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Abstract

To explore the effects of the combination of auxin and cytokinin on amaranths callus induction, proliferation and the content of flavonoids,
Amaranthus spp. was used to carry out the research in this article. The results showed that explants in MS + 3.0 mg-L™! BAP + 0.5 mg-L™' 2,4-D
could promote callus formation and growth. The callus in PI 277269, Ame 18049, and Pl 604669 hypocotyl has a high induction rate, but it was
compact. The callus in PI 572261 was opposite. The callus proliferation has been maintained for more 3 years, and the proliferation coefficient was
up to 25.24 in the medium (MS + 3.0 mg-L=" BAP + 0.5 mg-L~" 2,4-D). The growth curve of amaranth callus is 'S' curve on the solid medium or in the
suspension cell culture. MS + 3.0 mg-L™" BAP + 0.5 mg-L™" 2,4-D was beneficial for the content and yield of flavonoid in the callus.
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Introduction

Amaranthus spp. are economically important crop plants
valued for their nutritional and horticultural significancel. It
has many species with great importance in the food, cosmetic,
and pharmaceutical industries, as Amaranthus genus contain
flavonoids, carotenoids, betalains, and so on2=4, They have
become one of the most promising crops!?. When producing
flavonoids or other metabolites using plants, raw materals
would be in shortage for the environment or climate. However,
according to the plant cell totipotency, in vitro culture
techniques are useful tools for the continuous production of
secondary metabolites®l. Secondary metabolites are
continuously extracted by large-scale plant cell culture systems.
Resulting in a higher rate of metabolism in cell cultures than in
differentiated plants. Meanwhile, the use of technology could
shorten biosynthetic cycles.

The researchers established the system of cell cultures and
callus induction for the production of secondary metabolites in
Cnidium officinale Makinol”\. The success of callus induction is
dependent on genotype, the composition of the culture
medium and the presence of appropriate combinations and
concentrations of hormones in the culture medial®®. The
genotypes, hormone combination and concentration are
decisive factors for Amaranthus spp. callus formation. Callus
formation was successfully induced in A. paniculatus''®, A.
caudatus, A. hypochondriacus, A. cruentus, A. hybridus!'-13], A,
tricolor'*151 and A. spinosus!’>. However, the hormone
combination and concentration of callus induction were
different amongst these genotypes. Plant growth regulators,
especially auxins and cytokinins, play a key role for cell growth
and secondary metabolite biosynthesis in plant cell and tissue
culturel’®), The best hormone combinations for callus induction
was NAA plus BAP or 2,4-D plus kinetin in four species of
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Amaranthust?). In previous reports, a lower cytokinin:auxin
ratio was more suitable for A. tricolor and A. spinosus. The callus
induction in Amaranthus spp., using either hypocotyl segments
or stem sections with BAP or kinetin and low doses of NAA or
2,4-DU12141 - Additionally, plant growth regulators, especially,
combination and concentration of auxin and cytokinine, could
affect the biosynthesis and accumulation of flavonoids in cell
culturel'7.18l, Generally, high auxin levels are often deleterious
to secondary metabolite production. However, few reports on
callus induction in amaranth!'-151 and flavonoid production
using amaranth callus have been published. We performed the
research herein to explore the effects of the combination and
concentration of auxin and cytokinine on callus induction,
proliferation and the content of flavonoids in Amaranthus spp..

Materials and methods

Plant materials

Seeds of 12 Amaranthus spp. were collected from the
publicly available US Department of Agriculture National Plant
Germplasm System (USDA-NPGS) Amaranthus germplasm
collection (www.ars-grin.gov; Table 1). We obtained the steri-
lized seeds according to the method of Liu et al.'9). The seeds
were maintained in a plant growth chamber at 25+ 1°C, 16 h
photoperiod and 25 pumol-m-2sec illuminance provided by
light-emitting diode (LED) lights.

