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Abstract
Quinoa is considered a nutrient-rich crop with immense potential to address food security, particularly in challenging 
environments such as saline soils and drought. Extensive genetic resources and a reference genome exist, making it a 
model crop. However, breeding programs and biotechnological treatments are necessary to fully utilize quinoa as a model 
crop and expand quinoa agriculture, as it encounters challenges when grown outside its natural regions. To expand its 
use, breeding programs and biotechnological tools are needed. This review examines and summarizes the tissue culture 
and genetic transformation efforts for quinoa to enhance its agricultural potential. Since maintaining aseptic conditions in 
quinoa tissue culture is critical, most of the reviewed studies surface-sterilize using sodium hypochlorite and ethanol at 
concentrations and exposition times that do not affect germination. For in vitro seed germination, the studies have shown 
that different conditions—the strength of the growth medium, photoperiod, and temperature—result in relatively high 
success rates of seedling cultivation. Quinoa tissue culture methods also utilize various explants and hormones to induce 
specific plant responses, such as callus, shoot, or root formation. However, few studies used Agrobacterium for stable 
and transient genetic transformations, with limited success. The biggest challenge appears to be regeneration from tis-
sue culture. Further methods, including tissue-culture-independent transformation methods, are discussed here to achieve 
genetic transformation in quinoa.

Key message
Standardizing tissue culture data and integrating emerging biotechnologies will enhance reproducibility, enable data-driven 
optimization, and accelerate the genetic transformation of Chenopodium quinoa toward sustainable and climate-resilient 
crop innovation.
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GUS	 �β-Glucuronidase
VIGS	� Virus-induced gene silencing
a.i	� Active ingredient

Introduction

Around 29% of the worldwide population suffers from food 
insecurity, with rural areas being more affected than peri- 
and urban areas. To contrast these values, food insecurity 
in Africa is 68%, while in Europe it is 8.7% (FAO et al. 
2024). Related to this, the number of undernourished people 
globally reached 9.1% in 2023 (FAO et al. 2024), a prob-
lem expected to worsen with population growth (Hall et al. 
2017). Since most food calories—directly or indirectly—
come from agricultural lands (Cassidy et al. 2013), agricul-
tural areas are well known to support food security (Avtar 
et al. 2020). To continue doing so, the current yield growth 
rate has to increase by 37% to cope with the food demand 
of 2050 (Tester and Langridge 2010). A strategy to increase 
yield could be to utilize marginal environments, such as 
underutilized saline soils, with suitable crops like quinoa 
(Chenopodium quinoa, Willd.) (Schmöckel et al. 2017).

From the Amaranthaceae family, quinoa is an ancient crop 
from the Andean region of Peru and Bolivia (Vega-Gálvez 
et al. 2010); adapted to high altitudes (> 3500 MASL), and 
tolerant to many abiotic stresses (Adolf et al. 2012). Quinoa 
is a highly nutritional seed crop (Repo-Carrasco et al. 2003), 
gluten-free by nature, with high protein content, all essential 
amino acids, minerals, vitamins, dietary fiber, unsaturated 
fatty acids, and other beneficial compounds (Vega-Gálvez 
et al. 2010; Tang et al. 2015). Due to its adaptability and 
nutritional value, quinoa’s potential has caught the attention 
of the United Nations, which declared 2013 as the Interna-
tional Year of Quinoa (United Nations 2012).

Despite its vast agronomical potential, quinoa is not 
well adapted to regions outside its origin—including tropi-
cal lowlands and subtropical environments. In addition, it 
presents seed shattering, pre-harvest sprouting, lodging, and 
susceptibility to novel diseases, all of which are undesirable 
traits for modern agricultural systems (Murphy et al. 2019). 
Therefore, breeding efforts are necessary to improve impor-
tant agronomic traits to boost quinoa production on a global 
scale (Jarvis et al. 2017). Those breeding programs could 
profit not only from the available reference genome (Jarvis 
et al. 2017; Rey et al. 2023), but also from biotechnologi-
cal tools such as tissue culture, genetic transformation, and 
genome editing, to first understand specific mechanisms 
(e.g., tolerance to abiotic stress) and ultimately to achieve 
breeding objectives (Regalado et al. 2020).

Based on tissue culture, plant biotechnology enables 
the manipulation of plant development and growth in 

laboratory-controlled conditions. This technique is essential 
to develop enhanced varieties, preserve species, and pro-
duce plant compounds (Baria et al. 2024). Besides, obtain-
ing homozygous plants is faster compared to conventional 
breeding methods (Hussain et al. 2012), and the multipli-
cation rate from a single explant can yield up to millions 
of plants in one year. This massive production of plants, 
known as micropropagation, is promising for conservation, 
research, and commercial use (Baria et al. 2024). Given its 
importance, it is imperative to establish a micropropagation 
protocol for quinoa (Regalado et al. 2020).

Due to its short life cycle and salt tolerance, quinoa is a 
suitable model crop for studying salt tolerance, a complex 
trait that is challenging to investigate in other model plants 
(Jacobsen et al. 2015; Wang et al. 2023). Developing genetic 
manipulation methods to study gene function is crucial for 
understanding the unique pathways of quinoa; however, 
only two stable transformation protocols have been reported 
for quinoa (Sidorov et al. 2024; Bu et al. 2025). Therefore, 
this document aims to gather, explore, and summarize tis-
sue culture efforts on quinoa, including seed sterilization, 
in vitro germination, morphogenesis, callus formation, 
somatic embryogenesis, and genetic transformation proto-
cols published to date, and discuss these in light of other 
species transformations and future opportunities.

Materials and methods

Papers to be reviewed were retrieved from Google 
Scholar using the following search key: allintitle:“quinoa” 
(micropropagation OR regeneration OR propagation OR 
organogenesis OR callogenesis OR “in vitro culture” OR 
“somatic embryogenesis” OR transformation OR “plant 
transformation” OR “callus” OR “calli” OR “gene edit-
ing” OR “genome editing” OR “genome engineering” OR 
“CRISPR” OR “Cas9”) -intitle:“review”. The search was 
done at “Any moment” (until September 12, 2025), and the 
26 results (excluding citations and patents) were exported 
from Google Scholar. Peer-reviewed papers and chapters 
in English with available PDFs were reviewed, while unre-
lated documents, theses, repeated papers, and preprints were 
excluded from the review, resulting in 17 papers.

With the dataset compiled from the in vitro culture stud-
ies reviewed in this work, a network diagram was con-
structed in RStudio using the ggplot2, tidyverse, and GGally 
packages. The network includes the reported combinations 
of regeneration pathways, growth regulators, and explant 
types used in in vitro quinoa callogenesis and organogene-
sis experiments. Nodes represent these categories, with size 
scaled according to the number of reports (for pathways) 
or the mean concentration (for regulators). Edge color 
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indicates the regeneration step (purple for Organ induction 
and orange for Callus induction).

Surface sterilization protocols in quinoa

When working with plant tissue culture, maintaining ste-
rility and an aseptic environment are essential for conduct-
ing experiments (Varma and Jain 2021). Most initial tissues 
in quinoa tissue culture are excised from sterile seedlings 
germinated in vitro; therefore, most studies report success-
ful seed surface sterilization (Fig.  1). The most common 
sterilization agent reported for quinoa is sodium hypochlo-
rite (NaOCl) after treatment with ethanol. These protocols 
require the lowest concentration of the sterilization agent 
for the shortest possible time, followed by rinsing the seeds 
several times with sterile water to remove the residual ster-
ilization agent (Varma and Jain 2021).

While sterilization protocol methods vary significantly in 
terms of treatment concentration and exposure time, they 
were the only or most effective method reported by the 
authors, resulting in higher germination rates and lower con-
tamination (Table 1). Some protocols include a long soak in 
water (several hours), presumably to reduce the amount of 
saponins on the seed and make the seed amenable to steril-
ization agents.

One of the first methods published was the surface ster-
ilization of seeds from varieties Blanca de Junin and Real 
de Puno with 10% calcium hypochlorite (Ca(OCl)2) for 
20 min, eliminating the excess of Ca(OCl)2 with two rinses 

of sterile water (Burnouf-Radosevich and Paupardin 1985). 
Wang et al. (2023) sterilized seeds from cultivars MS509/N, 
QN108B, 141R, and 20ALC by exposure to chlorine gas 
(Cl2, produced by mixing HCl and NaOCl) inside a desic-
cator for 4–6 h. Sidorov et al. (2024) sterilized QQ74 (PI 
614886) quinoa seeds with 20% NaOCl for 20 min, followed 
by rinses with sterile water. Similarly, Sağlam Yilmaz and 
Doğanci (2018) sterilized Limtar red seeds with 5% NaOCl 
for 5–10  min, and Shahin (2019) cleaned the seeds with 
0.003% Tween-20 and rinsed them with tap water. Then, the 
seeds were sterilized with 20% NaOCl for 20 min, followed 
by three rinses of sterile water for 15 min each. Regalado 
et al. (2020) sterilized quinoa seeds of varieties Cahuil and 
Villa by immersion in NaOCl (25 g/L) for 10 min inside a 
vacuum chamber, finalizing with three rinses of sterile water 
of 5 min each.

Another study reports that quinoa seeds from differ-
ent varieties—BGQ-174, BGQ-77, POQ-132, and Blanca 
de Junin—were first cleaned with 1% liquid detergent for 
10 min, followed by 70% ethanol for 30 s. They tried differ-
ent concentrations of NaOCl combined with 0.2% Tween-
20 for different immersion times, with NaOCl (1.8% a.i) 
for 30  min giving the best sterilization result (Henarejos-
Escudero et al. 2018). The remaining research reported the 
use of ethanol and NaOCl with different concentrations and 
sterilization times of seeds of unknown varieties (Eisa et al. 
2005; Hesami and Daneshvar 2016; Hesami et al. 2018; Al 
Gethami and El Sayed 2020b), Faro (Al Gethami and El 
Sayed 2020a), Qingqua I (Xie et al. 2025) and stems of the 
Q-37 variety (Telahigue and Toumi 2017).

Fig. 1  Graphical representation 
of the current status of in vitro 
culture in C. quinoa, indicating 
key processes, advancements, 
and challenges that are further 
described in the correspond-
ing tables. Figure created using 
biorender
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al. 2021). In this sense, the medium used for germination, 
incubation conditions, and sterilization protocols could 
affect the in vitro germination of quinoa seeds (Table 2). 
Quinoa seed germination appears highly efficient under var-
ious conditions (Fig. 1), whether on MS medium or moist 
paper, regardless of whether it is under dark or light condi-
tions. Based on our experience, germination rates decrease 
after long-term seed storage (lasting more than two to three 
years).

For the first germination protocol described here, germi-
nation was done on sterile plates under a 12-hour photo-
period at 22 °C (it remains unclear which salts were used 
and which germination efficiency was obtained) (Burnouf-
Radosevich and Paupardin 1985). Eisa et al. (2005) did not 
report the germination efficiency of their germination per-
formed on MS medium (Murashige and Skoog 1962) under 
a 16-hour photoperiod at 25 °C.

However, a germination efficiency of 100% can be 
achieved on MS salts at 26  °C in the dark (Hesami and 
Daneshvar 2016), under a 16-hour photoperiod for Limtar 
Red seeds (Sağlam and Doğanci 2018), or at 25  °C with 
a 16-hour photoperiod (Hesami et al. 2018; Shahin 2019). 
Germination is also successful on half-strength MS and 
moist paper (Henarejos-Escudero et al. 2018). Regalado et 
al. (2020) performed seed germination on MS for three days 
in the dark and then four days under a 16-hour photoperiod 
at 25 °C. The germination efficiency for the variety Cahuil 
was 95%, and for Villa was 68%. Similar to Burnouf-Rados-
evich and Paupardin (1985); Al Gethami and El Sayed 

Similarly, for other species of the Amaranthaceae family, 
different sterilization agents have also been used for the sur-
face sterilization of seeds. For example, ethanol followed by 
HgCl2 has been used for surface sterilization of Amaranthus 
tricolor (Tahir and Mathew 2021) and sugar beet (Zhang et 
al. 2023). HgCl2 alone has been used to sterilize the axillary 
branches of Chenopodium ambrosioides (Jan et al. 2023), 
followed by thorough removal of the sterilization agent 
afterward. Another sterilization agent used is NaOCl in C. 
murale (Milivojević et al. 2005; Mitić et al. 2012), Oxybasis 
rubra (Milivojević et al. 2005), and waterhemp (Kumam et 
al. 2024). NaOCl has also been used in conjunction with 
previous sterilization methods, such as ethanol, in A. dubius 
(Areington et al. 2024) and spinach (Bao et al. 2009; Zhang 
and Zeevaart 1999). In this sense, several agents can be 
used for surface sterilization of quinoa seeds with accept-
able efficiency. In our experience, surface sterilization with 
1% (a.i) NaOCl (5–20 min), a washing step of 5 min with 
sterile water, followed by 70% ethanol (5 min), and drying 
in a laminar flow hood is sufficient to obtain sterile seeds 
suitable for in vitro germination.

