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Removing recalcitrance to

the micropropagation of five
farmer-preferred cassava
varieties in Cote d'lvoire by
supplementing culture medium
with kinetin or thidiazuron
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In vitro micropropagation is a rapid method of multiplying healthy planting
material to control Cassava mosaic disease (CMD), one of a major constraint to
cassava production in Africa. However, some cassava varieties have a low
propagation ratio under in vitro conditions. The main objective of this study
was to improve the in vitro propagation rate of five difficult to grow, farmer-
preferred cassava varieties using plant growth regulators. Microcuttings from in
vitro plantlets of five recalcitrant cassava varieties (Agbablé 3, Ampong, Bayéré,
Bocou 5, Olékanga) were evaluated for their capacity to rapidly regenerate
plantlets. Time to root or leaf formation, number of nodes, humber of roots,
and the in vitro plantlet length were evaluated on nine culture media
combinations. We found that among all the cassava varieties studied, the
shortest times for leaf (4 to 7 days) or root (9 to 14 days) formation were
recorded when the two types of MS media were supplemented with kinetin
and thidiazuron as well as on the medium contain half-strength MS without these
plant growth regulators. These two hormones evaluated were better for
regeneration of leaves, nodes and elongation of in vitro plantlets with optimum
concentration of 5 and 10 nM or thidiazuron, and 0.12 or 0.24 uM for KIN. A
survival rate between 85-91% was recorded under tunnel conditions and the
plantlets appeared to be morphologically normal. The information obtained
during this study will be useful for mass multiplication programs of elite
cassava varieties.
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1 Introduction

Cassava (Manihot esculenta Crantz) belong to Euphorbiaceae
family, which genus Manihot includes over 200 species. The most
important is M. esculenta which is the main carbohydrate source for
more than 800 million people in the world and particularly in tropical
regions in Africa, Asia and Latin America (Rosenthal and Ort, 2012).
In Cote d’Ivoire, cassava is the second most important food crop after
yam with an annual production of more than 6.3 million tons in 2022
(FAOSTAT, 2022). However, cassava productivity is challenged by
several biotic and abiotic constraints resulting in low yield. Among
the biotic constraints, the most damaging is Cassava Mosaic Disease
(CMD), which is responsible for yield losses between 50% and 70%
(Chikoti et al., 2019). The CMD is endemic in Africa and is caused by
nine begomovirus species “https://ictv.global/report/chapter/
geminiviridae/geminiviridae/begomovirus (accessed 27 November
2024)”. The most effective way to control this disease is to use
virus-free planting material.

Cassava is currently propagated vegetatively using cuttings, but
the maximum cutting production of this conventional method is
low at 1:10 rate (Vernier et al., 2018). Consequently, significant
number of plants are required to obtain sufficient quantities of
planting material. In addition to the low multiplication rate
achieved with traditional vegetative propagation method, this
method also promotes CMD propagation in the field (Kouakou
et al., 2024).

The in vitro propagation technique makes it possible to sanitize
several susceptible cassava varieties using thermotherapy combined
with meristem culture. This is followed by mass multiplication of
the disease-free material to make it available to farmers (Yéo et al,,
2020; Nakabonge et al., 2020; Zango et al., 2021). The MS medium
has therefore been used for the in vitro propagation of several plant
species, with many advantages, particularly for species that are
difficult to propagate vegetatively or by seed such as cassava. This
mineral salts rich medium was developed by Murashige & Skoog in
1962 as a result of their work on tobacco soft callus (Murashige and
Skoog, 1962). However, some varieties are difficult to grow on this
common culture medium (MS), as they often require special growth
factors or growth regulators and specific media compositions (Costa
et al., 2019; Sesay et al., 2018; Apio et al., 2021).

In vitro propagation is regulated by endogenous hormones.
Auxin is the main hormone that induces lateral budding and
rooting (Pasternak and Steinmacher, 2024). The addition of
exogenous hormones modulates the action of these endogenous
hormones. However, the combined action of these hormones can be
optimized by the addition of specific nutrients. Generally,
exogenous plant growth regulators (PGRs) which include
cytokinin such as 6-benzylaminopurine (BAP), kinetin (KIN) and
thidiazuron (TDZ), and auxins such as o-naphthalene acetic acid
(NAA) are combined with the MS medium to optimize cassava in
vitro propagation (Sessou et al., 2020; Feyisa, 2021; Hamdeni et al.,
2022). The type and quantity of PGRs added to the growth media
depend on several factors, the most important being the plant
genotype; therefore, it is necessary to optimize the concentrations of
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these growth regulators given their essential role in morphogenesis
(Purohit et al., 2011; Okello et al., 2021).