Callus induction

To compare the effects of different genotypes on callus
induction in Amaranthus, the hypocotyl segments (5-8 mm)
from seven-day old in vitro germinated seedlings were placed on
the medium (MS + 3.0 mg-L=" BAP + 0.5 mg-L~" 2,4-D + 0.7%
(w/v) agar + 3% (w/v) sucrose, pH 5.6—5.8) to induce callus. Each
treatment was carried out with three biological repetitions.
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Table 1. Effects of genotype on induction of callus in Amaranthus spp.
Plant ID Plant name Taxonomy Induction rate (%) Origin

P1606282 Lal Shak Amaranthus blitum subsp. Oleraceus 89.17+191a Bangladesh

P1572261 AMA57/81 Amaranthus powellii subsp. Bouchoni 50.57+3.95¢ Germany

P1277269 Lal Sag Amaranthus tricolor 90.67+1.55a India

Ames 18049 Ramdana Amaranthus tricolor 78.63+0.49b Nepal

PI 604669 White leaf Amaranthus tricolor 87.27+1.07 a China, Taiwan

Ames 5110 RRC321 Amaranthus tricolor 95.03+2.25a West Africa

Ames 5134 Tampala Amaranthus tricolor 67.07 £ 1.46 bc United States, Pennsylvania

Ames 5311 Fota Kira Amaranthus tricolor 87.53+1.27a India

Ames 15328 RRC359 Amaranthus tricolor 69.37+2.67b United States

PI 527321 BAILIUYEXIAN Amaranthus tricolor 779+436b China

P1607446 Crystal Amaranthus tricolor 94.67 +4.03 a Thailand

Ames 2141 RRC228 Amaranthus tricolor 70.8+262b India, Tamil Nadu

Means + STD followed with the same letters are not significantly different using DMRT at a = 0.05.

To screen the optimum medium, the hypocotyl segments of
A. tricolor 'Lal Sag' were placed on the MS medium
supplemented with BAP (1.5 and 3.0 mg-L~") and 0.5 mg /L NAA
or 2,4-D (0.5 and 1.0 mg-L™"), singly or in combination, to
induce callus. The hypocotyl segments of A. powellii subsp.
bouchoni were placed on the MS medium supplemented with
BAP (1.5, 3.0 and 6.0 mg-L~"), 0.5 mg-L~" NAA or 2,4-D singly or
in combination, to induce callus.

Callus growth and biomass yield

We placed 0.15 g fresh callus of A. powellii subsp. bouchoni
on the MS medium supplemented with 0.5 mg-L~! 2,4-D, 0.7%
(w/v) agar, 3% (w/v) sucrose, and different types of cytokinin,
including BAP (0, 0.5, 1.0, 3.0, 6.0 and 9.0 mg-L~"), KT (0, 0.1, 0.5,
1.0, 2.0, and 4.0 mg-L"), and TDZ (0, 0.05, 0.10, 0.50, 1.00, and
2.00 mg-L7"). In addition, the callus was placed on the MS
medium supplemented with 3.0 mg-L-' BAP, 0.7% (w/v) agar,
3% (w/v) sucrose, and different type of auxins, including 2,4-D,
NAA, and IAA. The concentration of every auxin was 0, 0.5, 1.0,
1.5, 2.0, and 2.5 mg-L~". After 30 d, we observed the growth of
amaranth callus, and weighed the callus fresh and dry weight.

In addition, we weighed the fresh weight and observed the
growth state of amaranth callus from six bottles every 3 d
continuously, 12 times to plot the growth curve of amaranth.

Cell suspension growth curve

We plotted the growth curve of the amaranth cell
suspension culture by following two methods.

(1) 2g amaranth callus was inoculated into 50 mL MS
medium supplemented with 3.0 mg-L~" BAP, 0.5 mg-L~" 2,4-D,
and 3% (w/v) sucrose. After filtering the cell suspension culture
of Amaranthus and absorbing water with filter paper, we
measured the fresh weight and dry weight every 5 d
continuously six times to plot the growth curve. Meanwhile, the
growth state of fresh amaranth callus was observed.