In vitro germination protocols in quinoa

In vitro seed germination is a complex process (Genze et 
al. 2020) influenced by both biological and physical factors 
(e.g., pH, temperature, and light), as well as the steriliza-
tion protocol and composition of the medium (Hesami et 

Table 1  Published protocols for in vitro establishment of quinoa: varieties, explant types, and sterilization methods
Variety Explant Protocol Reference
Blanca de Junin & Real 
de Puno

Seeds Surface sterilization with Ca(OCl)2 (10%, 20 min) Burnouf-Radosevich and 
Paupardin (1985)

Not indicated Seeds Surface sterilization with ethanol (70%, 5 min) and NaOCl (0.6% a.i, 
30 min)

Eisa et al. (2005)

Not indicated Seeds Surface sterilization with ethanol (70%, 15 s) and NaOCl (0.525% a.i, 
10 min)

Hesami and Daneshvar 
(2016)

Q-37 Stems
(5 cm)

Surface sterilization with NaOCl (50%, 30 min) and ethanol (70%, 5 min) Telahigue and Toumi 
(2017)

Not indicated Seeds Surface sterilization with ethanol (70%, 15 s) and NaOCl (20%, 5 min) Hesami et al. (2018)
BGQ-174, BGQ-77, 
POQ-132, Blanca de 
Junin

Seeds Surface sterilization with commercial liquid detergent (1%, 10 min), etha-
nol (70%, 30 s), and NaOCl (1.8% a.i) + Tween 20 (0.2%) for 30 min

Henarejos-Escudero et al. 
(2018)

Limtar red Seeds Surface sterilization with NaOCl (5%, 5–10 min) Sağlam and Doğanci (2018)
Not indicated Seeds Surface sterilization with Tween 20 (0.003%) and NaOCl (60%, 20 min) Shahin (2019)
Cahuil, Villa Seeds Surface sterilization with NaOCl (25 g/L, 10 min) in a vacuum chamber Regalado et al. (2020)
Faro Seeds Surface sterilization with ethanol (70%, 15 s) and NaOCl (10%, 20 min) Al Gethami and El Sayed 

(2020a)
Not indicated Seeds Surface sterilization with ethanol (70%, 15 s) and NaOCl (10%, 20 min) Al Gethami and El Sayed 

(2020b)
MS509/N, QN108B, 
141R & 20ALC

Seeds Surface sterilization with Cl2 in a desiccator for 4–6 h Wang et al. (2023)

QQ74 Seeds Surface sterilization with 20% NaOCl (20 min) Sidorov et al. (2024)
Qingqua I Seeds Surface sterilization with ethanol (75%, 1 min) and NaOCl (10%, 20 min) Xie et al. (2025)
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for five days (Mitić et al. 2012). In quinoa, the combination 
of MS, 25 °C, and a 16-hour photoperiod is the most com-
monly used condition for in vitro seed germination, which 
is consistent with our experience.

Tissue culture protocols in quinoa

Growing and maintaining plants in tissue culture requires 
a medium that contains macro- and micronutrients, vita-
mins, carbon sources, and a solidifying agent. The addition 
of plant hormones and their concentrations depend on the 
experiment’s objective. Among them, auxins—2,4-dichlo-
rophenoxyacetic acid (2,4-D), 1-naphthalenacetic acid 
(NAA), indole-3-butyric acid (IBA), indole-3-acetic acid 
(IAA) —and cytokinins—6-benzylaminopurine (BAP), 
kinetin (KIN), thidiazuron (TDZ)—are added individually 
or together to induce different responses (Varma and Jain 
2021). Direct and indirect organogenesis, callogenesis, and 
embryogenic responses (Fig. 1) have been observed in qui-
noa using different types of explants (Fig. 2), as summarized 
in Table 3.

Callogenesis in quinoa

The callogenesis regeneration pathway in vitro typically 
relies on the ratio of auxins and cytokinins, and various 
types of calli can be obtained depending on the research 
purpose. The obtained calli could regenerate into organs 

(2020b); Al Gethami and Sayed (2020a) germinated seeds 
under a 12-hour photoperiod on MS alone(Al Gethami and 
El Sayed 2020b) or supplemented with 2 mg/L ZnO-NPs(Al 
Gethami and El Sayed 2020a) at 25  °C. The germination 
efficiency obtained in this protocol was 22%, the lowest so 
far (Al Gethami and El Sayed 2020a).Wang et al. (2023) 
used a half-strength MS medium to germinate their seeds 
under a low-light 16-h photoperiod at 25  °C. Sidorov et 
al. (2024) germinated seeds on DKW medium (Driver and 
Kuniyuki 1984), supplemented with 20 g/L sucrose under 
16-hour photoperiod at 25 °C. Although the authors did not 
report germination efficiency, the plants developed inflores-
cence after one month, and they were used as explants to 
induce flowers in vitro. Lastly, Xie et al. (2025) germinated 
Qingqua I seeds on MS supplemented with 30 g/L sucrose 
under a 16-hour photoperiod 25  °C. The authors did not 
report germination efficiency, but hypocotyls from seed-
lings were used to induce callus.

The germination of different species from the Amaran-
thaceae family has also been studied on MS media, includ-
ing A. tricolor (Tahir and Mathew 2021), O. rubra, and C. 
murale (Milivojević et al. 2005) with variations in light and 
temperature. Spinach seeds are germinated on MS under an 
8-hour photoperiod at 23  °C (Zhang and Zeevaart 1999), 
while the germination of C. ambiosioides was performed on 
MS under 16-hour photoperiod at 26 °C (Jan et al. 2023). 
Sugar beet seeds were germinated on agar at 23 °C (Zhang 
et al. 2023). Meanwhile, C. murale seeds were germinated 
on moist paper, switching temperature and light regimes 

Table 2  Reported germination protocols for quinoa seeds: varieties, culture media, and growth conditions
Variety Culture 

medium
Light (hours/day) Tempera-

ture (°C)
Germination 
(%)

Reference

Blanca de Junin, Real de Puno Not indicated 13.5 µmol m− 2s− 1* (12) 22 Not indicated Burnouf-Radosevich and 
Paupardin (1985)

Not indicated MS (16) 25 Not indicated Eisa et al. (2005)
Not indicated MS Darkness 26 100 Hesami and Daneshvar 

(2016)
Not indicated MS 65 µmol m− 2s− 1 (16) 25 100 Hesami et al. (2018)
BGQ-174, BGQ-77, POQ-132, Blanca 
de Junin

0.5 MS Darkness [8 days], then 
photoperiod (16)

23 (day), 
18 (night)

Not indicated Henarejos-Escudero et al. 
(2018)Moist paper

Limtar red MS (16) 24 100 Sağlam and Doğanci (2018)
Not indicated MS 30 µmol m− 2s− 1 (16) 26 100 Shahin (2019)
Cahuil MS Darkness [3 days], then 

65 µmol m− 2s− 1 (16) [4 
days]

25 95 Regalado et al. (2020)
Villa 68

Faro MS + 2 mg/L 
ZnO-NPs

13.5 µmol m− 2s− 1* (12) 25 22 Al Gethami and El Sayed 
(2020a)

Not indicated MS 13.5 µmol m− 2s− 1* (12) 25 Not indicated Al Gethami and El Sayed 
(2020b)

MS509/N, QN108B, 141R & 20ALC 0.5 MS 50 µmol m− 2s− 1 (16) 25 Not indicated Wang et al. (2023)
QQ74 DKW 80 µmol m− 2s− 1 (16) 25 Not indicated Sidorov et al. (2024)
Qingqua I MS 27–30 µmol m− 2s− 1* 

(16)
25 Not indicated Xie et al. (2025)

*Assuming 74 lx = 1 µmol m− 2s− 1 (Islam et al. 2024)

1 3

Page 5 of 20  66



Plant Cell, Tissue and Organ Culture (PCTOC) (2025) 163:66

3 mg/L IAA, 3 mg/L NAA, and 0.1 mg/L KIN. The same 
medium was used to maintain the callus, with subcultures 
every three weeks, and to prepare a suspension for the cal-
lus, with weekly subcultures. Since the main objective of 
the research was the transformation of the cells in suspen-
sion, the researchers did not report the environmental condi-
tions (photoperiod, temperature) of the cultures, the variety 
used, the callogenesis efficiency, or regeneration from cel-
lular suspension. The lack of this information affects the 
reproducibility of the protocol and limits the scope of the 
research.

Telahigue and Toumi (2017) induced callus from 5 cm 
young stems (internodes) on MS or B5 (Gamborg et al. 
1968), supplemented with 0.2 mg/L BAP and 0.5 mg/L 2,4-
D. The calli were induced under a 16-hour photoperiod at 
25 °C. According to the researchers, 100% of explants pro-
duced friable callus. However, the largest calli with light- or 
dark-green color were obtained on MS medium (1.95 mm 
diameter). Another objective of the researchers was to test 
the effect of PEG 6000-induced water deficit (osmotic 
stress) on different callus parameters. However, to achieve 
this, they used MS medium supplemented with 0.2 mg/L 
BAP, which produced green, friable calli of 1.53  mm in 
diameter with 100% efficiency. Again, regeneration from 
the cellular suspension was out of the scope of the research.

To produce secondary metabolites, Henarejos-Escudero 
et al. (2018) induced callus from leaf segments (1 × 1.5 cm, 
20 days old) and eight-day-old hypocotyls using 1.5 MS 
supplemented with 45  g/L sucrose, 1.5  mg/L BAP, and 
1.5 mg/L 2,4-D. Calli were induced under a 16-hour photo-
period at 23 °C during the day and 18 °C during the night. 
This treatment achieved the highest cell growth, producing 
green, friable calli; however, efficiency was not reported. 

(shoots, roots, or somatic embryos) or could not regener-
ate at all, being friable or compact (Ikeuchi et al. 2013). 
In quinoa, five papers report callogenesis in vitro (Fig. 2), 
either for genetic transformation (Komari 1990), secondary 
metabolites production (Henarejos-Escudero et al. 2018; 
Shahin 2019), to test the effect of water stress on callus 
(Telahigue and Toumi 2017) or unsuccessful regeneration 
from protoplast-derived callus (Sidorov et al. 2024).

Sidorov et al. (2024) isolated protoplasts from homog-
enized inflorescence cultures in 30 mL W5 medium (5–8 s, 
20000 rpm). The homogenized material was sieved, washed 
with W5 medium, dried on sterile paper, and transferred 
to Petri dishes. The cell wall was removed with 2% Cel-
lulase RS, 2% Cellulysin, 0.5% Driselase, and 0.5% Mac-
erozyme R-10 for 3 h at 28 °C. After isolation, protoplasts 
were embedded in an alginate layer with a modified KM 
medium (Kao and Michayluk 1975), supplemented with 
72 g/L glucose, 1 mg/L NAA, 1 mg/L BAP, and 0.25 mg/L 
2,4-D (Sidorov et al. 2022). After dissolving alginate, pro-
toplast colonies were cultured in MS medium (with B5 vita-
mins), supplemented with 32 g/L mannitol, 10 g/L sucrose, 
3 mg/L BAP, and 0.01 mg/L IAA. One month later, colonies 
were transferred to a solid MS medium supplemented with 
32 g/L mannitol, 10 g/L sucrose, 1 mg/L BAP, 1 mg/L KIN, 
and 0.2 mg/L IBA. Although the colonies grew fast on this 
medium, no regeneration was obtained, even after trans-
ferring the callus to media with different combinations of 
growth regulators. The addition of proline could help alter 
the callus texture to promote regeneration, as observed by 
Xie et al. (2025) in hypocotyl-derived callus from quinoa.

To perform genetic transformation, Komari (1990) 
induced callus from leaf segments on LS medium (Lins-
maier and Skoog 1965) supplemented with 30 g/L sucrose, 

Fig. 2  Network diagram sum-
marizing relationships among 
regeneration pathways, growth 
regulators, and explant types 
reported in in vitro quinoa 
regeneration studies. Node size 
represents the number of reports 
(for pathways) or mean concen-
tration (for regulators). Edge 
color indicates the regeneration 
step (purple = Organ induction; 
orange = Callus induction). Figure 
created in RStudio using ggplot2, 
tidyverse, and GGally packages
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was unable to regenerate plants, the tool can still be used to 
obtain transient and stable-transformed callus to test vectors 
of interest or try transgenes, for example, in callus studies 
or to produce secondary metabolites, as done by Henarejos-
Escudero et al. (2018) and Shahin (2019). Related to this, 
in Amaranthus species and Celosia argentea, secondary 
metabolites were isolated from cell suspensions initiated 
from hypocotyl-derived callus induced on MS supple-
mented with BAP and 2,4-D (Xuan et al. 2023; Sang et 
al. 2024). In O. rubra, betalains were produced from cell 
suspensions initiated from meristem-derived callus, which 
was also induced on MS supplemented with 2,4-D and KIN 
(Berlin et al. 1986).

Using callus-derived cellular suspensions to study the 
effect of stressors, such as the use of PEG to induce osmotic 
stress (Telahigue and Toumi 2017), was tried before in Ama-
ranthaceae. For O. rubra, photoautotrophic cell suspensions 
were induced from hypocotyl-derived callus (Hüsemann et 
al. 1977; Ehness et al. 1997). The cell suspension cultures 
in this case were exposed to different stress elicitors, includ-
ing endothal and chitosan, to study stress-related signal-
ing pathways (Ehness et al. 1997). In this regard, the use 
of callus or cellular suspension may be beneficial not only 
for biotic or abiotic stress experiments but also for cellular 
physiology studies.

Indirect somatic embryogenesis in quinoa

The process by which somatic cells differentiate into somatic 
embryos, resembling zygotic embryos, is called somatic 
embryogenesis. When somatic embryos are obtained from 
callus, the process is referred to, for convenience, as indi-
rect somatic embryogenesis (Von Arnold et al. 2002). This 
embryogenic callus is an ideal target for transformation due 
to its high regeneration rate, stable proliferation, tolerance 
to A. tumefaciens, and sensitivity to antibiotics (Song et al. 
2020). In quinoa, only two papers report somatic embryo-
genesis (Fig.  2) (Eisa et al. 2005; Sağlam and Doğanci 
2018).