The aim of this study is to develop an efficient in vitro mass
propagation protocol for five in vitro difficult-to-grow cassava
varieties to meet the needs of cassava farmers.

2 Materials and methods
2.1 Plant material preparation

In vitro plantlets of five commonly cultivated cassava varieties
(Agbable 3, Ampong, Bayére, Bocou 5, Olékanga) which have been
previously sanitized by thermotherapy and meristem culture were
selected for this study. To check for the virus-free status of the
plantlets, the presence or absence of the target viruses was
determined by PCR using specific primers. These two process
were carried out as described by Yeo et al. (2020).

2.2 Media preparation and culture
conditions

2.2.1 Media to identify the best type and
concentration of cytokinin

To identify the best type and concentration, two cytokinin, such
as kinetin (KIN) and thidiazuron (TDZ) at different concentrations
were added on the commonly used full-strength Murashige and
Skoog (1962) and the results were subsequently evaluated (Table 1).
Briefly, 0.12, 0.24 and 0.36 uM KIN (Sigma) or 5 and 10 nM of TDZ
(Sigma) were added separately to the full-strength MS media
(Duchefa). The control was full-strength MS medium
supplemented with BAP (0.22 uM) (Duchefa) according to the
methods of Ng (1990) and Mapayi et al. (2013). These media were
supplemented with 30 g/l sucrose (Sucaf), 100 mg/l myo-inositol
(Duchefa), 0.05 pM o-naphthalene acetic acid (NAA) (Duchefa),
and 7 g/L agar (Duchefa) before being adjusted to pH 5.7 and
sterilized at 121°C for 20 minutes in 80 ml glass jars (8 cm diameter
and 15 cm long).

2.2.2 Media to determine the best MS basal salt
concentration

In order to develop a cost-effective protocol, two media with
full-strength MS (MS) in one hand and half-strength MS (1/2 MS)
in other hand were compared (Table 1). To obtain the half-strength
MS, the quantities of macroelements, microelements and vitamins
in the full-strength MS medium were reduced by half. Both media
were supplemented with BAP (0.22 pM) (Duchefa) and 0.05 pM o-
naphthalene acetic acid (NAA) (Duchefa) according to the methods
of Ng (1990) and Mapayi et al. (2013). These media were
supplemented with 30 g/l sucrose (Sucaf), 100 mg/l myo-inositol
(Duchefa) and 7 g/L agar (Duchefa) before being adjusted to pH 5.7
and sterilized at 121°C for 20 minutes in 80 ml glass jars (8 cm
diameter and 15 cm long).
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TABLE 1 Formulation of the media evaluated for the cassava in vitro growing.

MS medium concentration

Plant Growth Regulators

BAP (uM) KIN (M) TDZ (nM)
M1 (control) full-strength MS 0.05 0.22 - -
M2 full-strength MS 0.05 - - 5
M3 full-strength MS 0.05 - - 10
M4 full-strength MS 0.05 - 0.12 -
M5 full-strength MS 0.05 - 0.24 -
M6 full-strength MS 0.05 - 0.36 -
M7 half-strength MS 0.05 0.22 - -
M8 half-strength MS 0.05 - 0.24 -
M9 half-strength MS 0.05 - - 10

MS, Murashige & Skoog medium; NAA, o-naphthalene acetic acid; BAP, 6-benzylaminopurine;

KIN, Kinetin; TDZ, Thidiazuron.

2.2.3 Media for the effect of the cytokinin
concentrations on medium with the best
strength of MS basal salt

To establish an efficient protocol, the best medium with the MS
basal salt was tested with the best concentration of KIN on one side
and the best concentration of TDZ on the other side (Table 1).
These media were compared with the basal medium supplemented
with 0.22 uM of 6-benzylaminopurine (BAP) (Duchefa) according
to the methods of Ng (1990) and Mapayi et al. (2013). These media
used were supplemented with 30 g/l sucrose (Sucaf), 100 mg/l myo-
inositol (Duchefa), 0.05 pM o-naphthalene acetic acid (NAA)
(Duchefa), and 7 g/L agar (Duchefa) before being adjusted to pH
5.7 and sterilized at 121°C for 20 minutes in 80 ml glass jars (8 cm
diameter and 15 cm long).