(2) We used a 2 mm diameter sieve to filter the cell
suspension culture of Amaranthus which were cultured in the
suspension culture medium for 20 d, then 2.30 g fresh weight
suspension cells were transferred into 40 mL of the same
medium for further culture. The fresh weight of cell suspension
culture of Amaranthus was measured, following drying of the
suspension cells to measure the dry weight every 2 d
continuously six times. The growth curve of the cell suspension
culture of Amaranthus was plotted according to the fresh and
dry weight.
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Determination of total flavonoid content

Total flavonoid content were determined using the method
of Li et al.2% with some modifications. The dried amaranth
callus was ground into fine powder, then extracted with 10 mL
60% (v/v) ethanol solution in a conical flask and sonicated
(power 100 W) for 60 min at 60 °C. The extracts were
centrifuged (15 min, 3,000 rpm), and the supernatant was
collected into new tubes. The total flavonoid content was
detected at a wavelength of 510 nm in a DU640
spectrophotometer. For quantitation, rutin was as an internal
standard for calibration.

Total flavonoid contentt (mg-g=") = (C x V1 x V3)/(m X V/2)

C: Mass concentration of flavonoids (mg-mL-"); M: Mass of
sample = 0.3 g; V1: 10 mL 60% ethanol solution for flavonoid
extraction; V2: 5 mL testing solution; V3: 10 mL reaction
solution.

Flavonoid vyield (mg/bottle) =
(mg-g~") x callus weight (g/bottle).

total flavonoid content

Statistical analysis

The research results were presented in terms of means + SD
of at least three biological replicates. The data were analyzed
by one-way analysis of variance (ANOVA) followed by Duncan's
test using SPSS version 19.0. The pictures were created using
GraphPad Prism 6.0 software and Excel 2016.

Results and discussion

Effects of genotype on induction of callus in
Amaranthus spp.

There are reports that callus induction ability was greatly
influenced by the genotype Persian shallot2", Callus formation
was successfully induced in some Amaranrhus spp.['9-151. In the
research, callus induction rate varied from 50% to 95% for 12
amaranth samples (shown in Table 1). The induction rate of Pl
277269, Ames 18049, and Pl 604669 hypocotyl was higher than
others, and the callus was compact (shown in Fig. 1¢c). In
contrast, the induction rate of PI 572261 was lower than others,
but the callus was loose and had little browning. The other
amaranths could induce callus, but the callus was easy to
brown in a short time after induction (shown in Fig. 1d). The
results indicated that the Amaranthus explants have great
capacity to form callus??, and the callus induction ability are
greatly influenced by the genotypel’3l.
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Effects of the ratio of auxin-to-cytokinin on induction
of callus in Amaranrhus

Both the hormones (auxins and cytokinins) play a key role in
the initiation of callus at different concentrations['®l. Based on
the genotype selection, only BAP in the media could not
promote callus formation from Pl 277269 hypocotyl (Fig. 1a),
and only 2,4-D (0.5 or 1.0 mg-L™") in the media could promote
callus formation until 60 d (Fig. 1b). Explants in MS + 3.0 mg-L™!
BAP + 0.5 mg-L~" 2,4-D or NAA could promote callus formation
and growth in 20 d (Fig. 1c). This indicates that the presence of
BAP in the medium, along with 2,4-D or NAA, could quickly
induce callus growth (showed in Table 2).

The optimal medium (MS + 0.5 mg-L! 2,4-D + 6.0 mg-L™’
BAP) for callus induction from the Pl 572261 hypocotyls was
also suitable for leaf induction callus. The induction rate was
both over 90%. The red callus could be induced indicated by
the leaf colour being red.

Effects of the ratio of auxin-to-cytokinin on
proliferation of callus in Amaranrhus

In general, the ratio of auxin-to-cytokinin could affect the
direction of explant morphogenesis. An intermediate ratio of
auxin and cytokinin could induce callus. However, a lower
cytokinin : auxin ratio was more suitable for A. tricolor and A.

i

i~

L
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spinosust’®l. In contrast, a higher cytokinin:auxin ratio was
needed for optimal callus growth in the research. The amaranth
callus grew normally without browning on the «callus
proliferation medium supplemented with BAP (Fig. 2a) and KT
(Fig. 2b) could promote the callus proliferation, while TDZ
significantly inhibited the proliferation of amaranth callus (Fig.
20).

