another study by Angulo-Bejarano and Paredes-Lo6pez (2011),
it was found that among 20 combined treatments of 2,4-D and BA, the best callus induction
occurred with the combination of 2.26 uM of 2,4-D and 2.21 uM of BA. Similarly,
experiments on six cactus pear genotypes showed no difference among treatments in terms of
the day of callus induction (Mengesha et al., 2016).

Furthermore, studies on O.streptacantha, O. megacantha, and O. ficus-indica revealed
that the best callus production was achieved with 3 mg/L 2,4-D and 0.5 mg/L BA (Robles-
Martinez et al., 2016). Notably, experiments on Cereus peruvianus, Echinocactus
mihanovichi, E. chamaecereus, and Aylostera heliosa demonstrated the impact of growth
regulators on callus formation (Karimi et al., 2010; Vidican et al., 2009). Additionally,
hormone treatments involving 2,4-D and BAP were successfully used to induce callus in cacti
such as Notocactus magnificus and Curifanta macromeris (Medeiros et al., 2006). Given the
importance of the San Pedro cactus in traditional and modern medicine, the present study
aimed to optimize callus induction using different explant types and plant growth regulators.
In addition, according to our literature review, no study has earlier been conducted on
different explant types for callus induction in this cactus species.
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MATERIALS AND METHODS

The present study was conducted as factorial experiment based on completely randomized
design with four replicates. The in vitro studies were undertaken at the Tissue Culture
Laboratory, Kesht Sanat Veshtakesht Co., situated in the Science and Technology Park of
Semnan University, during the period of 2020-2021. Biochemical parameters were measured
at the Horticultural Science Laboratory, Gorgan University of Agriculture and Natural
Resources. The first factor was the explant type, including those containing areola (A),
without areola (WA), with a cut areola (CA), and those consisting of central tissue (T). The
second factor involved a combination of different concentrations of BA and 2,4-D, as detailed
in Table 1.

Two-year-old San Pedro cactus plants, which have approximately 20 cm length and 5 cm
diameter, were procured from the Cactus House, Semnan, Iran. To ensure uniformity in size
and age, the apical part of the plants was removed. Such a treatment also can eliminate apical
dominance and promote rapid meristem growth. The cactus stems were then carefully
disinfected to maintain the sterility of the explants. After rinsing the stems for 30 minutes to
remove any dirt or debris, the samples were treated with a 2.5% active chlorine sodium
hypochlorite solution for 5 minutes to eliminate microorganisms. Subsequently, the explants
were sterilized with a 70% ethanol solution for 1 minute and rinsed three times with sterile
distilled water for 3, 5, and again 3 minutes, respectively.

The cactus stem was cut into 1 cm? explants, and three of them were placed in a jar
containing Murashige and Skoog (MS) culture medium, supplemented with different
hormonal concentrations, agar (8 g/l), and sucrose (30 g/l), which was then autoclaved at
121°C for 20 minutes under 1 atmosphere Pressure. Subsequently, the samples were
transferred to a growth chamber with a photoperiod of 16/8 hours, and a temperature of
25+1°C. The explants growth development was monitored daily, and the explants were sub-
cultured every four weeks on the same medium. After 60 days, the calli obtained from the
different hormonal treatments were evaluated based on the days of callus formation, callus
color, tissue firmness, callus fresh and dry weights, callus moisture percentage, callus volume,
total phenols and flavonoid content, and antioxidant activity.

Measurement of total phenols

The total phenolic compounds were quantified using the Folin-Ciocalteu colorimetric method.
Briefly, 0.1 g of the fresh callus tissue was ground in 5 ml of 95% ethanol and left in the dark
for 24 h. Then, 1 ml of 95% ethanol was added to 1 ml of the supernatant solution, and the
solution volume was adjusted to 5 ml with distilled water. Subsequently, 0.5 ml of 10% Folin
reagent and 1 ml of 5% sodium carbonate were added. The resulting mixture was kept in the
dark for one hour. Finally, the absorbance of each sample at a wavelength of 765 nm was
measured using an Analytic Jena model spectrophotometer, and the total phenol content was
calculated in mg/g fresh weight. Gallic acid concentrations ranging from 0 to 500 mg/L were
used as standards. This extract was utilized to measure the total phenol content using a
spectrophotometer in terms of mg/g of fresh weight (Singleton et al., 1999).