To perform indirect somatic embryogenesis, Eisa et 
al. (2005) induced callus from one-week-old hypocotyls 
(0.5–1 cm) on modified MS supplemented with 0.1 mg/L 
2,4-D under a 16-hour photoperiod at 25  °C. After four 
weeks, a colorless callus was obtained with an efficiency 
of 92%. Subcultures were performed to maintain the calli 
without regeneration on a solid or liquid medium supple-
mented with 0.1  mg/L 2,4-D. The four-week-old callus 
was subcultured either on solid, modified MS medium or 
liquid, modified MS medium (agitation at 90  rpm) with-
out any supplementation. Both media induced somatic 
embryogenesis, leading to an embryo-to-seedling conver-
sion rate of 5%. However, they do not report the variety 

The calli were subcultured twice at monthly intervals and 
then transferred to a modified medium to induce pigment 
accumulation. The modification included a 10-fold reduc-
tion in nitrogen and an increased BAP concentration to 
2 mg/L. After 20 days, coloration was visible in the calli, 
except those from the Blanca de Junin variety. The calli 
were subcultured monthly, five times before the preparation 
of extracts to identify pigments, although regeneration from 
callus was not within the scope of the research.

To produce tocopherols, Shahin (2019) induced callus 
from hypocotyl (0.5–1 cm) and cotyledon (0.5 cm2) excised 
from 10-day-old seedlings using MS medium supplemented 
with 2 mg/L 2,4-D and 0.05 mg/L KIN. The cultures were 
maintained at 25  °C in darkness for four weeks and then 
transferred to light for an additional two weeks before being 
weighed. The callus induction efficiency obtained from both 
explants was 95%, with fresh calli weighing 3.6 g on aver-
age, although no regeneration from callus was performed, 
similar to Henarejos-Escudero et al. (2018). Finally, tocoph-
erols were extracted from dry seeds and freeze-dried mate-
rial, including calli or leaves. Similar to Komari (1990), 
Shahin (2019) do not report the variety used in this paper, 
limiting reproducibility.

The callogenesis reports in quinoa are heterogeneous in 
terms of the growth regulators used and the type of explant. 
BAP, NAA, KIN, 2,4-D, IAA, and IBA have been used to 
induce callus from leaf segments, stems, hypocotyl, hypo-
cotyl + cotyledon, and protoplast (Fig. 2). Most of the meth-
ods report the use of MS to induce callus, except for Komari 
(1990), who used LS. In general, the explants used were 
relatively young, ranging from eight to 30 days old, and the 
induction time varied from 60 days (Telahigue and Toumi 
2017) to 150 days (Henarejos-Escudero et al. 2018). Since 
plant regeneration is not the main objective of the research-
ers (Komari 1990; Telahigue and Toumi 2017; Henarejos-
Escudero et al. 2018; Shahin 2019) or plant regeneration 
from callus is unsuccessful (Sidorov et al. 2024), no regen-
eration was reported. Related to this, most researchers do 
not report efficiency in callus induction, except for Tela-
higue and Toumi (2017) and Shahin (2019). At the same 
time, Komari (1990) and Shahin (2019) do not specify the 
variety used in their methods, which limits the reproduc-
ibility of the protocol.

In Amaranthaceae, the regeneration of plants from fria-
ble callus, formed from mesophyll-derived protoplasts, was 
possible in sugar beet using BAP or TDZ (Lenzner et al. 
1995). In quinoa, even if protoplast isolation and transfec-
tion as a research tool have been broadly used (De Varennes 
et al. 1984; Hans et al. 1992; Jung et al. 1992; Li et al. 
2022; Sun et al. 2017), this is the first time a callus has been 
obtained from protoplasts (Sidorov et al. 2024). Although 
this protoplast-derived callus from Sidorov et al. (2024) 
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a 16-hour photoperiod at 25 °C and subcultured once on the 
same medium after 3 weeks, resulting in an efficiency of 
97% after 42 days. To induce shoot formation, the calli were 
placed on MS supplemented with 30 g/L sucrose, 1 mg/L 
BAP, 0.1 mg/L NAA, and 0.2 g/L proline. The cultures were 
maintained under a 16-hour photoperiod at 25  °C for 56 
days, resulting in an efficiency of 89% (40.6 shoots/explant). 
Clusters of shoots were then placed on 3MS supplemented 
with 30 g/L sucrose, 0.1 mg/L BAP, and 0.01 mg/L NAA. 
The cultures were maintained under a 16-hour photoperiod 
at 25 °C for 35 days, resulting in an efficiency of 88% with 
an average shoot length of 6.85 cm. Shoots (> 2 cm) were 
transferred to MS supplemented with 30  g/L sucrose and 
0.6 mg/L IBA to induce rooting. The cultures were main-
tained under a 16-hour photoperiod at 25 °C for 30 days, 
resulting in an efficiency of 98% with an average of 16.9 
roots per explant.

To induce callus, both papers used hypocotyls from 
10-day-old (Hesami and Daneshvar 2016) and five-day-
old seedlings (Xie et al. 2025) on MS supplemented with 
BAP combined with 2,4-D (Hesami and Daneshvar 2016) 
or NAA (Xie et al. 2025). To induce shoots from callus, 
both protocols used BAP combined with IBA and KIN 
(Hesami and Daneshvar 2016) or NAA and proline (Xie 
et al. 2025). After this step, the difference in efficiency 
between the two protocols is noticeable. While Hesami and 
Daneshvar (2016) obtained 6.3 shoots per explant, Xie et al. 
(2025) obtained six times more shoots per explant. Besides, 
Hesami and Daneshvar (2016) do not report a shoot mul-
tiplication step, a rooting step, or the quinoa variety used. 
Altogether, the lack of this information limits the scope of 
the research. In Amarantaceae, MS supplemented with BAP 
and 2,4-D was also used to induce callus formation in sugar 
beet. In this case, callus was induced from cotyledons on 
MS supplemented with 0.1 mg/L BAP and 2 mg/L 2,4-D. 
The callus was then transferred to MS supplemented with 
1 mg/L BAP and 0.2 mg/L IAA to induce shoot formation 
(Morsi et al. 2019).

Direct organogenesis in quinoa

Micropropagation, the in vitro multiplication of plants 
under controlled conditions, is achieved through either 
somatic embryogenesis or organogenic pathways. Among 
the organogenic pathways, the direct organogenesis path-
ways include axillary branching and de novo bud formation 
(Purohit et al. 2011). So far, six papers on direct organo-
genesis in quinoa have been published (Fig.  2). Two of 
them report shoot or flower induction without rooting steps 
(Hesami et al. 2018; Sidorov et al. 2024) and four reports 
a micropropagation protocol (Burnouf-Radosevich and 

used, limiting the reproducibility and scope of the results. 
Sağlam and Doğanci (2018) also induced embryogenic cal-
lus on MS supplemented with 0.5 mg/L 2,4-D from apical 
segments of Limtar Red quinoa seedlings with an efficiency 
of 100% (Table 3). Although the authors report this protocol 
as embryogenic, there is no evidence to support this claim, 
as no somatic embryo induction was performed, nor was 
histological examination of the callus conducted to confirm 
the presence of embryogenic structures.

For the reports on somatic embryogenesis, both of them 
use MS supplemented with 2,4-D to induce callus from 
shoot tips or hypocotyls with high efficiency (100% and 
92%, respectively). As shown byEisa et al. (2005) in quinoa, 
switching from a medium with high auxin concentration to a 
medium with low concentration is usually enough to induce 
the formation of somatic embryos (Salaün et al. 2021). In 
this regard, auxins, and especially 2,4-D, are essential for 
somatic embryogenesis induction (Wójcik et al. 2020). In 
Amaranthaceae, 2,4-D was also reported to induce somatic 
embryogenesis in C. murale and O. rubra. (Milivojević et 
al. 2005), but somatic embryogenesis is not limited to 2,4-D 
and other growth regulators, and explants can be used, as in 
spinach (Zdravković-Korać et al. 2023).

Indirect organogenesis in quinoa

The formation of organs by indirect organogenesis requires 
the initial formation of a callus initiated from different 
organs, such as hypocotyls, with the help of 2,4-D alone or 
in combination with another growth regulator (Custódio et 
al. 2022). In quinoa, only two papers have been published 
for indirect organogenesis (Fig. 2) (Hesami and Daneshvar 
2016; Xie et al. 2025).

Hesami and Daneshvar (2016) induced callus from 
eight- to 10-day-old hypocotyl segments (0.5–1 cm) on MS 
medium supplemented with 0.5 mg/L 2,4-D and 0.05 mg/L 
BAP. The calli were induced in darkness at 25 °C; after four 
weeks, the calli were weighed. These conditions produced 
93% efficiency with an average callus of 1.2 g. The heaviest 
four-week-old calli were transferred to MS medium supple-
mented with 1 mg/L BAP, 1 mg/L KIN, and 0.2 mg/L IBA to 
induce shoot formation. The calli for regeneration were kept 
under a 16-hour photoperiod at 25 °C. After four weeks, the 
shoot formation efficiency was 86%, with an average of 6.3 
shoots/explant and a length of 2 cm per shoot. However, the 
researchers do not report a rooting protocol or the variety of 
quinoa used, which limits the scope of the research and its 
reproducibility.

Xie et al. (2025) induced callus from 3 to 4 mm hypo-
cotyl segments excised from three-to five-day-old Qingqua 
I plants on MS supplemented with 30 g/L sucrose, 0.2 mg/L 
BAP, and 2 mg/L NAA. The cultures were maintained under 
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and 4.1 for Villa. 1.5–2  cm-long shoots were subcultured 
on MS medium supplemented with 2 mg/L IBA solidified 
with 8 g/L bacteriological agar, with rooting rates of 87% 
(Cahuil) and 83% (Villa), with acclimatization success of 
83% (Cahuil) and 80% (Villa). The cultures were main-
tained under a 16-h photoperiod at 25 °C.

Al Gethami and El Sayed (2020a) induced bud formation 
from 15-day-old cotyledonary nodes (0.5–1 cm) from Faro 
quinoa plants on MS medium supplemented with 10  g/L 
sucrose. After four weeks of culture, 93% of the explants 
responded to the treatment, producing an average of four 
shoots per explant, with an average length of 2.33 cm per 
shoot. Shoots previously induced were transferred to a half-
strength MS medium supplemented with 10  mg/L ZnO-
NPs to induce rooting. After four weeks of culture, 100% 
of shoots developed an average of 4.8 roots per shoot. The 
cultures were kept in a growth chamber under a 12-h photo-
period at 25 °C. Using similar conditionsAl Gethami and El 
Sayed (2020b) induced shoots from cotyledonary nodes on 
MS supplemented with 10 g/L sucrose. After four weeks of 
culture, 93% of the explants responded to the treatment, pro-
ducing an average of four shoots per explant. The obtained 
shoots were cultivated on half-strength MS medium to 
induce roots with an efficiency of 60%, yielding 0.8 roots 
per shoot. However, the researchers do not report the variety 
of quinoa used, which limits the scope of the research and 
its reproducibility.

The direct organogenesis reports in quinoa are also het-
erogeneous in the growth regulators used to induce shoot or 
flower formation from meristem-rich explants. BAP, NAA, 
KIN, and GA3 have been used to induce shoots from shoot 
tips (Burnouf-Radosevich and Paupardin 1985; Regalado et 
al. 2020), cotyledonary nodes (Hesami et al. 2018; Al Geth-
ami and El Sayed 2020b; Al Gethami and Sayed 2020a), and 
flowers from quinoa inflorescences (Sidorov et al. 2024). 
The organ induction is mainly performed on MS, except 
forBurnouf-Radosevich and Paupardin (1985) who used B5 
(with an efficiency of 67%, the lowest so far) and Sidorov et 
al. (2024), who used DKW, but did not report an efficiency. 
Finally, most of the researchers reported the variety used, 
with two exceptions (Hesami et al. 2018; Al Gethami and 
El Sayed 2020b).

Only Burnouf-Radosevich and Paupardin (1985) and 
Regalado et al. (2020) reported a shoot multiplication step 
using BAP alone (Regalado et al. 2020) or combined with 
NAA (Burnouf-Radosevich and Paupardin 1985), with 
efficiencies of 4.1 shoots per explant for Villa variety and 
7.96 shoots per explant for Cahuil variety (Regalado et al. 
2020) and 8.46 shoots/culture for Blanca de Junin (Burn-
ouf-Radosevich and Paupardin 1985). Surprisingly, only 
Regalado et al. (2020) used IBA to induce root formation in 
Villa and Cahuil varieties. The other papers used ZnO-NPs 

Paupardin 1985; Regalado et al. 2020; Al Gethami and El 
Sayed 2020b; Al Gethami and Sayed 2020a).

Hesami et al. (2018) induced shoots from four-week-old 
cotyledonary node segments (0.5–1  cm) on MS medium 
supplemented with 2 mg/L BAP under a 16-hour photope-
riod at 25 °C. After four weeks, shoot formation efficiency 
was 93%, with an average of 4.96 shoots/explant and 
4.83 cm of length per shoot. The cultures were kept fresh by 
monthly subcultures, but no root induction or variety used 
was reported.