When the BAP and KT concentration was 3.0 mg-L~" and 1.0
mg-L~", respectively, the proliferation coefficient of the callus
was the highest, up to 23.13 and 23.79, which was significantly
higher than other concentrations. However, with the increase

Table 2. Effects of hormones on callus induction in Amaranth 'P1 277269'.
Callus . Induction Induction
Hormones color Compaction rate (%) time (d)
1.5 mg-L™' BAP - - 0c -

0.5mg-L™'2,4-D Red -
1.0mg-L7'2,4-D Red -

7233+5.17b 60
66.97+1.40b 60

3.0mg-L"' BAP+ Redand Loose 93.7+0.72a 20
0.5 mg-L™" NAA yellow

3.0mg-L"'BAP+  White Compact 92.67+241a 20
0.5mg-L™'2,4-D

Means + STD followed with the same letters are not significantly different
using DMRT at a = 0.05.

[
b
é-
:

Fig.1 Callus culture of Amaranthus L. (a) Pl 277269 hypocotyl in MS + BAP media could not promote callus formation. (b) Pl 277269 hypocotyl
in MS 0.5 mg-L™" 2,4-D media could promote callus formation until 60 d. (c) Pl 277269 hypocotyl in MS + 3.0 mg-L™! BAP + 0.5 mg-L™" 2,4-D
could promote callus formation and growth in 20 d. (d) Ames 2141 hypocotyl in MS + 3.0 mg-L™' BAP + 0.5 mg-L~" 2,4-D could induce callus,
but these calli began to brown in a short time. (e), () The callus proliferation of PI 277269 in MS + 6.0 mg-L~! BAP + 0.5 mg-L™" 2,4-D medium for
3 years. (g) The suspension cells of P 277269 in MS + 6.0 mg-L™" BAP + 0.5 mg-L™" 2,4-D medium for 16 d. Microscopic observation of (h) callus
and (i) suspension cells.

T
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of TDZ concentration, the proliferation coefficient of amaranth
callus was a downwards trend, and was significantly lower than
that of the control.

At 30 d, the addition of 2,4-D, NAA or IAA could promote the
proliferation of amaranth callus (Fig. 2d-f). The optimal
concentration of 2,4-D, NAA and IAA for the proliferation of
amaranth callus was 0.5, 1.0, and 1.5 mg-L~", corresponding
proliferation coefficient 25.24, 16.88, and 17.03 for 30 d in vitro
culture. Meanwhile, the amaranth callus showed partial
browning by NAA and IAA treated, and 2,4-D treatment
showed no browning.

Through the above analysis, the synergistic effect of auxin
and cytokinin on callus induction plays an important role, and a
higher cytokinin:auxin ratio was more suitable for Amaranthus,
in accordance with A. gangeticus?3l. Unlike the previous
reports, a lower cytokinin:auxin ratio was more suitable for A.
tricolor and A. spinosus. the callus induction in Amaranthus spp.,
using either hypocotyl segments or stem sections with BAP or
kinetin and low doses of NAA or 24-D'1214, We have
maintained the callus proliferation in the MS + 6.0 mg-L~-" BAP +
0.5 mg-L~" 2,4-D medium for 3 years (shown in Fig. 1e, f & h).

The growth curve of amaranth callus is shown in an 'S' curve
in Fig. 3a. At 0-3 d culture, fresh weights (FW) did not increase.
FW increased slowly and quickly, respectively, from 3 to 6 d and
from 6 to 21 d. Subsequently, the growth rate of callus began
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to slow down, and the fresh weight of callus reached the peak
at 33 d. After the callus was cultured for 33 d, it began to
brown.

Growth curve of cell suspension culture of Amaranthus

Amaranth callus (2 g) cultured on solid medium were
inoculated into 50 mL MS medium supplemented with 3.0
mg-L~" BAP, 0.5 mg-L~" 2,4-D, and 3% (w/v) sucrose. Both the
growth curves were 'S' type. In the process of suspension cell
culture (Fig. 3b), the cell grew slowly in the first 10 d. Then the
proliferation, the fresh and dry weight of suspension cells
increased rapidly from 11-20 d. The growth speed was
decreased during 20-25 d, and the fresh weight and dry weight
reached the peak at 25 d. Subsequently, the fresh and dry
weight of the suspension cells began to decline at 25-30 d.
Based on combination with the growth curve of fresh and dry
weight, the best transfer time of cell suspension culture of
Amaranthus was 20-25 d after culture.