Measurement of total flavonoid content

The total flavonoid content was quantified based on the Rutin standard curve. One ml of the
methanolic extract was mixed with 250 pl of 10% aluminum chloride solution and 250 pl of
one-molar potassium acetate. The absorbance of the samples was measured at a wavelength of
415 nm (Akkol et al., 2008).
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Table 1. Description of experimental treatments.

Hormonal treatment (mg/L) Type of explant

A WA CA T
Ai1: 0 mg/L BA +2 mg/L 2,4-D AlA AIWA  AICA AT
A2: 2 mg/L BA +2 mg/L 2,4-D AA A2WA  ACA AT
As: 3 mg/L BA + 3 mg/L 2,4-D AsA AsWA  ACA AsT
As: 4 mg/L BA + 4 mg/L 2,4-D AA AWA AsCA AT
As: 0 mg/L BA + 0 mg/L 2,4-D AsA AsWA AsCA AsT

A : explants containing areola /WA: without areola / CA: cut areola & T :central tissue

Measurement of antioxidant activity through DPPH method

The free radical inhibition was measured using the 2,2-diphenyl-2-picrylhydrazyl (DPPH)
method. Initially, one ml of the methanolic extract was mixed with one ml of DPPH at a
concentration of 0.1 mM. For the control, one ml of pure methanol was used as a blank. The
samples were then kept in the dark for 30 minutes. Subsequently, the absorbance of the
samples was measured at a wavelength of 517 nm using a spectrophotometer (Ebrahimzadeh
etal., 2011).

Measurement of fresh weight, dry weight and callus moisture percentage

The callus tissue was weighed immediately after taking out of jar. Then a part of the callus
was cut and after recording its weight, was transferred to an oven with a temperature of 70°C.
It was remained in the oven until the weight of the sample became fixed. The difference
between fresh weight and dry weight of callus was used to calculate the moisture percentage
of callus (Salemlian, 2017).

Measurement of callus volume

Callus tissues after exiting from jars and weighing, were transferred to a graduated cylinder
containing 20 ml of water. By calculating the difference in water volume in the cylinder
before and after adding the callus, the volume of the callus was obtained (Mashayekhi &
Atashi, 2018).

Data analysis

The experimental data were organized and processed using Excel, and statistical analysis was
conducted using SAS software (9.1). The means were compared using Duncan's test at a
significance level of P < 0.05.

RESULTS AND DISCUSSION

Initially it was found that there was no significant difference in the day of callus formation
among the different treatments; all treatments-initiated callus after 6 days of cultivation (Fig.
1). Previous studies by Robles-Martinez et al. (2016) reported that callus formation from
embryos culture of O. streptacantha, O. Megacantha, and O. ficus-indica was observed in all
media supplemented with 2,4-D but not in media containing only BA. The combination of 3
mg/L 2,4-D and 0.5 mg/L BA produced the best response, with 70% of callus induction in O.
streptacantha and 100% in O. megacantha and O. ficus-indica explants at day 15 of culture.
Another experiment conducted on six cactus pear genotypes showed that there was no
significant difference among genotypes with respect to time taken to callus induction (22-23.3
days after culture) (Mengesha et al., 2016).

Our findings revealed that the callus induction in San Pedro cactus is a rapid occurrence,
while the maximum biomass accumulation is slow, as observed at 8 weeks after culture in the
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current experiment. This behavior mirrors that of callus cultures of Coryphantha macromeris
originating from stem discs. The highest yield of callus biomass was attained after nine weeks
of culture (Cabanas-Garcia et al., 2021). In contrast, some other plant species, such as
Eysenhardtia polystachya (Leguminosae), demonstrated maximum biomass accumulation at
12 days of culture (Bernabe-Antonio et al., 2017), while Armeria maritima (Plumbaginaceae)
reached maximum biomass accumulation at day 14 (Gourguillon et al., 2018).