Sidorov et al. (2024) induced flowers from inflorescence 
obtained from in vitro germinated plants. Seedlings devel-
oped a highly branched inflorescence one month after ger-
mination, which was used to induce flower formation. To 
induce the culture, chopped inflorescences were cultured on 
DKW medium supplemented with 20 g/L sucrose, 1 mg/L 
KIN, 0.5 mg/L BAP, and 0.1 mg/L gibberellic acid (GA3) 
under a 16-hour photoperiod at 25 °C. The culture was ready 
for genetic transformation after three to four subcultures 
(12- to 14-day intervals), but no efficiency was reported. In 
this case, the explants failed to produce roots; therefore, the 
authors grafted the induced transformed explants onto wild-
type plants.

Burnouf-Radosevich and Paupardin (1985) induced buds 
from six-day-old shoot tips on a B5 medium supplemented 
with 0.22 mg/L BAP and 0.018 mg/L NAA. The efficiency 
of this treatment was 67% with 3.78 buds per explant. 
Buds were again induced from shoots obtained from the 
last treatment on a modified B5 medium supplemented 
with 0.22 mg/L BAP and 0.018 mg/L NAA. The modifica-
tions of B5 medium were: 10 g/L sucrose, 2,7 g/L KNO3, 
315 mg/L NaH2PO4∙H2O, and 4 mg/L glycine. This treat-
ment produced 8.46 shoots per explant. The cultures were 
maintained in a growth chamber under a 12-hour photope-
riod at 20 °C, with evaluations performed after three weeks 
and subcultures performed every three weeks. The rooting 
of explants was performed using shoots propagated for two 
years on a modified B5 medium. One month later, 60% of 
the explants developed roots on modified B5 medium with-
out supplementation; however, the rooting rate increased to 
75% when the temperature during the day was 20 °C and 
4 °C at night.

Regalado et al. (2020) induced shoot formation from 
seven-day-old apical segments (3  mm) on MS medium 
supplemented with 1 mg/L KIN and 1 mg/L BAP. The effi-
ciency of this treatment was 93% (Cahuil) and 79% (Villa), 
with 2.14 shoots per explant in Cahuil and 1.43 in Villa after 
four weeks of culture. A shoot multiplication step was per-
formed using excised shoots from the induction step, on MS 
medium supplemented with 2 mg/L BAP and solidified with 
8 g/L bacteriological agar. The cultures were evaluated four 
weeks later, producing 7.96 shoots per explant for Cahuil 
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A. tumefaciens-mediated transient genetic 
transformation

The transient transformation methods are routinely used, 
usually through agroinfiltration of leaves, enabling a fast 
and straightforward method for functional screens (Krenek 
et al. 2015). This method also enables transient expression 
of the CRISPR-Cas9 machinery, producing gene edits with-
out the creation of a transgenic intermediate (Nekrasov et al. 
2013). In quinoa, two papers successfully reported an agro-
infiltration protocol (Xiao et al. 2022; Wang et al. 2023).

Xiao et al. (2022) transiently transformed A. tumefaciens 
GV3101 leaves of NL-6 and Ames13752 quinoa varieties. 
The bacteria were resuspended in infiltration buffer (0.25 
MS, 10 mM MgCl2, 200 µM AS, 1% sucrose, 0.01% Sil-
wet L-77, adjusted to pH 6) to an OD600 of 0.5 and injected 
with a syringe (without needle) into the leaf or axillae. The 
plants were kept in the dark overnight and then moved to 
the greenhouse for two days before sampling. The method’s 
effectiveness was tested by measuring the gene expression 
of heterologous genes or by detecting gene editing events. 
With the protocol described above, the authors successfully 
edited the genes CqPHR1 and CqTSARL3 using CRISPR-
Cas9, demonstrating that gene editing is possible in quinoa. 
Although no stable edited plants were achieved, the method 
could be used to test which promoters and constructs work 
best in quinoa cells.

Wang et al. (2023) established an agroinfiltration proto-
col for transient transformation using two-week-old quinoa 
leaves (cultivar MS509/N). A. tumefaciens EHA105 was 
grown for two days on plates with YEP medium, regrown for 
another day on YEP medium to finally collect the cells and 
resuspend them with infection medium (0.1 MS, 19.6 mg/L 
AS, 100 mg/L MES and 2% sucrose, adjusted to pH 5.6) to a 
OD600 of 1. The bacterial culture was injected with a syringe 
(without a needle), and the injected seedlings were covered 
and grown under a 16-hour photoperiod at 22 °C for 4 days. 
The leaves were then GUS-stained (Jefferson et al. 1987) 
to detect β-glucuronidase activity, but no efficiency was 
reported, limiting the reproducibility of the research.

Both agroinfiltration protocols used leaves as targets, 
with strain GV3101 carrying pCAMBIA-based vectors at 
an optical density (OD600) of 0.5 (Xiao et al. 2022) and 
EHA105 carrying pBI121 at an OD600 of 1 (Wang et al. 
2023). Xiao et al. (2022) reported a transformation effi-
ciency of 25% after overnight incubation; however, no effi-
ciency was noted for edits. Similarly, Wang et al. (2023) do 
not report transformation efficiency. In quinoa, the agroinfil-
tration method has also been used with virus-induced gene 
silencing (VIGS) of CqERF24 (Zhu et al. 2023), phytoene 
desaturase (CqPDS) (Melgar et al. 2024), CqBIN2 (Zhou et 
al. 2024), and overexpression of auxin-related genes(Sun et 

(Al Gethami and El Sayed 2020a) or no supplementation at 
all (Burnouf-Radosevich and Paupardin 1985; Al Gethami 
and El Sayed 2020b). The lowest rooting efficiency (60%, 
0.8 roots/explant) was obtained on MS without supplemen-
tation (Al Gethami and El Sayed 2020b), while the highest 
(100%, 4.8 roots/explant) was obtained on MS supple-
mented with ZnO-NPs (Al Gethami and El Sayed 2020a), 
showing that nanoparticles could have a positive effect on 
the rooting step.

As shown in quinoa by Hesami et al. (2018), shoot buds 
were induced from internodal segments in Alternanthera 
sessilis, another member of the Amaranthaceae family, 
also on MS supplemented with BAP (Sowmya et al. 2020). 
Besides, the regeneration capacity of inflorescences and 
flowers is not exclusive to quinoa (Sidorov et al. 2024) and 
has been demonstrated in other species of the Amarantha-
ceae family. In Atriplex glauca, shoots were induced from 
flowers using 0.1 mg/L 6-(γ-γ-Dimethylallylamino)-Purine 
(2iP) and 0.01  mg/L IAA (Kenny and Caligari 1996). 
In sugar beet, bud clumps were induced from immature 
inflorescence on MS supplemented with 1 mg/L BAP and 
0.25 mg/L NAA (Yang et al. 2004).

Within the Amaranthaceae family, micropropagation 
protocols through direct organogenesis pathways have been 
published. Shoots were induced from spinach petioles on 
MS supplemented with 1 mg/L BAP, 0.4 mg/L NAA, and 
2 mg/L GA3. For rooting, the regenerated shoots were sub-
merged in 20 mg/L IBA for 2 h and then transferred to MS 
supplemented with 0.025 mg/L IBA (Hussain et al. 2024). 
For A. reineckii, shoots were induced from nodal segments 
on MS supplemented with 1 mg/L BAP and illumination of 
one part red and two parts blue light. A piece of the regener-
ated shoot was placed on MS supplemented with 0.5 mg/L 
IAA to induce root formation (Ekin and Dogan 2024).

Genetic transformation protocols in quinoa

The use of biotechnological methods has helped to improve 
agronomic properties in plants, with genetic engineering 
enhancing valuable properties and introducing new char-
acteristics to crops through Agrobacterium-mediated gene 
delivery and direct delivery using biolistic (Anuradha et al. 
2023). Although Agrobacterium-mediated transient genetic 
transformation is the most common method in quinoa, a 
few Agrobacterium-mediated stable genetic transforma-
tion methods have been reported (Fig.  1), as summarized 
in Table 4.
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and 21 °C. After coculture, the explants were transferred to 
DKW medium supplemented with 20 g/L sucrose, 1 mg/L 
KIN, 0.5  mg/L BAP, 0.1  mg/L GA3, 50  mg/L paromo-
mycin, 750 mg/L carbenicillin, and 300 mg/L cefotaxime 
under a 16-hour photoperiod at 25  °C, with subcultures 
every 12 to 14 days, reducing carbenicillin (500 mg/L) and 
cefotaxime (200 mg/L). Explants were transferred to DKW 
medium without growth regulators after three to three and a 
half months to induce the formation of flowers and shoots. 
The transformed explants were evaluated by growth under 
selection and GUS staining (Jefferson et al. 1987), yielding 
a 20% efficiency (transformed events per initial explant).

In general terms, the protocol is lengthy, and the absence 
of a rooting step could challenge the obtaining of seeds from 
the transformed flowering shoots. For this reason, explants 
were grafted onto wild-type quinoa seedlings. The idea 
behind this method was to increase the seed number; how-
ever, grafting opens up a previously unexplored method in 
quinoa: grafting wild-type scions onto transgenic rootstock 
expressing root-to-shoot mobile RNA to produce, for exam-
ple, transgene-free edited plants (Yang et al. 2023).

Wang et al. (2023) established a genetic transformation 
protocol using A. rhizogenes for quinoa. Hypocotyl, coty-
ledon, and cotyledon nodes of five- to six-day-old plants 
were used as explants. The cotyledon nodes and cotyledon 
explants were pierced with a needle a few times before 
transformation. A. rhizogenes K599 transformed with the 
vector pTF102 was grown for two days on plates with YEP 
medium, regrown for another day on YEP medium to finally 
collect the cells, and resuspended with infection medium 
(MS, 19.6  mg/L AS, 500  mg/L MES, and 3% sucrose, 
adjusted to pH 5.4) to an optical density of 1. Explants were 
incubated with the bacteria in the infection medium for 
30 min at 25 °C and then transferred to a coculture medium 
for two days in darkness at 22 °C. Explants were incubated in 
darkness on a hairy-root-induction medium (B5, 500 mg/L 
MES, and 3% sucrose, adjusted to pH 5.6) at 25 °C for two 
weeks to induce hairy root formation. Explants were then 
GUS-stained to evaluate transformation efficiency, yielding 
the following results: cotyledon nodes, 67.9%; cotyledons, 
42.4%; and hypocotyls, 31.6%. Once again, the research-
ers do not report plant regeneration from the explants used, 
limiting the applicability of the method. Although a protocol 
for regenerating shoots from roots has not yet been reported 
in quinoa, plant regeneration after A. rhizogenes-mediated 
transformation is possible in Amaranthaceae (Castellanos-
Arévalo et al. 2021).

To achieve stable transformation of quinoa, either 
using A. rhizogenes (Wang et al. 2023) or A. tumefaciens 
(Komari 1990; Sidorov et al. 2024) in an in vitro culture-
dependent manner, researchers used similar optical densi-
ties for the bacteria, ranging from 0.8 to 1. All the papers 

al. 2022) and Cqtrihelix23 (Sun et al. 2024). In A. tricolor 
and spinach, an agroinfiltration method was used to express 
isoflavone synthase from soybeans, resulting in the transient 
production of genistein (Malla et al. 2021).

Agrobacterium-mediated stable genetic 
transformation

For stable transformation, the integration of foreign DNA 
into the host plant’s genome is necessary to pass it on to the 
offspring, for example, to enhance stress resistance and pro-
duce biomaterials and secondary metabolites in transformed 
plants. The vast majority of the transgenics have been gen-
erated using A. tumefaciens (Azizi-Dargahlou and Poures-
maeil 2024). In quinoa, three papers successfully reported 
in vitro culture-dependent stable transformation protocols 
with A. tumefaciens (Komari 1990; Sidorov et al. 2024) and 
A. rhizogenes (Wang et al. 2023).

From leaf-derived calli, Komari (1990) initiated sus-
pension cultures on liquid LS medium supplemented with 
3 mg/L IAA, 3 mg/L NAA, and 0.1 mg/L KIN, with weekly 
subcultures. Around 1 × 104 cell clusters (10–30 cells) were 
suspended in 2 mL medium and incubated with 1 × 108 A. 
tumefaciens A281 (pTOK162) cells for 48 h. Later, the bac-
teria were washed from the quinoa cells, and the cells were 
spread on a medium supplemented with 250  mg/L cefo-
taxime and 300 mg/L kanamycin (Komari 1989). After six 
weeks of selection, the cultures were evaluated, obtaining 
an average transformation efficiency of 10.8 kanamycin-
resistant calli per plate. However, the researchers do not 
report the regeneration of plants nor the variety used, which 
limits the applicability of the protocol for obtaining trans-
formed plants.