When the cell suspension culture of Amaranthus was
transferred into a fresh liquid medium, the cells grew rapidly
and shortened the transfer time (Fig. 3c). The proliferation, the
fresh and dry weight of suspension cells increased rapidly from
4 d, and the weight reached the peak at 16 d. Subsequently, the
dry weight of the suspension cells began to decline. Combined
with the growth curve of fresh and dry weight, the best
transfer time of cell suspension culture of Amaranthus was

o

Al ABah

ABab

BChe

Proliferation coefficient

0 0.05 01 05 10 20
TDZ concentration (mg-L™")

1.0 2.0 4.0

Aa

Proliferation coefficient

2.0 0 0.1

0.5 1.0
IAA concentration (mg-L™")

1.5 20

Fig. 2 The effect of different concentrations of cytokinins and auxins on the proliferation of amaranth callus. Upper case letters indicate
p < 0.01, lower case letters indicate p < 0.05. The same letter indicates no significant difference.
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Fig.3 Growth curve of callus of Amaranthus tricolor L.
Xuan et al. Tropical Plants 2023, 2:15 Page 5 of 7



Tropical
Plants

14-16 d after culture (shown in Fig. 1g &i).

Effect of concentrations of cytokinin on total flavonoid
content and yield in amaranth

Plant growth regulators could affect the accumulation of
flavonoids in cell culturel'”]. With the increase of concentration
of 6-BA, flavonoid content and yield showed a 'down-up-down'
trend in the callus, and they were highest in 3.0 mg-L~! 6-BA,
2.014 mg-g~" and 0.842 mg/bottle, respectively. The content
was less than 2.044 mg-g~' in the control group without
significant difference, but yield is more than 0.729 mg/bottle in
the control group with significant differences (Fig. 4a). With the
increase of KT concentration, the total flavonoid content in
callus showed a downward trend, and lower than in the control
group with significant differences. However, the flavonoid yield
was the highest at 0.1 mg-L~" KT with significant difference
from the control group (Fig. 4b). With the increase of TDZ
concentration, the total flavonoid content in callus showed a
trend of 'up-down'. The total flavonoid content was the highest
and reached 2.174 mg-g~' at 0.05 mg-L-' TDZ, which was
significantly different from the control group (Fig. 4c).

In the research, the high concentration of cytokinin in
combination inhibited the accumulation of flavonoids in callus.
We speculated that the high content of cytokinine promotes
the callus proliferation of amaranth and inhibits flavonoid
biosynthesis. The calli growth and their production of
flavonoids may behave antagonistically. Researchers found
similar results on the callus of hawthorn (Crataegus azarolus)?4
and (Rumex pictus)l'7],

When supplemented with 2,4-D, NAA or IAA, the total
flavonoid content and yield in the callus were significantly
higher than those in the control group, and the difference from
the control group was extremely significant (Showed in Fig. 5).
The 2,4-D concentration ranged from 0.1 to 1.5 mg-L~" for high

Callus culture and flavonoid production of amaranth

total flavonoid content, and the yield was highest at 0.5 mg-L~!
2,4-D than other concentrations and control, with significant
difference. The concentration of NAA for highest content and
yield of flavonoid was 0.1 mg-L~" (1.568 mg-g~') and 1.0 mg-L~"
(0.520 mg/bottle), respectively. When IAA concentration was
1.0 mg-L~", the flavonoid content (1.366 mg-g~') and yield
(0.438 mg/bottle) was the highest, respectively. Our results
showed that 0.5 mg-L~" 2,4-D was most beneficial for the
content and yield of flavonoids. The results indicated that the
accumulation of flavonoids in amaranth callus necessitates the
incorporation of the exogenously added auxin. Similarly, auxins
affected flavonoid production in callus culture of Hydrocotyl
bonariensis'7). Furthermore, flavonoid production in callus
culture was at a higher rate than in differentiated plants from
the various Amaranthus species*23, and the callus could
continuously produce flavonoids.