At the end of the culture, apart from A; and AsT, the callus tissue remained healthy with
compact characteristics, and only a few small brown points were observed. Similar results
were observed in C. macromeris callus after nine weeks of culture, without any phenol
exodation (Cabanas-Garcia et al., 2021). In contrast to our findings, Adki et al. (2012)
reported that in Nopalea cochenillifera (Cactaceae) cultures, the callus lost its vigorous
characteristics and turned brown 40-50 days after inoculation. Interestingly, our results
demonstrate that E.pachanoii callus, like C. macromeris callus, is a long-living culture, and
cells can withstand water and nutrient deficits, similar to intact- plants of cacti species
(Cabanas-Garcia et al., 2021; Stahlschmidt et al., 2011).

< “
t“ \Q'.
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Fig. 1. Callus induction in four types of San Pedro cactus explants, 6 days after inoculation. A: explants
containing an areola, B: explants without an areola, C: explants with a truncated areola, D: explants consisting of
central tissue.
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As far as callus color is concerned, initially the majority of calli colors were white, but as
the experimental period progressed, they underwent various color changes, making it
challenging to be reported as a statistically analyzed index. So, multiple colors, including
white, cream, pale green, rich green, pale brown, and rich brown, were observed in all
treatments, albeit in different proportions. This observation is consistent with the findings of
Angulo-Bejarano and Paredes-Lopez (2011) on Opuntia ficus-indica, where they reported
similar color changes during the development of a regeneration protocol through indirect
organogenesis in the same cactus species.

The analysis of variance revealed that experimental factor, hormonal composition, has a
significant impact on all studied traits (P < 0.01). Explant type has similar impact on studied
traits (P < 0.01), except for total phenols and callus dry weight (P < 0.05) (Table 2). In Table
3, the impact of different concentrations of BA and 2,4-D on various callus morphological
and biochemical growth parameters is presented. The data clearly indicates that the A:
treatment shows the best performance in traits related to callus morphological growth,
including callus fresh weight index, callus volume, and callus moisture percentage (Fig. 2).
Among the experimental treatments, A, contained 2 mg/L 2,4-D, similar to the control (As),
exhibited the lowest rank in fresh weight and callus volume. Additionally, the callus in this
treatment displayed a brown color and had a loose and crumbling texture. Consequently, in
the assessment of callus tissue firmness, treatment A; demonstrated the lowest value among
all the experimental treatments, even lower than the control treatment. This contrasts with the
findings of Teodora et al. (2015), who reported enhanced callus formation and size in
Echinopsis (zucc) chamaecerus with the presence of 2.5 mg/L 2,4-D in the culture medium,
compared to the control.

Table 2. The influence of explant type and combination of growth regulators on phenol, flavonoid, antioxidant
activity and certain callus characteristics of San Pedro cactus.

Sources of df (Mean square)
variation Callus Fresh Dry Callus Callus Total Total Antioxidant
firmness  weight weight moisture volume  phenols  flavonoids activity
mg/ mg/ % cmd/ mg/g fw  mg/g fw %
explant  explant explant
Hormonal 4 1327 9166  0.21" 1458.65™  91.32"  0.58™ 0.05™ 512.00™
composition
Type ofexplant 3~ 20.66™  31.55™  0.008" 1690.55"  37.31"  0.04" 0.03* 529.28"™
Hormonal 19 187" 5.46™ 0.033" 1253.02""  5.25™ 0.19™ 0.10™ 1073.37"

composition x

Type of explant

Error 40 0.13 15.94 0.024 25.34 11.33 0.02 0.33 156.96
cv 10.53 17.06 8.58 5.60 14.01 20.40 19.56 20.72

ns, *, and **: No significant, significant at 5 and 1% probability, respectively.

Table 3. The effect of different concentrations of BA and 2,4-D on some callus morphological and biochemical
characteristics of San Pedro cactus.