Sidorov et al. (2024) established an Agrobacterium-
mediated transformation protocol using flower-derived 
culture. The culture was ready for transformation a few 
subcultures later (intervals of 12 to 14 days) on the induc-
tion medium. 500 µL of Agrobacterium tumefaciens strain 
AB32 was grown in 200 mL of LB medium for 20–22 h 
at 28 °C and 200  rpm until the optical density at 660 nm 
(OD660) reached 1.2–1.4. The bacterial culture was centri-
fuged and resuspended to an OD660 of 0.8-1.0 in 0.5 MS 
(with vitamins) supplemented with 68.5 g/L sucrose, 36 g/L 
glucose, 0.115 g/L L-proline, and 200 µM acetosyringone 
(AS). Approximately 200 explants (weighing around 140 g) 
were vacuum-infiltrated for 5 min with 150 mL of bacterial 
culture in 250 mL Corning bottles. The cultures were cen-
trifuged (320 g, 30 min), sieved, and dried on sterile paper 
for 3–5 min. A sterile Whatman filter paper was moistened 
with the inoculation medium, and the dried cultures were 
spread on it. The plate was then incubated for four to five 
days under a 16-hour photoperiod at 65% relative humidity 
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Tissue-culture-independent transformation 
methods in quinoa

Genetic transformation tissue culture methods are labori-
ous and time-consuming, as they require optimization at all 
stages (Sebiani-Calvo et al. 2024). Therefore, tissue-cul-
ture-independent transformation protocols could overcome 
the limitations of tissue culture (Sebiani-Calvo et al. 2024), 
including somaclonal variations (Castellanos-Arévalo et al. 
2021). The floral dip method, initially developed for Ara-
bidopsis (Clough and Bent 1998), remains challenging to 
apply in the Amaranthaceae family, given the morphologi-
cal and physiological differences between them and Ara-
bidopsis; however, the floral dip method has already been 
used in quinoa (Bu et al. 2025).

Bu et al. (2025) transformed Real quinoa plants with the 
Agrobacterium-mediated floral dip method. Inflorescences 
at the early flowering stage were dipped into A. tumefaciens 
transformed with vector pHSE401. Although the authors 
report a transformation efficiency of 18.7% as evaluated 
by PCR, they do not provide details on the methods, which 
limits the reproducibility of the technique. The main objec-
tive of this research was to increase the nutritional value of 
quinoa seeds by multiplexed CRISPR-mediated mutation of 
CqAAP1, CqIPK1, CqGGP, and CqHPT. The authors argue 
that the editing efficiency ranges from 41.7% to 75%, and 
that higher concentrations of lysine, zinc, vitamin C, and E 
are found in edited seeds. Although this is not the first report 
using CRISPR-Cas9 in stably transformed tissue to mutate a 
member of the Amaranthaceae family (Vollmer et al. 2025), 
it is the first one in quinoa. 

Within Amaranthaceae, Amaranthus (Munusamy et 
al. 2013; Yaroshko et al. 2018, 2020) and O. rubra (Veit 
et al. 2006) plants have been transformed with the floral 
dip method. Although in O. rubra the transformation by 
floral dip was proven to be a false positive (Drabešová et 
al. 2016), the method remains a good alternative to trans-
formation methods that include in vitro culture steps (Xiao 
et al. 2022). Another tissue-culture-independent transfor-
mation method applied to O. rubra was the sonication-
assisted Agrobacterium-mediated transformation (SAAT) 
(Flores Solís et al. 2003). In this method, young seedlings 
are exposed to Agrobacterium under sonication, produc-
ing micro-wounds in which the bacteria can infect the cells 
(Flores Solís et al. 2003), potentially transforming meriste-
matic tissue (Trick and Finer 1997). Although longer soni-
cation times could damage the tissue and reduce responses 
of the treated tissue to in vitro culture (Trick and Finer 1997) 
it may be necessary to use longer sonication times to apply 
this method successfully to quinoa, as well as a pretreat-
ment of the quinoa seeds, such as reducing saponin content 
and softening the seed coat. This method was also used in 

reported the efficiency calculated by GUS-staining, but only 
two reported the variety used, being MS509/N (Wang et al. 
2023) and QQ74 (Sidorov et al. 2024), affecting the repro-
ducibility of the one with incomplete information (Komari 
1990). The highest efficiency was obtained in cotyledon 
nodes transformed with A. rhizogenes; this transformation 
protocol could benefit from an in vitro culture-dependent or 
an in vitro culture-independent method (Cao et al. 2023) to 
regenerate shoots from roots.

Within the Amaranthaceae family, hygromycin-resistant 
calli were obtained from transformed hypocotyls of water-
hemp. First, the hypocotyls were exposed to A. tumefaciens 
EHA105 (OD600 = 0.8) for 5 min and then placed on a callus-
induction medium supplemented with 15 mg/L hygromycin 
for selection. The hygromycin-resistant calli were evalu-
ated by PCR, yielding a transformation efficiency of 1.5% 
(Kumam et al. 2024). Although no protocols transforming 
flower cultures (Sidorov et al. 2024) has been reported for 
other species of the Amaranthaceae family, immature inflo-
rescences from sorghum were chopped and transformed 
with A. tumefaciens LBA4404. Afterward, shoots were 
obtained from the embryogenic callus induced after trans-
formation (Chou et al. 2020). Transformation of other types 
of explants is also possible in the Amaranthaceae family. 
Hand-pricked epicotyls from A. tricolor were transformed 
with A. tumefaciens EHA105 (OD600 = 0.6). After infec-
tion with AS-treated bacteria for 10 min, the explants were 
cocultured for four days on regeneration medium (Pal et al. 
2013). In sugar beet, shoots and petioles were vortexed with 
A. tumefaciens LBA4404 and silver sand for 30 min, cocul-
tured for three days, transferred to a growing medium for 
four weeks, and then moved to a selection medium (Gurel 
2021).

The induction of hairy roots by A. rhizogenes has also 
been utilized in various species of the Amaranthaceae fam-
ily. In sugar beet, the petiole and midrib were submerged 
in an A. rhizogenes A4T or LBA1334 culture (OD600 = 0.5), 
sonicated for 15  s, and then shaken for 15  min. Explants 
were cocultured for three days in the dark, with 54% of the 
explants developing hairy roots (Klimek-Chodacka and 
Baranski 2014). Cotyledons of A. hypochondriacus and A. 
hybridus were exposed to A. rhizogenes BVG (OD600 = 0.4 
and 0.8, respectively). Hairy roots were validated by PCR, 
Green Fluorescent Protein (GFP) emission, and GUS stain-
ing for both species. Interestingly, somatic embryogenesis 
was induced from the hairy roots of A. hypochondriacus 
(Castellanos-Arévalo et al. 2020).
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the number of subcultures before transformation. The trans-
formed flowering shoots should then be allowed to develop 
roots, thereby establishing an in vitro culture-dependent 
routine transformation method that can be optimized for 
other varieties. The floral dip, which is the most interesting 
in vitro culture-independent transformation method, seems 
somewhat elusive since no detailed method has been pub-
lished (Bu et al. 2025). Related to this, reporting remains 
incomplete in many studies (cultivar identity, light intensity 
in PPFD, operational definition of “efficiency”), which pre-
vents reproducibility and meta-analysis.

In this sense, to improve reproducibility and cross-study 
comparisons, we recommend that future reports explicitly 
include variety/cultivar, explant age, medium composition 
(salts and vitamins), growth regulators, gelling agent, light 
intensity (preferably in µmol m⁻² s⁻¹), culture vessel and 
subculture interval, operational definition of “efficiency,” 
and details of Agrobacterium inoculation (strain, OD, 
coculture) and selection regime. Having this information 
systematically reported will enable more informed deci-
sions regarding the future development of in vitro culture 
and genetic transformation protocols in quinoa. In particu-
lar, standardized datasets would facilitate the application 
of machine learning and other data-driven approaches to 
identify key factors, optimize conditions, and accelerate the 
development of protocols. Altogether, the systematic gener-
ation and sharing of such knowledge will not only advance 
quinoa tissue culture and transformation research but also 
strengthen breeding programs and contribute to securing 
future global food availability.
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sugar beet to induce hairy roots with A. rhizogenes (Klimek-
Chodacka and Baranski 2014). Although the researchers did 
not obtain transformed plants, the SAAT method could be 
worth trying in quinoa, especially in combination with dif-
ferent techniques like Cut-dip-budding (Cao et al. 2023) to 
produce transformed buds from transformed roots.

The de novo induction of meristems by overexpressing 
meristem-related genes through direct delivery or the Fast-
TrACC method may help overcome the limitations of tis-
sue culture (Maher et al. 2020; Nasti et al. 2020; Cody et 
al. 2022). For both methods, meristem-related genes (for 
example, Wuschel (Wus), Shoot Meristemless (STM), BABY 
BOOM (BBM), and isopentenyl transferase (ipt) are over-
expressed to produce the transformed de novo meristems. 
Although this method has not been used in species of the 
Amaranthaceae family, it is worth trying it in quinoa. The 
challenge for this method is determining which gene or 
combination of genes triggers de novo meristem induction.
Xiao et al. (2022) have demonstrated that quinoa’s axillae 
can be transiently transformed, rendering the de novo induc-
tion of meristems feasible.

Concluding remarks and future perspectives

Significant advances have been made in quinoa tissue cul-
ture (Fig. 1). Most seed surface sterilization protocols for 
quinoa include ethanol and sodium hypochlorite, providing 
a suitable sterilization level for in vitro culture. The most 
extended in vitro germination method uses full MS with 
incubation under a 16-hour photoperiod at 25  °C, usually 
reaching high germination rates. Direct organogenesis from 
meristem-rich explants is reproducible, and indirect organo-
genesis from hypocotyl-derived callus supplemented with 
proline significantly enhances shoot multiplication (Xie 
et al. 2025). In contrast, convincing evidence for somatic 
embryogenesis remains scarce since there is no verification 
that Sağlam and Doğanci (2018) callus is embryogenic. In 
addition, two stable genetic transformation systems have 
been reported: Agrobacterium tumefaciens–mediated floral 
culture and floral dip, demonstrating that quinoa is amena-
ble to stable transformation, even though protocols require 
further optimization.

For future directions, the hypocotyl-based indirect proto-
col with proline is the most promising baseline to validate 
across multiple genotypes. Besides, the callus induced by 
Xie et al. (2025) appears as an interesting target for genetic 
transformation. In the meantime, the flower culture method 
currently represents the only stable system for quinoa 
(Sidorov et al. 2024), albeit with lengthy steps and limita-
tions in rooting of transformed flowering shoots. Ideally, 
this protocol should be shortened by reducing, for example, 

1 3

66  Page 16 of 20



Plant Cell, Tissue and Organ Culture (PCTOC) (2025) 163:66

Castellanos-Arévalo AP, Estrada-Luna AA, Cabrera-Ponce JL et al 
(2020) Agrobacterium rhizogenes-mediated transformation of 
grain (Amaranthus hypochondriacus) and leafy (A. hybridus) 
amaranths. Plant Cell Rep 39:1143–1160. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​
7​​/​S​0​​0​2​9​9​-​0​2​0​-​0​2​5​5​3​-​9

Chou J, Huang J, Huang Y (2020) Simple and efficient genetic transfor-
mation of sorghum using immature inflorescences. Acta Physiol 
Plant 42:1–8. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​S​1​​1​7​3​8​-​0​2​0​-​3​0​2​3​-​6

Clough SJ, Bent AF (1998) Floral dip: a simplified method for Agro-
bacterium-mediated transformation of Arabidopsis thaliana. Plant 
J 16:735–743. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​4​6​​/​J​.​​1​3​6​​5​-​3​​1​3​X​.​​1​9​​9​8​.​0​0​3​4​3​.​
X

Cody JP, Maher MF, Nasti RA et al (2022) Direct delivery and fast-
treated Agrobacterium co-culture (Fast-TrACC) plant transfor-
mation methods for Nicotiana benthamiana. Nature Protocols 
18:1 18:81–107. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​5​9​6​-​0​2​2​-​0​0​7​4​9​-​9

Custódio L, Charles G, Magné C et al (2022) Application of in vitro 
plant tissue culture techniques to halophyte species: A review. 
Plants 2023(12):Page126–12126. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​P​L​​A​N​
T​S​1​2​0​1​0​1​2​6

De Varennes A, Russo Marcello, Maule AJ (1984) Infection of proto-
plasts from Chenopodium quinoa with Cowpea mosaic and cym-
bidium ringspot viruses. J Gen Virol 65:1851–1855

Drabešová J, Cerná L, Masterová H et al (2016) The evolution of the 
FT/TFL1 genes in amaranthaceae and their expression patterns in 
the course of vegetative growth and flowering in Chenopodium 
rubrum. G3: Genes Genomes Genet 6:3065–3076. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​1​​5​3​4​​/​G​3​​.​1​1​6​.​0​2​8​6​3​9

Driver JA, Kuniyuki AH (1984) In vitro propagation of paradox wal-
nut rootstock. HortScience 19:507–509

Ehness R, Ecker M, Godt DE, Roitsch T (1997) Glucose and stress 
independently regulate source and sink metabolism and defense 
mechanisms via signal transduction pathways involving protein 
phosphorylation. Plant Cell 9:1825–1841. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​0​
5​​/​T​P​​C​.​9​.​1​0​.​1​8​2​5

Eisa S, Koyro HW, Kogel KH, Imani J (2005) Induction of somatic 
embryogenesis in cultured cells of Chenopodium Quinoa. Plant 
Cell Tissue Organ Cult 81:243–246

Ekin U, Dogan M (2024) Enhancing in vitro micropropagation of 
Alternanthera reineckii Briq. Using various light-emitting 
diodes, culture media and plant growth regulators. Kuwait J Sci 
51:100250. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​J​.​​K​J​S​.​2​0​2​4​.​1​0​0​2​5​0

FAO, IFAD, UNICEF, et al (2024) The state of food security and nutri-
tion in the world 2024 - Financing to end hunger, food insecurity, 
and malnutrition in all its forms. FAO; IFAD; UNICEF; WFP; 
WHO, Rome

Flores Solís J, Mlejnek P, Studená K, Procházka S (2003) Application 
of sonication-assisted Agrobacterium-mediated transformation in 
Chenopodium rubrum L. PLANT SOIL ENVIRON 49:255–260

Gamborg OL, Miller RA, Ojima K (1968) Nutrient requirements of 
suspension cultures of soybean root cells. Exp Cell Res 50:151–
158. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​0​0​​1​4​-​4​8​2​7​(​6​8​)​9​0​4​0​3​-​5

Genze N, Bharti R, Grieb M et al (2020) Accurate machine learning-
based germination detection, prediction and quality assessment of 
three grain crops. Plant Methods 16:1–11. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​8​6​​
/​S​1​​3​0​0​7​-​0​2​0​-​0​0​6​9​9​-​X

Gurel S (2021) Sand-Wounding of shoot and petiole explants enhances 
transformation efficiency in sugar beet (Beta vulgaris L.) by 
Agrobacterium-mediated transformation. Sugar Tech 23:415–
427. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​S​1​​2​3​5​5​-​0​2​0​-​0​0​8​9​3​-​0

Hall C, Dawson TP, Macdiarmid JI et al (2017) The impact of popula-
tion growth and climate change on food security in africa: looking 
ahead to 2050. Int J Agric Sustain 15:124–135. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​
.​1​​0​8​0​​/​1​4​​7​3​5​​9​0​3​​.​2​0​1​​7​.​​1​2​9​3​9​2​9

Hans F, Fuchs M, Pinck L (1992) Chenopodium quinoa protoplasts. J 
Gen Virol 73:2517–2523

holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​v​e​c​​o​m​m​o​​n​s​.​​o​
r​g​​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/.