Conclusions

The Amaranthus callus induction ability was greatly
influenced by the genotype, and a higher cytokinin:auxin ratio
was needed for optimal callus induction and proliferation of
amaranth. The callus proliferation has been maintained for over
3 years, and the proliferation coefficient was up to 25.24 in the
medium (MS + 3.0 mg-L~" BAP + 0.5 mg-L~! 2,4-D). The growth
curve of amaranth callus is an 'S' curve on the solid medium or
in the suspension cell culture. MS + 3.0 mg-L~" BAP + 0.5 mg-L~!
2,4-D was beneficial for the content and yield of flavonoid in
the callus.

Author contributions

S. Liu conceived and designed the experiments. S. Liu, Y.
Xuan, L. Xie, and J. Pan wrote the paper. Y. Xuan, L. Xie, and J.

a b c

- N T T . z
o 2 5 = Content == Yield 1.0 8 %025 — Content =aYield 09 E 257 xu =Content =8Yicld 0.8 E
%D Aa gy ABa £ %b a T ES %D wf 24w S
E 20 o Bape 2 2709 % Eoo ce 2 E20 - &
E E = Bb B B 08 g = . 0.6 g
§ 1.54] B 0.8 = § 1.5 By Ee Ee = § 1.5 Bb b g it
g o o 0772 § 079 8 0470
S 1.0 & 5 91.0 5 o 1.0 =
g W02 2 o 6% F &ro2 g
g 05 o 5 205 ﬁ «[062 205 H g

o <} I{'| o o ]
2 00 LR A L DL os 2 200 L L] g s 2 5 00— 0.0 %
o 0 05 1.0 3.0 6.0 9.0 [FO 0 0.1 05 1.0 2.0 40 [N 0 0.05 0.1 05 1.0 2.0 [

6-BA concentration (mg-L™)

KT concentration (mg-L™")

TDZ concentration (mg-L™")

Fig. 4 The effect of different concentrations of cytokinin on total flavonoid content and yield in amaranth callus. Upper case letters indicate p
< 0.01, lower case letters indicate p < 0.05. The same letter indicates no significant difference.

a b c
o CEE O )
e 2.5 = Content == Yield L5 g 20 —Content =aYield 0.6 & 2.0 = Content , =Yield 0.5 £
= A A 2 o Aa § &0 y 3
é 2.0 = A ABab Bb ) é 15 Be B0 ApBCbe o ) \E/ 1.5 Aa B c. 0.4 =0
k= Ce ) 1.0 E‘/ = . CDde| & G 0.4 g/ R e Dd i g/
o 1.5 o Dd Dd = 2 Df o 8 Dd Ce Ce 0.3 =
g Ce s £ 101 % T g 10 Ee °©
S 1.0 s o ESSES) 0.2 %
2 . 05 5 = s 025 = s b}
2l - = o1 %
z 0.0+ . 00 2 2z 00 ; ; " " —0.0 5 Z 0.0 ! ! I ! 0.0 2
[ 0 01 05 1.0 1.5 2.0 = 0 01 05 1.0 1.5 2.0 = 0 01 05 1.0 1.5 2.0 [

2,4-D concentration (mg-L™)

NAA concentration (mg-L™)

IAA concentration (mg-L™")

Fig. 5 The effect of different concentrations of auxin on total flavonoid content and yield in amaranth callus. Upper case letters indicate p <
0.01, lower case letters indicate p < 0.05. The same letter indicates no significant difference.

Page 6 of 7

Xuan et al. Tropical Plants 2023, 2:15



Callus culture and flavonoid production of amaranth

Pan performed the experiment and analyzed the data. All
authors read and approved the final version of manuscript.

Acknowledgments

The financial support for this study was provided by Program
for High-level University Construction of the Fujian Agriculture
and Forestry University (612014028) and the Natural Science
Foundation of Fujian Province (2018J01700).

Conflict of interest

The authors declare that they have no conflict of interest.