Growth Callus Fresh Dry Callus Callus Total Total Antioxidant
regulators firmness  weight weight moisture  volume phenols  flavonoids  activity
concentration mg/explant ~ mg/explant % cmilexplant  mg/g fw  mg/g fw %

A1 1.91° 0.83¢ 0.04° 94.82° 0.88¢ 0.70° 0.44b 58.45P

Az 4.16° 6.342 0.272 95.62° 6.50° 1.012 0.552 56.47°

As 4.082 5.43° 0.222 95.722 5.83° 0.96° 0.48% 70.412

As 433 5.30° 0.312 92.61° 4.98¢ 0.942 0.46° 63.12%

As 2.83° 0.57¢ 0.03° 70.20° 0.77¢ 0.49° 0.37¢ 53.78

Means, in each column, followed by same letter are not significantly different at the 5% probability level, using Duncan test.
Al: 0 mg/L BA+2mg/12,4-D <A2:2mg/ | BA+2mg/12,4-D <A3:3mg/ | BA+3mg/12,4-D <Ad: 4 mg/ 1 BA+4mg/l124-D;A5:0
mg/ | BA+0mg/12,4-D.
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Fig. 2. Comparative callus growth of San Pedro cactus in five different concentrations of BA and 2,4-D, using
explants containing areoles. A1: 0 mg/L BA + 2 mg/L 2,4-D, A2: 2 mg/L BA + 2 mg/L 2,4-D, A3: 3 mg/L BA +
3 mg/L 2,4-D, A4: 4 mg/L BA + 4 mg/L 2,4-D, A5: 0 mg/L BA + 0 mg/L 2,4-D.

The application of 2,4-D alone typically induces and promotes callus growth in most
plants. However, in the case of the San Pedro cactus, the application of this growth regulator
has an inhibitory effect on callus induction and growth, as evidenced by the color and tissue
type of the explant. Given the reported effects associated with this growth regulator at
different concentrations, it appears that cactus tissue is sensitive to 2,4-D. Therefore, it may
be necessary to utilize concentrations lower than those employed in the present research.
Fiedler et al. (2022) reported that the utilization of 2,4-D at moderate concentrations (2 mg/L)
allowed the obtaining of a vigorous callus of Ariocarpus retusus, while 3 mg/L inhibited the
callogenesis process.

The optimal combination of growth regulators appears to have a significant impact on
increasing cell size within the callus mass. This resulted in the Az treatment showing higher
fresh weight and volume of the callus compared to other treatments. When comparing the
experimental treatments involving different concentrations of growth regulators (A1, Az, Asz,
and Az) to the control treatment (As), there was a noticeable increase in the percentage of
moisture. A higher moisture content is often associated with higher cell viability (Tan et al.,
2010), suggesting that growth regulators may play a crucial role in facilitating water and
nutrient absorption, as well as promoting cell wall expansion within the callus mass. This
observation is consistent with previous research, such as the high callus moisture content of
Grewia tenax obtained with BA+NAA calli compared to NAA, which can be attributed to the
presence of cytokinin in the culture medium (Daffalla et al., 2019). Research has shown that
application of cytokinin can stimulate the growth of unorganized cultures (Luczkiewicz et al.,
2014). These findings support the notion that growth regulators can have a significant impact
on callus morphology and biochemical parameters.

There were significant differences in total phenols and flavonoid contents among the
treatments. Az treatment has shown most total phenol content, however it had no significant
differences with Az and A4 treatments, but all of them had significant differences with A; and
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As treatments, respectively. A2 had most total flavonoids content too. Also, notable variations
were observed in antioxidant activity, with treatment Az exhibiting the highest level, followed
by treatment A4, and then other treatments. Importantly, the control treatment (As) displayed
lower antioxidant activity compared to the experimental treatments containing growth
regulators. Results showed that antioxidant activity in San pedro cactus may increase with
higher concentrations of plant growth regulators.

Remarkably, previous studies have also shown the influence of specific growth regulator
combinations on antioxidant activity in plant callus cultures. For instance, in Salvia
moorcroftiana callus, the maximum DPPH scavenging activity was achieved using 2,4-D and
BAP at 1mg/L each, along with 1.5 mg/L melatonin (Bano et al., 2022). Similarly, in Ocimum
basilicum L. callus, the highest levels of antioxidant content were achieved with 0.5 mg/L
2,4-D (Wongsen et al., 2015). Furthermore, callus cultured on a medium supplemented with
2.0 mg/L 2,4-D and 1.0 mg/L BAP showed the greatest antiradical activities against DPPH in
Crataegus azarolus callus (Chaébani et al., 2015). These findings are consistent with research
on S. tebesana callus culture, which revealed the highest antioxidant activity in callus extracts
derived from shoot apical meristems on a medium with 0.5 mg/L 2,4-D and 1 mg/L BAP
(Hemmati et al., 2020). Similarly, maximum DPPH free radical scavenging activity in
Cnidium officinale was reported in callus grown on a medium supplemented with 2.3 uM 2,4-
D and 2.2 uM BA (Adil et al., 2018). These collective results, along with numerous other
studies, underscore the role of plant growth regulators in stimulating and enhancing
antioxidant activities in plant callus cultures.