References

Adolf VI, Shabala S, Andersen MN et al (2012) Varietal differences of 
quinoa’s tolerance to saline conditions. Plant Soil 357:117–129. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​S​1​​1​1​0​4​-​0​1​2​-​1​1​3​3​-​7

Al Gethami FR, El Sayed HESA (2020a) Assessment various concen-
trations of ZnO-Nanoparticles on micropropagation for Chenopo-
dium quinoa Willd. Plant. J Adv Biol Biotechnol 23:33–42. ​h​t​t​p​​s​
:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​9​​7​3​4​​/​j​a​​b​b​/​2​0​2​0​/​v​2​3​i​6​3​0​1​6​2

Al Gethami FR, El Sayed HESA (2020b) In vitro: influence of vari-
ous concentrations of plant growth regulators (BAP & NAA) and 
sucrose on regeneration of Chenopodium Quinoa Willd. plant. 
Asian J Biology 34–43. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​9​​7​3​4​​/​A​J​​O​B​/​2​0​2​0​/​V​9​
I​4​3​0​0​9​5

Anuradha KM, Zinta G et al (2023) Genetic resources and breeding 
approaches for improvement of Amaranth (Amaranthus spp.) and 
Quinoa (Chenopodium Quinoa). Front Nutr 10:1129723. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​F​N​​U​T​.​2​0​2​3​.​1​1​2​9​7​2​3

Areington CA, O’Kennedy M, Sershen (2024) Establishing in vitro 
screening protocols based on phenotypic plasticity of Amaran-
thus dubius and Galinsoga parviflora seeds for Drought, Salinity, 
and heat tolerance. Int J Plant Biology 15:878–894. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​3​​3​9​0​​/​I​J​​P​B​1​5​0​3​0​0​6​3

Avtar R, Aggarwal R, Kharrazi A et al (2020) Utilizing Geospatial 
information to implement SDGs and monitor their progress. 
Environ Monit Assess 192:1–21. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​S​1​​0​6​6​
1​-​0​1​9​-​7​9​9​6​-​9

Azizi-Dargahlou S, Pouresmaeil M (2024) Agrobacterium tumefa-
ciens-Mediated plant transformation: A review. Mol Biotechnol 
66:1563–1580. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​S​1​​2​0​3​3​-​0​2​3​-​0​0​7​8​8​-​X

Bao JH, Chin DP, Fukami M et al (2009) Agrobacterium-mediated 
transformation of spinach (Spinacia oleracea) with Bacillus 
Thuringiensis cry1Ac gene for resistance against two common 
vegetable pests. Plant Biotechnol 26:249–254. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​
5​​5​1​1​​/​P​L​​A​N​T​​B​I​O​​T​E​C​H​​N​O​​L​O​G​Y​.​2​6​.​2​4​9

Baria VK, Goswami PB, Nadoda NA et al (2024) Tissue culture: A 
new era in vegetable crop micro propagation. Adv Res 25:386–
396. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​9​​7​3​4​​/​A​I​​R​/​2​0​2​4​/​V​2​5​I​4​1​1​1​7

Berlin J, Sieg S, Strack D et al (1986) Production of betalains by sus-
pension cultures of Chenopodium rubrum L. Plant Cell Tissue 
Organ Cult 5:163–174. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​B​F​​0​0​0​4​0​1​2​6

Bu G, Ma X, Jin H, Wang L (2025) CRISPR-Cas and RNA sequenc-
ing reveal nutrient enhancement pathways in Quinoa for plant-
based athlete recovery diets and future food security. Int J Biol 
Macromol 318:144785. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​J​.​​I​J​B​​I​O​M​​A​C​.​2​​0​
2​​5​.​1​4​4​7​8​5

Burnouf-Radosevich M, Paupardin C (1985) Vegetative propagation of 
Chenopodium Quinoa by shoot tip culture. Am J Bot 72:278–283

Cao X, Xie H, Song M et al (2023) Cut–dip–budding delivery system 
enables genetic modifications in plants without tissue culture. 
Innov 4:100345. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​J​.​​X​I​N​N​.​2​0​2​2​.​1​0​0​3​4​5

Cassidy ES, West PC, Gerber JS, Foley JA (2013) Redefining agricul-
tural yields: from tonnes to people nourished per hectare. Environ 
Res Lett 8:034015. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​8​8​​/​1​7​​4​8​-​9​3​2​6​/​8​/​3​/​0​3​4​0​1​
5

Castellanos-Arévalo AP, Cabrera-Ponce JL, Nava-Sandoval C, 
Délano-Frier JP (2021) How to overcome recalcitrance? Novel 
strategies and recent advances in the genetic transformation of 
grain Amaranth. 125–149. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​9​7​​8​-​3​-​0​3​0​-​7​2​
3​6​5​-​1​_​8

1 3

Page 17 of 20  66

https://doi.org/10.1007/S00299-020-02553-9
https://doi.org/10.1007/S00299-020-02553-9
https://doi.org/10.1007/S11738-020-3023-6
https://doi.org/10.1046/J.1365-313X.1998.00343.X
https://doi.org/10.1046/J.1365-313X.1998.00343.X
https://doi.org/10.1038/s41596-022-00749-9
https://doi.org/10.3390/PLANTS12010126
https://doi.org/10.3390/PLANTS12010126
https://doi.org/10.1534/G3.116.028639
https://doi.org/10.1534/G3.116.028639
https://doi.org/10.1105/TPC.9.10.1825
https://doi.org/10.1105/TPC.9.10.1825
https://doi.org/10.1016/J.KJS.2024.100250
https://doi.org/10.1016/0014-4827(68)90403-5
https://doi.org/10.1186/S13007-020-00699-X
https://doi.org/10.1186/S13007-020-00699-X
https://doi.org/10.1007/S12355-020-00893-0
https://doi.org/10.1080/14735903.2017.1293929
https://doi.org/10.1080/14735903.2017.1293929
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/S11104-012-1133-7
https://doi.org/10.1007/S11104-012-1133-7
https://doi.org/10.9734/jabb/2020/v23i630162
https://doi.org/10.9734/jabb/2020/v23i630162
https://doi.org/10.9734/AJOB/2020/V9I430095
https://doi.org/10.9734/AJOB/2020/V9I430095
https://doi.org/10.3389/FNUT.2023.1129723
https://doi.org/10.3389/FNUT.2023.1129723
https://doi.org/10.3390/IJPB15030063
https://doi.org/10.3390/IJPB15030063
https://doi.org/10.1007/S10661-019-7996-9
https://doi.org/10.1007/S10661-019-7996-9
https://doi.org/10.1007/S12033-023-00788-X
https://doi.org/10.5511/PLANTBIOTECHNOLOGY.26.249
https://doi.org/10.5511/PLANTBIOTECHNOLOGY.26.249
https://doi.org/10.9734/AIR/2024/V25I41117
https://doi.org/10.1007/BF00040126
https://doi.org/10.1016/J.IJBIOMAC.2025.144785
https://doi.org/10.1016/J.IJBIOMAC.2025.144785
https://doi.org/10.1016/J.XINN.2022.100345
https://doi.org/10.1088/1748-9326/8/3/034015
https://doi.org/10.1088/1748-9326/8/3/034015
https://doi.org/10.1007/978-3-030-72365-1_8
https://doi.org/10.1007/978-3-030-72365-1_8


Plant Cell, Tissue and Organ Culture (PCTOC) (2025) 163:66

Komari T (1989) Transformation of callus cultures of nine plant spe-
cies mediated by Agrobacterium. Plant Sci 60:223–229. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​0​1​​6​8​-​9​4​5​2​(​8​9​)​9​0​1​7​0​-​2

Komari T (1990) Transformation of cultured cells of Chenopodium 
Quinoa by binary vectors that carry a fragment of DNA from the 
virulence region of pTiBo542. Plant Cell Rep 9:303–306. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​B​F​​0​0​2​3​2​8​5​6

Krenek P, Samajova O, Luptovciak I et al (2015) Transient plant trans-
formation mediated by Agrobacterium tumefaciens: Principles, 
methods and applications. Biotechnol Adv 33:1024–1042. ​h​t​t​p​​s​
:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​J​.​​B​I​O​​T​E​C​​H​A​D​V​​.​2​​0​1​5​.​0​3​.​0​1​2

Kumam Y, Trick HN, Sharma V et al (2024) Establishment of first 
protocol of hypocotyl-based regeneration and callus transforma-
tion in Waterhemp (Amaranthus tuberculatus). Vitro Cell Dev 
Biology - Plant 60:283–293. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​S​1​​1​6​2​7​-​0​2​
3​-​1​0​4​0​8​-​7

Lenzner S, Zoglauer K, Schieder O (1995) Plant regeneration from 
protoplasts of sugar beet (Beta vulgaris). Physiol Plant 94:342–
350. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​J​.​​1​3​9​​9​-​3​​0​5​4​.​​1​9​​9​5​.​T​B​0​5​3​2​1​.​X

Li C, Ran M, Liu J et al (2022) Functional analysis of CqPORB in the 
regulation of chlorophyll biosynthesis in Chenopodium Quinoa. 
Front Plant Sci 13:1083438. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​F​P​​L​S​.​2​0​2​2​.​
1​0​8​3​4​3​8

Linsmaier EM, Skoog F (1965) Organic growth factor requirements of 
tobacco tissue cultures. Physiol Plant 18:100–127. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​1​​1​1​1​​/​J​.​​1​3​9​​9​-​3​​0​5​4​.​​1​9​​6​5​.​T​B​0​6​8​7​4​.​X

Maher MF, Nasti RA, Vollbrecht M et al (2020) Plant gene editing 
through de Novo induction of meristems. Nat Biotechnol 38:84–
89. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​5​8​7​-​0​1​9​-​0​3​3​7​-​2

Malla A, Shanmugaraj B, Sharma A, Ramalingam S (2021) Produc-
tion of genistein in Amaranthus tricolor var. tristis and Spina-
cia oleracea by expression of Glycine max Isoflavone Synthase. 
Plants 10:2311. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​P​L​​A​N​T​S​1​0​1​1​2​3​1​1

Melgar AE, Palacios MB, Tosar LJM, Zelada AM (2024) A novel 
and efficient Apple latent spherical virus-based gene Silencing 
method for functional genomic studies in Chenopodium Quinoa. 
Sci Hortic 333:113258. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​J​.​​S​C​I​​E​N​T​​A​.​2​0​​2​4​​
.​1​1​3​2​5​8

Milivojević S, Mitrović A, Ćulafić L (2005) Somatic embryogenesis 
in Chenopodium rubrum and Chenopodium murale in vitro. Biol 
Plant 49:35–39. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​S​0​​0​0​0​0​-​0​0​5​-​5​0​3​9​-​5

Mitić N, Dmitrović S, Djordjević M et al (2012) Use of Chenopodium 
Murale L. transgenic hairy root in vitro culture system as a new 
tool for allelopathic assays. J Plant Physiol 169:1203–1211. ​h​t​t​p​​s​
:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​J​.​​J​P​L​P​H​.​2​0​1​2​.​0​4​.​0​0​9

Morsi NAA, El-Gabry Y, Abu-Ellail FFB (2019) Indirect regeneration 
tissue culture and molecular characterization for some sugar beet 
(Beta vulgaris L.) genotypes. Middle East J Agric Res 8:187–199

Munusamy U, Abdullah SNA, Aziz MA, Khazaai H (2013) Female 
reproductive system of Amaranthus as the target for Agrobac-
terium-mediated transformation. Adv Bioscience Biotechnol 
04:188–192. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​4​​2​3​6​​/​A​B​​B​.​2​0​1​3​.​4​2​0​2​7

Murashige T, Skoog F (1962) A revised medium for rapid growth and 
bio assays with tobacco tissue cultures. Physiol Plant 15:473–497. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​J​.​​1​3​9​​9​-​3​​0​5​4​.​​1​9​​6​2​.​T​B​0​8​0​5​2​.​X