Dates

Received 13 June 2023; Accepted 24 August 2023; Published
online 13 September 2023

References

1. Pal A, Swain SS, Das AB, Mukherjee AK, Chand PK. 2013. Stable
germ line transformation of a leafy vegetable crop amaranth
(Amaranthus tricolor L.) mediated by Agrobacterium tumefaciens.
In Vitro Cellular & Developmental Biology - Plant 49:114—28

2. Rastogi A, Shukla S. 2013. Amaranth: a new millennium crop of
nutraceutical values. Critical reviews in food science and nutrition
53:109-25

3. Andini R, Yoshida S, Ohsawa R. 2013. Variation in protein content
and amino acids in the leaves of grain, vegetable and weedy types
of Amaranths. Agronomy 3:391-403

4. Bang JH, Lee KJ, Jeong WT, Han S, Jo IH, et al. 2021. Antioxidant
activity and phytochemical content of nine Amaranthus species.
Agronomy 11:1032

5. Mohiuddin YG, Nathar VN, Aziz WN, Gaikwad NB. 2018. Induction
of callus and preliminary phytochemical profiling from callus of
Artemisia absinthium L. and Artemisia pallens Wall. International
Journal of Current Trends in Science and Technology 8:20236—41

6. Zafari S, Sharifi M, Chashmi NA. 2018. A comparative study of
biotechnological approaches for producing valuable flavonoids in
Prosopis farcta. Cytotechnology 70:603—14

7. Adil M, Ren X, Kang DI, Thi LT, Jeong BR. 2018. Effect of explant
type and plant growth regulators on callus induction, growth and
secondary metabolites production in Cnidium officinale Makino.
Molecular Biology Reports 45:1919-27

8. Al-Hussaini Z, Yousif S, Al-Ajeely S. 2015. Effect of different
medium on callus induction and regeneration in potato cultivars.
International Journal of Current Microbiology and Applied Sciences
4:856—-65

9. Kumari A, Naidoo D, Baskaran P, Dolezal K, Nisler J, et al. 2018.
Phenolic and flavonoid production and antimicrobial activity of
Gymnosporia buxifolia (L) Szyszyl cell cultures. Plant Growth
Regulation 86:333—-38

10. Bagga S, Venkateswarlu K, Sopory SK. 1987. In vitro regeneration
of plants from hypocotyl segments of Amaranthus paniculatus.
Plant Cell Reports 6:183—-84

11. Bennici A, Schiff S. 1997. Micropropagation of Amaranthus
(Amaranth). In High-Tech and Micropropagation V, ed. Bajaj YPS.
Berlin, Heidelberg: Springer. pp. 20-29. https://doi.org/10.1007/

Xuan et al. Tropical Plants 2023, 2:15

Tropical
Plants

978-3-662-07774-0_2

12. Bennici A, Schiff S, Bovelli R. 1992. In vitro culture of species and
varieties of four Amaranthus L. species. Euphytica 62:181-86

13. Bennici A, Grifoni T, Schiff S, Bovelli R. 1997. Studies on callus
growth and morphogenesis in several species and lines of t
Amaranthus. Plant Cell, Tissue and Organ Culture 49:29-33

14. Biswas M, Das SS, Dey S. 2013. Establishment of a stable
Amaranthus tricolor callus line for production of food colorant.
Food Science and Biotechnology 22:1-8

15. Comia-Yebron R, Aspuria ET, Bernardo EL. 2017. Callus induction in
Amaranthus tricolor and Amaranthus spinosus. Journal of ISSAAS
(The International Society for Southeast Asian Agricultural Sciences)
23:12-23

16. Kumar GP, Vijila M, Raj P, David R. 2018. Early callus induction and
batch kinetics studies for in vitro production of triterpenoids in
suspension cultures of Euphorbia hirta Linn. Drug Invention Today
10:3266-75

17. El-Shafey N, Sayed M, Ahmed E, Hammouda O, Khodary SE. 2019.
Effect of growth regulators on micropropagation, callus induction
and callus flavonoid content of Rumex pictus Forssk. Egyptian
Journal of Botany 59:293-302

18. Bota C, Deliu C. 2015. Effect of plant growth regulators on the
production of flavonoids by cell suspension cultures of Digitalis
lanata. Farmacia 63:716—19

19. Liu S, Yang W, Lai Z. 2011. Establishment of in vitro regeneration
system of amaranth. Journal of Fujian Agriculture and Forestry
University (Natural Science Edition) 40:479—84