Analysis of the impact of four distinct explant types on callus induction and growth traits
in Table 4 reveals that the explant prepared from central tissues, exhibits the lowest amount
among all studied traits, except total phenol, significantly differing from the other three
explant types. Furthermore, the comparison of biochemical traits indicates that the central
tissue explant displayed lower antioxidant activity as compared to the other explants (Fig. 3).

Previous research by Elias et al. (2014) has demonstrated that skin removal or wounding
on Echinocereus cinerascens explants leads to induce callus production. In present
experiment, no difference was observed among explants containing areole and those with a
truncated areole. The callus formation mainly occurred in the basal part of the explants,
consistent with findings reported by Cabanas-Garcia et al. (2021) in C. Macromeris.
However, studies by Karimi et al. (2010) on C. jamacaru and C. hildmannianus, as well as
Mondragdn-Jacobo and Chessa (2010) on pear cactus, suggest that the areole was not
effective for callus induction. In contrast to these results, the explants containing an areole did
not show any diffrence evidence of callus induction in E. pachanoi. Callus tissues produced in
these explant types were more compact and denser than others.

Fig. 3. The in vitro performance of different explants of San Pedro cactus inoculated on A, medium 60 days after
inoculation.
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Table 4. The effect of explant types on some morphological and biochemical parameters of callus in San Pedro
cactus.

Explant type  Callus Fresh Dry weight  Callus Callus Total Total Antioxidant
firmness  weight mg/explant  moisture  volume phenols  flavonoids  activity
mg/explant % cmi/explant  mg/gfw  mg/g fw %
A 4.332 4.372 0.192 95.142 4.502 0.892 0.43° 60.91%
WA 3.93° 4.302 0.1882 95.302 4.462 0.842 0.472 66.892
CA 3.86° 4,582 0.192 94.852 4,578 0.79% 0.42° 61.482
T 1.73¢ 1.53P 0.14° 73.87° 1.43P 0.76° 0.522 52.50°

Means, in each column, followed by same letter are not significantly different at the 5% probability level, using Duncan Test. A : explants
containing areola /WA: without areola/ CA: cut areola & T :central tissue.

Table 5. The interaction effect of growth regulators and the explant type on some callus morphological
characteristics in San Pedro cactus.

Growth regulators Explanttype  Callus Callus Callus Dry weight  Fresh
firmness volume moisture %  mg/explant  weight
cmd/explant mg/explant
0 mg/L BA + 2 mg/L 2,4-D A 2.00¢ 0.88! 94.38? 0.04¢79 0.81%
WA 2.00¢ 0.88! 94.992 0.04¢79 0.801
CA 2.00¢ 0.88! 94.422 0.04¢f9 0.84f
T 1.66¢ 0.88! 95.48°2 0.03¢f9 0.87%
2 mg/L BA +2 mg/L 2,4-D A 5.002 7.66° 95.432 0.33%¢ 7.245
WA 5.002 7.550% 95.692 0.312bcd 7.28°
CA 5.002 8.662 95,732 0.37% 8.842
T 1.66¢ 2.119 95.632 0.08¢defy 2.00¢
3 mg/L BA +3 mg/L 2,4-D A 5.002 7.33bcd 95.812 0.29zabede 7.00°
WA 4.66% 7.22bcd 95.75? 0.2gzabcdef 6.81b¢
CA 433" 6.77% 95.88? 0.25bedef 6.25b¢
T 2.33¢ 2.009" 95.442 0.07¢defy 1.65%f
4 mg/L BA +4 mg/L 2,4-D A 4.66% 5.44f 96.102 0.22bcdefg 5.78¢
WA 5.002 6.55% 95.672 0.25bcdefy 5.84°¢
CA 4.66% 5.77¢ 95.852 0.26bcdef 6.460°
T 3.00¢ 2.169 82.80° 0.522 3.11¢
0 mg/L BA + 0 mg/L 2,4-D A 5.008 1.16M 94.002 0.06¢%f 1.03¢f9
WA 3.00¢ 1.16M 94.402 0.04¢fe 0.76%
CA 3.33¢ 0.77i 92.392 0.361 0.49¢
T 0.00f 0.00! 0.00°¢ 0.009 0.009

Means, in each column, followed by same letter are not significantly different at the 5% probability level, using Duncan Test. A : explants
containing areola /WA: without areola / CA: cut areola & T :central tissue.