Murphy KM, Matanguihan JB, Fuentes FF et al (2019) Quinoa breed-
ing and genomics. Plant Breed Rev 42:257–320. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​1​​0​0​2​​/​9​7​​8​1​1​1​9​5​2​1​3​5​8​.​C​H​7

Nasti RA, Zinselmeier MH, Vollbrecht M et al (2020) Fast-TrACC: A 
rapid method for delivering and testing gene editing reagents in 
somatic plant cells. Front Genome Ed 2:621710. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​3​​3​8​9​​/​F​G​​E​E​D​.​2​0​2​0​.​6​2​1​7​1​0

Nekrasov V, Staskawicz B, Weigel D et al (2013) Targeted mutagen-
esis in the model plant Nicotiana benthamiana using Cas9 RNA-
guided endonuclease. Nat Biotechnol 31:691–693. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​1​​0​3​8​​/​N​B​​T​.​2​6​5​5

Henarejos-Escudero P, Guadarrama-Flores B, Guerrero-Rubio MA et 
al (2018) Development of betalain producing callus lines from 
colored Quinoa varieties (Chenopodium Quinoa Willd). J Agric 
Food Chem 66:467–474. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​2​1​​/​A​C​​S​.​J​A​F​C​.​7​B​
0​4​6​4​2

Hesami M, Daneshvar MH (2016) Development of a regeneration 
protocol through indirect organogenesis in Chenopodium Quinoa 
willd. J Agric Vet Sci 4:25–32

Hesami M, Naderi R, Yoosefzadeh-Najafabadi M (2018) Optimizing 
sterilization conditions and growth regulator effects on in vitro 
shoot regeneration through direct organogenesis in Chenopodium 
Quinoa. Biotechnologia 99:49–57. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​5​​1​1​4​​/​b​t​​a​.​2​0​
1​8​.​7​3​5​6​1

Hesami M, Pepe M, Monthony AS et al (2021) Modeling and optimiz-
ing in vitro seed germination of industrial hemp (Cannabis sativa 
L). Ind Crops Prod 170:113753. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​J​.​​I​N​D​​C​
R​O​​P​.​2​0​​2​1​​.​1​1​3​7​5​3

Hüsemann W, Barz W, Hüsemann W, Barz W (1977) Photoautotrophic 
growth and photosynthesis in cell suspension cultures of Cheno-
podium rubrum. PPlan 40:77–81. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​J​.​​1​3​9​​9​
-​3​​0​5​4​.​​1​9​​7​7​.​T​B​0​1​4​9​8​.​X

Hussain A, Ahmed I, Nazir H, Ullah I (2012) Plant tissue culture: cur-
rent status and opportunities. In: Leva A, Rinaldi L (eds) Recent 
advances in plant in vitro culture. InTech, Rijeka, pp 1–28

Hussain N, Ali H, Mustafa G et al (2024) In vitro plant regeneration 
from petioles of spinach (Spinacia Oleracea L). ACS Agricul-
tural Sci Technol 4:57–62. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​2​1​​/​A​C​​S​A​G​S​C​I​T​
E​C​H​.​3​C​0​0​2​8​3

Ikeuchi M, Sugimoto K, Iwase A (2013) Plant callus: mechanisms of 
induction and repression. Plant Cell 25:3159–3173. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​1​​1​0​5​​/​T​P​​C​.​1​1​3​.​1​1​6​0​5​3

Islam S, Samsuzzaman, Reza MN et al (2024) Image processing and 
support vector machine (SVM) for classifying environmental 
stress symptoms of pepper seedlings grown in a plant factory. 
Agronomy 14:2043. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​A​G​​R​O​N​O​M​Y​1​4​0​9​
2​0​4​3

Jacobsen SE, Sørensen M, Pedersen SM, Weiner J (2015) Using our 
agrobiodiversity: plant-based solutions to feed the world. Agron 
Sustain Dev 35:1217–1235. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​S​1​​3​5​9​3​-​0​1​
5​-​0​3​2​5​-​Y

Jan T, Khan N, Wahab M et al (2023) Assessing lead and cadmium 
tolerance of Chenopodium ambrosioides during micropropa-
gation: an in-depth qualitative and quantitative analysis. PeerJ 
11:e16369. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​7​​7​1​7​​/​P​E​​E​R​J​.​1​6​3​6​9

Jarvis DE, Ho YS, Lightfoot DJ et al (2017) The genome of Cheno-
podium Quinoa. Nat 2017 542:7641. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​n​a​​t​
u​r​e​2​1​3​7​0

Jefferson RA, Kavanagh’ TA, Bevan MW (1987) GUS fusions: beta-
glucuronidase as a sensitive and versatile gene fusion marker in 
higher plants. EMBO J 6:3901–3907

Jung JL, Bouzoubaa S, Gilmer D, Hahne G (1992) Visualisation of 
transgene expression at the single protoplast level. Plant Cell Rep 
11:346–350. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​B​F​​0​0​2​3​3​3​6​3

Kao KN, Michayluk MR (1975) Nutritional requirements for growth 
of Vicia Hajastana cells and protoplasts at a very low population 
density in liquid media. Planta 126:105–110. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​
0​0​7​​/​B​F​​0​0​3​8​0​6​1​3

Kenny L, Caligari PDS (1996) Androgenesis of the salt tolerant shrub 
Atriplex glauca. Plant Cell Rep 15:829–832. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​
0​0​7​​/​B​F​​0​0​2​3​3​1​4​9

Klimek-Chodacka M, Baranski R (2014) A protocol for sonication-
assisted Agrobacterium rhizogenes-mediated transformation of 
haploid and diploid sugar beet (Beta vulgaris L.) explants. Acta 
Biochim Pol 61:13–17. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​8​3​8​​8​/​A​​B​P​.​2​0​1​4​_​1​9​1​6

1 3

66  Page 18 of 20

https://doi.org/10.1016/0168-9452(89)90170-2
https://doi.org/10.1016/0168-9452(89)90170-2
https://doi.org/10.1007/BF00232856
https://doi.org/10.1007/BF00232856
https://doi.org/10.1016/J.BIOTECHADV.2015.03.012
https://doi.org/10.1016/J.BIOTECHADV.2015.03.012
https://doi.org/10.1007/S11627-023-10408-7
https://doi.org/10.1007/S11627-023-10408-7
https://doi.org/10.1111/J.1399-3054.1995.TB05321.X
https://doi.org/10.3389/FPLS.2022.1083438
https://doi.org/10.3389/FPLS.2022.1083438
https://doi.org/10.1111/J.1399-3054.1965.TB06874.X
https://doi.org/10.1111/J.1399-3054.1965.TB06874.X
https://doi.org/10.1038/s41587-019-0337-2
https://doi.org/10.3390/PLANTS10112311
https://doi.org/10.1016/J.SCIENTA.2024.113258
https://doi.org/10.1016/J.SCIENTA.2024.113258
https://doi.org/10.1007/S00000-005-5039-5
https://doi.org/10.1016/J.JPLPH.2012.04.009
https://doi.org/10.1016/J.JPLPH.2012.04.009
https://doi.org/10.4236/ABB.2013.42027
https://doi.org/10.1111/J.1399-3054.1962.TB08052.X
https://doi.org/10.1111/J.1399-3054.1962.TB08052.X
https://doi.org/10.1002/9781119521358.CH7
https://doi.org/10.1002/9781119521358.CH7
https://doi.org/10.3389/FGEED.2020.621710
https://doi.org/10.3389/FGEED.2020.621710
https://doi.org/10.1038/NBT.2655
https://doi.org/10.1038/NBT.2655
https://doi.org/10.1021/ACS.JAFC.7B04642
https://doi.org/10.1021/ACS.JAFC.7B04642
https://doi.org/10.5114/bta.2018.73561
https://doi.org/10.5114/bta.2018.73561
https://doi.org/10.1016/J.INDCROP.2021.113753
https://doi.org/10.1016/J.INDCROP.2021.113753
https://doi.org/10.1111/J.1399-3054.1977.TB01498.X
https://doi.org/10.1111/J.1399-3054.1977.TB01498.X
https://doi.org/10.1021/ACSAGSCITECH.3C00283
https://doi.org/10.1021/ACSAGSCITECH.3C00283
https://doi.org/10.1105/TPC.113.116053
https://doi.org/10.1105/TPC.113.116053
https://doi.org/10.3390/AGRONOMY14092043
https://doi.org/10.3390/AGRONOMY14092043
https://doi.org/10.1007/S13593-015-0325-Y
https://doi.org/10.1007/S13593-015-0325-Y
https://doi.org/10.7717/PEERJ.16369
https://doi.org/10.1038/nature21370
https://doi.org/10.1038/nature21370
https://doi.org/10.1007/BF00233363
https://doi.org/10.1007/BF00380613
https://doi.org/10.1007/BF00380613
https://doi.org/10.1007/BF00233149
https://doi.org/10.1007/BF00233149
https://doi.org/10.18388/ABP.2014_1916


Plant Cell, Tissue and Organ Culture (PCTOC) (2025) 163:66

quinoa) by interaction with auxin pathway genes. Int J Mol Sci 
23:8480. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​I​J​​M​S​2​3​1​5​8​4​8​0

Sun Y, Lindberg S, Shabala L et al (2017) A comparative analysis of 
cytosolic Na+ changes under salinity between halophyte Quinoa 
(Chenopodium Quinoa) and glycophyte pea (Pisum sativum). 
Environ Exp Bot 141:154–160. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​e​n​v​​e​x​p​​
b​o​t​.​​2​0​​1​7​.​0​7​.​0​0​3

Tahir SM, Mathew JY (2021) Effects of varying concentrations of 
plant growth regulators on the in vitro propagation of Amaranthus 
(Amaranthus tricolor L). Sci World J 16:183–188

Tang Y, Li X, Chen PX et al (2015) Characterisation of fatty acid, 
carotenoid, tocopherol/tocotrienol compositions and antioxidant 
activities in seeds of three Chenopodium Quinoa Willd. Geno-
types. Food Chem 174:502–508. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​f​o​o​​d​c​
h​​e​m​.​2​​0​1​​4​.​1​1​.​0​4​0

Telahigue D, Toumi L (2017) Influence of medium and growth regu-
lators on callogenesis of Quinoa (Chenopodium Quinoa Willd.) 
and effect of hydrous stress induced by P.E.G 6000 on the callus. 
Hortic Biotechnol Res 3:1–09. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​5​0​8​​1​/​h​​b​r​.​2​0​1​
7​.​v​3​.​3​3​7​8

Tester M, Langridge P (2010) Breeding technologies to increase crop 
production in a changing world. Sci (1979) 327:818–822. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​2​6​​/​S​C​​I​E​N​C​E​.​1​1​8​3​7​0​0

Trick HN, Finer JJ (1997) SAAT: sonication-assisted Agrobacterium-
mediated transformation. Transgenic Research 1997 6(5):329–
336. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​2​3​​/​A​:​​1​0​1​8​4​7​0​9​3​0​9​4​4

United Nations (2012) Resolution adopted by the General Assembly 
on 22 December 2011 (A/RES/66/221)

Varma A, Jain A (2021) Protocol for seed surface sterilization and in 
vitro cultivation. In: Varma A (ed) Biology and biotechnology 
of quinoa: super grain for food security. Springer, Singapore, pp 
265–282

Vega-Gálvez A, Miranda M, Vergara J et al (2010) Nutrition facts and 
functional potential of Quinoa (Chenopodium Quinoa Willd.), an 
ancient Andean grain: a review. J Sci Food Agric 90:2541–2547. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​J​S​​F​A​.​4​1​5​8

Veit J, Wagner E, Albrechtová JTP (2006) Floral dip transformation of 
Chenopodium rubrum. In: Teixeira da Silva JA (ed) Floriculture, 
ornamental and plant biotechnology: advances and topical issues. 
Global Science Books, Isleworth, pp 49–53

Vollmer SK, Stetter MG, Hensel G (2025) First successful targeted 
mutagenesis using CRISPR/Cas9 in stably transformed grain 
Amaranth tissue. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​0​1​​/​2​0​​2​5​.​0​2​.​2​2​.​6​3​9​3​3​9. 
bioRxiv 2025.02.22.639339

Von Arnold S, Sabala I, Bozhkov P et al (2002) Developmental path-
ways of somatic embryogenesis. Plant Cell Tissue Organ Cult 
69:233–249. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​2​3​​/​A​:​​1​0​1​5​6​7​3​2​0​0​6​2​1

Wang Y, Zhang Y, Dai C et al (2023) The establishment of two efficient 
transformation systems to manipulate and analyze gene functions 
in Quinoa (Chenopodium Quinoa Willd). J Adv Biol Biotechnol 
26:20–31. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​9​​7​3​4​​/​J​A​​B​B​/​2​0​2​3​/​v​2​6​i​6​6​3​9

Wójcik AM, Wójcikowska B, Gaj MD (2020) Current perspectives on 
the Auxin-Mediated genetic network that controls the induction 
of somatic embryogenesis in plants. Int J Mol Sci 2020 21:1333. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​I​J​​M​S​2​1​0​4​1​3​3​3

Xiao X, Meng F, Satheesh V et al (2022) An Agrobacterium-mediated 
transient expression method contributes to functional analysis of 
a transcription factor and potential application of gene editing in 
Chenopodium Quinoa. Plant Cell Rep 41:1975–1985. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​2​9​9​-​0​2​2​-​0​2​9​0​2​-​w