20. LiH, LinY, Chen X, Bai Y, Wang C, et al. 2018. Effects of blue light
on flavonoid accumulation linked to the expression of miR393,
miR394 and miR395 in longan embryogenic calli. PLoS One
13:e0191444

21. Farhadi N, Panahandeh J, Azar AM, Salte SA. 2017. Effects of
explant type, growth regulators and light intensity on callus
induction and plant regeneration in four ecotypes of Persian
shallot (Allium hirtifolium). Scientia Horticulturae 218:80—86

22. Umami N, Akashi R, Gondo T, Ishigaki G, Tanaka H. 2016. Study on
callus induction system of 4 genotype of Napiergrass (Pennisetum
purpureum). Animal Production 18:131-40

23. Amin MAM, Hasbullah NA, Azis NA, Daud NF, Rasad FM, et al. 2015.
Morphogenesis studies on Amaranthus gangeticus in vitro.
International Conference on Agricultural, Ecological and Medical
Science, Phuket, Thailand, 2015. Thailand: International Institute of
Chemical, Biological & Environmental Engineering (IICBEE). pp.
22-24. http://iicbe.org/upload/5516C0415024.pdf

24. Chaabani G, Tabart J, Kevers C, Dommes J, Khan MI, et al. 2015.
Effects of 2,4-dichlorophenoxyacetic acid combined to 6-
Benzylaminopurine on callus induction, total phenolic and
ascorbic acid production, and antioxidant activities in leaf tissue
cultures of Crataegus azarolus L. var. aronia. Acta Physiologiae
Plantarum 37:16

25. Akin-ldowu P, Ademoyegun O, Olagunju Y, Aduloju A, Adebo G.
2017. Phytochemical content and antioxidant activity of five grain
Amaranth species. American Journal of Food Science and
Technology 5:249-55

Copyright: © 2023 by the author(s). Published by
By Maximum Academic Press on behalf of Hainan
University. This article is an open access article distributed under

Creative Commons Attribution License (CC BY 4.0), visit
https://creativecommons.org/licenses/by/4.0/.

Page 7 of 7


https://doi.org/10.1007/s11627-013-9489-9
https://doi.org/10.1080/10408398.2010.517876
https://doi.org/10.3390/agronomy3020391
https://doi.org/10.3390/agronomy11061032
https://doi.org/10.1007/s10616-017-0143-y
https://doi.org/10.1007/s11033-018-4340-3
https://doi.org/10.1007/s10725-018-0432-2
https://doi.org/10.1007/s10725-018-0432-2
https://doi.org/10.1007/BF00268473
https://doi.org/10.1007/978-3-662-07774-0_2
https://doi.org/10.1007/978-3-662-07774-0_2
https://doi.org/10.1007/BF00041752
https://doi.org/10.1023/A:1005882322044
https://doi.org/10.1007/s10068-013-0041-9
https://doi.org/10.21608/ejbo.2019.4873.1202
https://doi.org/10.21608/ejbo.2019.4873.1202
https://doi.org/10.13323/j.cnki.j.fafu(nat.sci.).2011.05.017
https://doi.org/10.13323/j.cnki.j.fafu(nat.sci.).2011.05.017
https://doi.org/10.1371/journal.pone.0191444
https://doi.org/10.1016/j.scienta.2016.11.056
https://doi.org/10.20884/1.jap.2016.18.3.528
http://iicbe.org/upload/5516C0415024.pdf
https://doi.org/10.1007/s11738-014-1769-4
https://doi.org/10.1007/s11738-014-1769-4
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Plant materials
	Callus induction
	Callus growth and biomass yield
	Cell suspension growth curve
	Determination of total flavonoid content
	Statistical analysis

	Results and discussion
	Effects of genotype on induction of callus in Amaranthus spp.
	Effects of the ratio of auxin-to-cytokinin on induction of callus in Amaranrhus
	Effects of the ratio of auxin-to-cytokinin on proliferation of callus in Amaranrhus
	Growth curve of cell suspension culture of Amaranthus
	Effect of concentrations of cytokinin on total flavonoid content and yield in amaranth

	Conclusions
	Author contributions
	References