The interaction effects of explant type and hormonal combination on callus were shown
in Tables 5 and 6. The control treatment As (0 mg/L BA + 0 mg/L 2,4-D) with the central
tissue explant has been normalized to zero across all investigated parameters. Notably, after 4
weeks from the initial cultivation date, when the explants were expected to be thriving, all the
explants in this experimental treatment were observed to be dark brown in color, turning
black, and ultimately resulting in complete tissue death and destruction. Consequently, the
cultivation of these explants was discontinued during the experiment. This occurrence
suggests that the presence of growth regulators in the central tissue explant medium is crucial
for sustained growth.

The results indicate that noticeable differences were observed in all growth parameters at
a 5% probability level. Table 5 suggests that the central tissue explant type yielded the least
favorable outcomes across all the experimental treatments. Additionally, the application of 2
mg/L 2,4-D (treatment A1) did not have a positive effect on callus growth, resulting in a very
loose, fragile, and weak callus texture, even weaker than the control treatment. This indicates
that the use of the growth regulator 2,4-D in the absence of BA may induce toxicity
symptoms in San Pedro cactus explants. It is worth noting that the efficiency of different
combinations and concentrations of plant growth regulators to stimulate callus induction
could be different depends on plant species and type of the tissue (Dawa et al., 2017).
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Table 6. The interaction effect of BA and 2,4-D and the type of explants on some biochemical traits of callus in
San Pedro cactus.

Growth regulators Explant type Antioxidant activity ~ Total flavonoids  Total phenols
% mg/g fw mg/g fw
0 mg/L BA +2 mg/L 2,4-D A 46.89¢ 0.36°f 0.68¢efan
WA 77132 0.68% 0.87¢defg
CA 45.59¢ 0.33¢ 0.59"
T 64.21%¢ 0.41%fg 0.66¢"
2 mg/L BA +2 mg/L 2,4-D A 78.662 0.82°2 1.482
WA 53.74% 0.52¢ 0. 74¢cdefgh
CA 60.71%¢ 0.43¢fg 0.85¢defgh
T 60.71%¢ 0.42¢fg 0.97%
3 mg/L BA +3 mg/L 2,4-D A 69.83% 0.35 0.95¢d
WA 65.03%¢ 0.42¢fg 0.94bcde
CA 69.20% 0.63% 0.98%
T 77.58? 0.51¢d 0.98
4 mg/L BA +4 mg/L 2,4-D A 68.94% 0.50¢def 1.18°
WA 59.892¢ 0.44¢%fg 0.950¢
CA 63.65%¢ 0.319 0.92bcdef
T 60.042¢ 0.61% 0.69¢efan
0 mg/L BA +0 mg/L 2,4-D A 68.19% 0.51¢d 0.65fn
WA 50.73% 0.54¢de 0.69¢efan
CA 68.27% 0.43¢dfg 0.629"
T 0.00¢ 0.00" 0.00i

Means, in each column, followed by same letter are not significantly different at the 5% probability level, using Duncan Test. A :
explants containing areola /WA: without areola / CA: cut areola & T :central tissue.

The comparative analysis of the three Az, As, and A4 treatments and control (As),
revealed that they yielded better results in terms of fresh weight, volume, and firmness of the
callus tissue. Among these treatments, A2 was found to be the most effective.

The color of callus tissue can provide valuable insights into its quality and physiological
status. As it was already noted, when the callus tissue color was transitioned from dark brown
to black, it was ultimately leading to tissue death and destruction. This observation
underscores the potential link between callus color and its overall quality and viability. In a
study on Taxus callus cultures, Wickremesinhe and Arteea (1993) reported that the callus
color gradually changed from pale yellow to dark brown over a six-week period, with a
subsequent decrease in the mitotic index. The absence of mitotic figures in the dark brown
callus cells further supports the association between callus color and physiological changes.