Xie Y, Liu J, Zheng K et al (2025) Efficient in vitro regeneration and 
overcoming premature senescence of Chenopodium Quinoa 
willd. Sci Rep 15:1–11. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​S​4​​1​5​9​8​-​0​2​5​-​0​3​
5​9​8​-​0

Xuan Y, Liu S, Xie L et al (2023) Establishment of Amaranthus spp. 
Calluses and cell suspension culture, and the effect of plant 

Pal A, Swain SS, Das AB et al (2013) Stable germ line transforma-
tion of a leafy vegetable crop Amaranth (Amaranthus tricolor L.) 
mediated by Agrobacterium tumefaciens. Vitro Cell Dev Biology 
- Plant 49:114–128. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​S​1​​1​6​2​7​-​0​1​3​-​9​4​8​9​-​9

Purohit SD, Teixeira Da Silva JA, Habibi N (2011) Current approaches 
for cheaper and better micropropagation technologies. Int J Plant 
Dev Biology 5:1–36

Regalado J, Tossi V, Burrieza H et al (2020) Micropropagation proto-
col for coastal quinoa. 142:213–219. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​
2​4​0​-​0​2​0​-​0​1​8​4​0​-​3

Repo-Carrasco R, Espinoza C, Jacobsen SE (2003) Nutritional value 
and use of the Andean crops Quinoa (Chenopodium quinoa) and 
Kañiwa (Chenopodium pallidicaule). Food Reviews Int 19:179–
189. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​8​1​​/​F​R​​I​-​1​2​0​0​1​8​8​8​4

Rey E, Maughan PJ, Maumus F et al (2023) A chromosome-scale 
assembly of the Quinoa genome provides insights into the struc-
ture and dynamics of its subgenomes. Commun Biol 6:1263. ​h​t​t​p​​
s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​S​4​​2​0​0​3​-​0​2​3​-​0​5​6​1​3​-​4

Sağlam S, Doğanci Ş (2018) The effects of 2,4-D and BAP on in vitro 
somatic embryogenesis in quinoa (Chenopodium quinoa Willd.). 
In: Kovačević D (ed) Book of proceedings: IX International Sci-
entific Agriculture Symposium Agrosym 2018. University of East 
Sarajevo, Faculty of Agriculture, East Sarajevo, Republic of Srp-
ska, Bosnia, p 591

Salaün C, Lepiniec L, Dubreucq B et al (2021) Genetic and molecular 
control of somatic embryogenesis. Plants 10:1467. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​3​​3​9​0​​/​P​L​​A​N​T​S​1​0​0​7​1​4​6​7

Sang A, Roon T, Klanrit P, Klanrit P et al (2024) Establishment of 
Betalain-Producing cell line and optimization of pigment produc-
tion in cell suspension cultures of Celosia Argentea var. Plumosa 
Plants 13:3225. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​P​L​​A​N​T​S​1​3​2​2​3​2​2​5

Schmöckel SM, Lightfoot DJ, Razali R et al (2017) Identification of 
putative transmembrane proteins involved in salinity tolerance in 
Chenopodium Quinoa by integrating physiological data, RNA-
seq, and SNP analyses. Front Plant Sci 8:1023. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​
.​3​​3​8​9​​/​f​p​​l​s​.​2​0​1​7​.​0​1​0​2​3

Sebiani-Calvo A, Hernández-Soto A, Hensel G, Gatica-Arias A (2024) 
Crop genome editing through tissue-culture-independent trans-
formation methods. Front Genome Ed 6:1490295. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​3​​3​8​9​​/​F​G​​E​E​D​.​2​0​2​4​.​1​4​9​0​2​9​5

Shahin H (2019) Callus formation and production of secondary metab-
olites by seedling explants of Chenopodium quinoa. 59:451–460. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​1​6​0​​8​/​e​​j​b​o​.​2​0​1​9​.​6​3​2​3​.​1​2​5​1

Sidorov V, Maughan PJ, Yang P (2024) The development of an in vitro 
floral culture transformation system for Quinoa. Vitro Cell Dev 
Biology - Plant. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​6​2​7​-​0​2​4​-​1​0​4​5​0​-​z

Sidorov V, Wang D, Nagy ED et al (2022) Heritable DNA-free genome 
editing of Canola (Brassica Napus L.) using PEG-mediated trans-
fection of isolated protoplasts. Vitro Cell Dev Biology - Plant 
58:447–456. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​S​1​​1​6​2​7​-​0​2​1​-​1​0​2​3​6​-​7

Song Y, Bai X, Dong S et al (2020) Stable and efficient Agrobacte-
rium-Mediated genetic transformation of larch using embryo-
genic callus. Front Plant Sci 11:584492. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​
/​F​P​​L​S​.​2​0​2​0​.​5​8​4​4​9​2

Sowmya M, Jinu U, Sarathikannan D et al (2020) Effect of silver 
nitrate and growth regulators on direct shoot organogenesis and 
in vitro flowering from internodal segment explants of Alternan-
thera sessilis L. Biocatal Agric Biotechnol 30:101855. ​h​t​t​p​​s​:​/​​/​d​o​i​​
.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​J​.​​B​C​A​B​.​2​0​2​0​.​1​0​1​8​5​5

Sun W, Chen Y, Yao M et al (2024) Genome-wide characterization of 
trihelix genes reveals Cqtrihelix23 enhances the salt tolerance in 
Quinoa (Chenopodium Quinoa). Physiol Plant 176:e14170. ​h​t​t​p​​s​
:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​P​P​​L​.​1​4​1​7​0

Sun W, Yao M, Wang Z et al (2022) Involvement of auxin-Mediated 
CqEXPA50 contributes to salt tolerance in Quinoa (Chenopodium 

1 3

Page 19 of 20  66

https://doi.org/10.3390/IJMS23158480
https://doi.org/10.1016/j.envexpbot.2017.07.003
https://doi.org/10.1016/j.envexpbot.2017.07.003
https://doi.org/10.1016/j.foodchem.2014.11.040
https://doi.org/10.1016/j.foodchem.2014.11.040
https://doi.org/10.25081/hbr.2017.v3.3378
https://doi.org/10.25081/hbr.2017.v3.3378
https://doi.org/10.1126/SCIENCE.1183700
https://doi.org/10.1126/SCIENCE.1183700
https://doi.org/10.1023/A:1018470930944
https://doi.org/10.1002/JSFA.4158
https://doi.org/10.1002/JSFA.4158
https://doi.org/10.1101/2025.02.22.639339
https://doi.org/10.1023/A:1015673200621
https://doi.org/10.9734/JABB/2023/v26i6639
https://doi.org/10.3390/IJMS21041333
https://doi.org/10.3390/IJMS21041333
https://doi.org/10.1007/s00299-022-02902-w
https://doi.org/10.1007/s00299-022-02902-w
https://doi.org/10.1038/S41598-025-03598-0
https://doi.org/10.1038/S41598-025-03598-0
https://doi.org/10.1007/S11627-013-9489-9
https://doi.org/10.1007/s11240-020-01840-3
https://doi.org/10.1007/s11240-020-01840-3
https://doi.org/10.1081/FRI-120018884
https://doi.org/10.1038/S42003-023-05613-4
https://doi.org/10.1038/S42003-023-05613-4
https://doi.org/10.3390/PLANTS10071467
https://doi.org/10.3390/PLANTS10071467
https://doi.org/10.3390/PLANTS13223225
https://doi.org/10.3389/fpls.2017.01023
https://doi.org/10.3389/fpls.2017.01023
https://doi.org/10.3389/FGEED.2024.1490295
https://doi.org/10.3389/FGEED.2024.1490295
https://doi.org/10.21608/ejbo.2019.6323.1251
https://doi.org/10.21608/ejbo.2019.6323.1251
https://doi.org/10.1007/s11627-024-10450-z
https://doi.org/10.1007/S11627-021-10236-7
https://doi.org/10.3389/FPLS.2020.584492
https://doi.org/10.3389/FPLS.2020.584492
https://doi.org/10.1016/J.BCAB.2020.101855
https://doi.org/10.1016/J.BCAB.2020.101855
https://doi.org/10.1111/PPL.14170
https://doi.org/10.1111/PPL.14170


Plant Cell, Tissue and Organ Culture (PCTOC) (2025) 163:66

Zhang HX, Zeevaart JAD (1999) An efficient Agrobacterium tume-
faciens-mediated transformation and regeneration system for 
cotyledons of spinach (Spinacia Oleracea L). Plant Cell Rep 
18:640–645. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​S​0​​0​2​9​9​0​0​5​0​6​3​5

Zhang Z, Zhang H, Wang L et al (2023) An efficient protocol for Agro-
bacterium-Mediated transformation and regeneration of sugar 
beet (Beta vulgaris L.) based on Blade–Petiole transition zone 
explants. Sugar Tech 25:154–159. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​S​1​​2​3​5​
5​-​0​2​2​-​0​1​1​7​2​-​W

Zhou YL, You XY, Wang XY et al (2024) Exogenous 24-Epibrassi-
nolide enhanced drought tolerance and promoted BRASSINO-
STEROID-INSENSITIVE2 expression of Quinoa. Plants 13:873. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​P​L​​A​N​T​S​1​3​0​6​0​8​7​3

Zhu X, Wang B, Liu W et al (2023) Genome-wide analysis of AP2/
ERF gene and functional analysis of CqERF24 gene in drought 
stress in Quinoa. Int J Biol Macromol 253:127582. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​o​​r​​g​​
/​​1​0​​.​1​0​​​1​​6​​/​J​.​​I​J​B​I​​O​​M​A​​C​.​​​2​0​2​3​.​1​2​7​5​8​2

Publisher’s note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

growth regulators on total flavonoid content. Trop Plants 2023 
1(15 2):0–0. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​4​​8​1​3​​0​/​T​​P​-​2​0​2​3​-​0​0​1​5

Yang A, Zhu L, Zhao S, Zhang J (2004) Induction of multiple bud 
clumps from inflorescence tips and regeneration of salt-tolerant 
plantlets in Beta vulgaris. Plant Cell Tissue Organ Cult 77:29–34. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​2​3​​/​B​:​​T​I​C​​U​.​0​​0​0​0​0​​1​6​​4​8​0​.​4​4​3​8​8​.​3​A

Yang L, Machin F, Wang S et al (2023) Heritable transgene-free 
genome editing in plants by grafting of wild-type shoots to Trans-
genic donor rootstocks. Nat Biotechnol 41:958–967. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​
r​g​/​​1​0​.​1​​0​3​8​​/​S​4​​1​5​8​7​-​0​2​2​-​0​1​5​8​5​-​8

Yaroshko OM, Morgun BV, Velykozhon LG et al (2020) PCR analyses 
of first-generation plants of Amaranthus caudatus L. after «flo-
ral-dip» genetic transformation. Fiziologia Rastenij I Genetika 
52:128–139. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​5​4​0​​7​/​F​​R​G​2​0​2​0​.​0​2​.​1​2​8

Yaroshko O, Vasylenko M, Gajdošová A et al (2018) Floral-dip trans-
formation of Amaranthus caudatus L. and hybrids A. caudatus × 
A. paniculatus L. Biologija 64:321–330. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​6​​0​0​1​​/​
B​I​​O​L​O​G​I​J​A​.​V​6​4​I​4​.​3​9​0​4

Zdravković-Korać S, Belić M, Ćalić D, Milojević J (2023) Somatic 
embryogenesis in Spinach—A. Rev Horticulturae 2023 9:1048. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​H​O​​R​T​I​C​U​L​T​U​R​A​E​9​0​9​1​0​4​8

1 3

66  Page 20 of 20

https://doi.org/10.1007/S002990050635
https://doi.org/10.1007/S12355-022-01172-W
https://doi.org/10.1007/S12355-022-01172-W
https://doi.org/10.3390/PLANTS13060873
https://doi.org/10.3390/PLANTS13060873
https://doi.org/10.1016/J.IJBIOMAC.2023.127582
https://doi.org/10.1016/J.IJBIOMAC.2023.127582
https://doi.org/10.48130/TP-2023-0015
https://doi.org/10.1023/B:TICU.0000016480.44388.3A
https://doi.org/10.1023/B:TICU.0000016480.44388.3A
https://doi.org/10.1038/S41587-022-01585-8
https://doi.org/10.1038/S41587-022-01585-8
https://doi.org/10.15407/FRG2020.02.128
https://doi.org/10.6001/BIOLOGIJA.V64I4.3904
https://doi.org/10.6001/BIOLOGIJA.V64I4.3904
https://doi.org/10.3390/HORTICULTURAE9091048
https://doi.org/10.3390/HORTICULTURAE9091048

	﻿Tissue culture and genetic transformation in quinoa (﻿Chenopodium quinoa﻿)–a mini-review
	﻿Abstract
	﻿Key message
	﻿Introduction
	﻿Materials and methods
	﻿Surface sterilization protocols in quinoa
	﻿In vitro germination protocols in quinoa
	﻿Tissue culture protocols in quinoa
	﻿Callogenesis in quinoa
	﻿Indirect somatic embryogenesis in quinoa
	﻿Indirect organogenesis in quinoa
	﻿Direct organogenesis in quinoa

	﻿Genetic transformation protocols in quinoa
	﻿﻿A. tumefaciens﻿-mediated transient genetic transformation
	﻿﻿Agrobacterium﻿-mediated stable genetic transformation
	﻿Tissue-culture-independent transformation methods in quinoa

	﻿Concluding remarks and future perspectives
	﻿References