In plant tissue culture, the color of callus tissue can reflect various physiological and
biochemical processes within the cells. Darkening or browning of callus tissue is often
associated with the accumulation of phenolic compounds, oxidative stress, and cell death.
These color changes are attributed to the oxidation of phenolic compounds by enzymes such
as polyphenol oxidase, resulting in the formation of dark pigments (Taghizadeh & Dastjerdi,
2020). Phenolic compounds are released as a natural defense response against plant injuries,
potentially leading to damage or cell death (Amente & Chimdessa, 2021). Hesami et al.
(2018) emphasized that tissue browning in tissue culturing occurs due to the accumulation
and oxidation of phenolic compounds.

Furthermore, research on divided pigeon orchid (Dendrobium crumenatum Swartz) callus
revealed that dark brown callus had significantly higher polyphenol oxidase (PPO) activity
and total phenolic content as compared to green callus (Kaewubon et al., 2014). Similar
findings were observed in peony tree (Paeonia suffruticosa Andr.) roots (Fu et al., 2011),
Pinus virginiana Mill callus (Tang & Newton 2004), and the browning of bamboo shoots
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(Huang et al., 2002). Ultrastructural disorganization involving the nucleus, mitochondria, and
chloroplasts serves as indicators of enzymatic oxidative browning. Therefore, levels of PPO
and total phenolics can serve as biochemical markers when selecting suitable callus
(Kaewubon et al., 2014). These collective findings underscore the importance of considering
callus color as a reflection of underlying physiological and biochemical changes in plant
tissue culture.

The presence of dark-colored callus may indicate an imbalance in the tissue culture
environment, potentially signifying stress, nutrient deficiencies, or the accumulation of toxic
compounds. In an experiment on peony tree callus culture, the evidence indicated that the
browning of callus is influenced by various factors, including the composition of the medium,
such as macro elements of Murashige and Skoog (MS salts) and iron salt (Fe?*), pH, agar, and
specific plant growth regulators like 6-benzylaminopurine (6-BA), 1-naphthaleneacetic acid
(NAA), and kinetin (KT). The optimal medium for preventing callus browning was found to
be 1/2 MS medium supplemented with 6.95 mg/L Fe?*, 0.3 mg/L KT, 0.5 mg/L NAA, 6.0 g/I
agar, at a pH of 6.5 (Zhou et al., 2016).

Additionally, other research has shown that exposure of green callus of castor bean
(Ricinus communis L.) to certain concentrations of CuSOs resulted in the callus turning
brownish and eventually partly dark brown (Huang et al., 2016). Consequently, the quality of
callus tissue can be compromised, affecting its suitability for subsequent stages of tissue
culture, such as regeneration or organogenesis. Furthermore, the morphological characteristics
and cell viability of coffee plant callus have revealed that yellow callus exhibits higher cell
viability, potentially contributing to a greater potential for embryogenesis (Padua et al., 2014).
These findings underscore the importance of considering callus color as an indicator of
underlying physiological and biochemical changes in plant tissue cultures, as well as its
impact on subsequent developmental processes.

On the other hand, healthy and high-quality callus tissue often displays a light, creamy, or
greenish coloration, indicating active growth and physiological balance. This type of callus is
more likely to possess the desired characteristics for further developmental processes, such as
somatic embryogenesis, shoot organogenesis, or the extraction of secondary metabolites. For
instance, in the case of Taxus, it has been observed that pale-yellow-colored callus was
selected for subculture to enhance Taxol production, while brown-colored callus was
discarded due to its eventual progression to callus death (Wickremesinhe & Arteea, 1993).

Furthermore, previous research by Ashokhan et al. (2019; 2020) demonstrated that green
callus contains the highest content of bioactive compounds, antioxidant and cytotoxic
potentials, as well as the highest amount of Azadirachtin, an essential biopesticide in
Azadirachta indica, compared to brown callus. These findings emphasize the significance of
callus color as an indicator of its potential for further applications, such as the production of
bioactive compounds and essential secondary metabolites.

Table 6 illustrates the interaction between different combinations of plant regulators and
explant types on various biochemical traits of callus. Phenolic acids are molecules that
contain at least one carboxylic substituent bonded to an aromatic ring (Robbins, 2003).
Phenolic metabolites have garnered significant attention due to their pharmacological and
functional properties, such as antioxidant, anticarcinogenic, and anti-inflammatory effects
(Martinez-Valverde et al., 2000). The highest total phenol content was observed in A;
treatment with areola explant and A4 treatment with areola explant.

Flavonoids are polyphenolic metabolites that have drawn attention due to their health-
promoting effects in diseases such as cancer, Alzheimer, and others, as well as their
functional applications in cosmetic, pharmaceutical, and medicinal industries (Panche et al.,
2016). In terms of the flavonoid index, A>-A exhibited the highest flavonoids content at the
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5% probability level compared to all treatments, followed by A:-Wa, As-CA and As-T.
Regarding antioxidant activity, the treatments Ai-WA, Az-A and Asz-T demonstrated the
highest levels of antioxidant activity. Conversely, the treatments Ai1-A, Ai-CA, and As-T
displayed the lowest levels of antioxidant activity, respectively.

Based on the findings, there are correlations that can be inferred regarding the quality of
callus and the presence of phytochemicals under different treatments. The text highlights the
impact of interactions between various combinations of plant regulators and explant types on
the biochemical traits of callus. Specifically, the effects of treatments on total phenol content,
flavonoids, and antioxidant activity are discussed. The highest total phenol content was
observed in the A; treatment with areola explant and the As treatment with areola explant.
This suggests that specific treatments have the potential to enhance the accumulation of
phenolic compounds, which are important phytochemicals associated with antioxidant and
other beneficial properties. This means that higher phenolic content may indicate better callus
quality in terms of its potential health-promoting properties, as phenolic compounds are
generally present in healthy plant tissues (Amente & Chimdessa, 2021).

The results indicate that treatments A2-A and A-T exhibited the highest flavonoid
accumulation. Known for their health-promoting effects, the increased presence of flavonoids
may suggest improved callus quality for potential functional applications in industries such as
cosmetics, pharmaceuticals, and medicine (Jedinak & Maliar, 2004). Additionally, treatments
A1-WA, Ax-A, As-CA and As-T demonstrated the highest levels of antioxidant activity.
Antioxidants play a crucial role in protecting cells from damage caused by free radicals, and
higher antioxidant activity in callus may indicate better quality with potential health benefits
(Raj et al., 2020; Nishchal et al., 2018). It has also been observed that antioxidant compounds
can influence callus growth (Huh et al., 2017). In summary, the different treatments had a
significant impact on the phytochemical composition of callus, and there are correlations
between the presence of specific phytochemicals and the quality of callus. These findings are
valuable for understanding how different treatments can influence the accumulation of
bioactive compounds in callus and may provide insights into optimizing tissue culture
protocols to enhance the production of high-quality callus with desirable phytochemical
profiles.

CONCLUSION

In conclusion, the results demonstrate that the A>-A treatment yields callus with superior
weight and volume, indicating its effectiveness in promoting callus growth. Moreover, the
resulting callus exhibits exceptional quality characterized by its consistency and firmness,
making it highly suitable for further research related to San Pedro cactus regeneration and the
induction and production of hairy roots from callus. The callus obtained from this treatment
displays a color spectrum ranging from white to cream and light green, further highlighting its
potential for future applications. The favorable quality of the callus generated through the Ao-
A treatment recommends its use in callus generation for other valuable cacti species. These
findings provide valuable insights into the optimal combinations of plant regulators and
explant types for callus induction in San Pedro cactus. This data can significantly contribute
to the development of efficient and sustainable methods for the propagation and conservation
of this valuable plant species. Furthermore, the study's findings may serve as a valuable
resource for future research related to cell tissue culture and the elicitation of secondary
metabolites in Echinopsis spp. and other cacti species. By understanding the effects of
different treatments on callus quality and phytochemical composition, researchers can
advance the development of innovative approaches for enhancing the production of high-
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quality callus with desirable phytochemical profiles, thereby contributing to the broader field
of plant tissue culture and conservation.
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