2.3 Explants cultivation, growth room
conditions and data collection

Some micro-cuttings with one node were taken from the three-
month-old in vitro plantlets of the five cassava varieties. Five micro-
cuttings of each variety were transplanted into a glass jar and the
experiments were repeated six times. The culture was maintained in
a growth room with a relative humidity of 85% and a temperature of
25°C + 2°C. A photoperiod of 16 hours of light and 8 hours of dark
was applied in the growth room using light-emitting diode (LED)
lamps. For each explant, the time to rooting (rhizogenesis) and leaf
formation (phyllogenesis) was assessed by counting the number of
days from start of cultivation until the first root or leaf emerged. The
average time (T) per jar was then calculated using Formula 1. This
helped to determine which factors promoted the in vitro
regeneration of the explant. In addition, the number of nodes,
roots and the length of plantlets were also evaluated eight weeks
after transplanting to determine which media formulation resulted
in the most efficient organogenesis for each variety. The mean
values of these parameters were calculated using Formulas 2-4.
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T Stime from transplanting until the emergence of first leaves or roots

Total number of explants

(1)
b I
Mean number of leaves = number of leaves
Total number of explants
b t
Mean number of roots = 2 number_of roots 3)
Total number of explants
Mean of in vitro plantlet length
>length of plantlet @

~ Total number of explants

2.4 Acclimatization of in vitro plantlets

Regenerated in vitro plantlets with at least one well-developed root
were carefully removed from the culture vessel, washed with water to
remove the agar gel, and then transferred to plastic pots containing a
substrate composed of soil and Cocos nucifera (L.) peat in a 2:1 ratio.
Acclimatization was carried out in a tunnel with a relative humidity of
90% and a temperature between 30 and 40°C. After two weeks, the
tunnels were opened to reduce the humidity and the plants were
sprayed with water three times per week. Plant survival rate was
recorded after four weeks and for up to eight weeks, after which
surviving plantlets were removed from the tunnel.

2.5 Statistical analyses

A randomized design was used with at least six biological replicates
per factor and each biological replicate was a glass-jar containing five
explants from five different varieties. A total of 1350 explants were
examined in our experiment (270 explants per variety). To determine
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the most appropriate statistical approach, the assumptions for
performing parametric statistics were tested as follows; independence
of observations was assessed using the Durbin-Watson test; normality
was assessed using the Shapiro-Wilk test and homogeneity of variance
was tested using Barlett’s test. When these assumptions were not met,
non-parametric alternatives were used. In order to develop optimized
protocol for each cassava variety, the effect of each MS concentration
and plant growth regulators was evaluated on growth parameters using
either the Kruskal-Wallis’s test or the Wilcoxson paired test. All tests
were evaluated at the 5% level to determine statistical significance.
Principal component analysis (PCA) and ascendant hierarchical
clustering (AHC) were performed on all data to identify the most
suitable media for each variety tested in the different experiments. All
analyses were performed using R 4.3.1 software (Thaka and

Gentleman, 1996).

3 Results

3.1 Effect of type and concentration of
cytokinin

3.1.1 Effect of kinetin on in vitro cassava growth
All the parameters evaluated differed significantly (p < 0.05)
with the concentration of KIN in the full-strength MS. Kinetin at
0.12 uM (M4 medium) or 0.24 uM (M5 medium) reduced the time
from transplanting to leaf emergence in three varieties, including
Agbable 3 (6-7 days on M4, M5 instead of 8-9 days on the control
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M1), Bocou 5 (8-9 days on M4, M5 instead of 11-12 days on M1)
and Olékanga (5-6 days on M4 and 6-7 days on M5 instead of 8-9
days on M1). M4 and M5 significantly shortened this time for the
Ampong variety (Figure 1A).

The following media induced the shortest time from transplanting
to rooting for all varieties: Agbable 3 (9-11 days on M4, M5 instead of
17-18 days on M1), Ampong (12-15 days on M4 instead of 25-26 days
on M1), Bayeére (16-19 days on M4 and M6 instead of 39-40 days on
M1), Bocou 5 (14-15 days on M4 and M6 instead of 29-30 days on M1)
and Olékanga (11-15 days on M4, M5 instead of 30-31 days on M1)
(Figure 1B). All the media tested induced more roots than the control
medium (M1). The highest number of roots for Agbable 3 was 17
(M5), for Ampong was 19.2 (M4), for Bayere was 11 (M4), for Bocou 5
was 16.6 (M5) and for Olekanga was 15.7 (M5) (Figure 1C).

With regard to the number of nodes produced, similar results
were observed for all media except one (M6: 0.36 uM KIN). In
Ampong and Bocou 5, medium M4 induced a greater number of
nodes than the other media, while the highest number of nodes was
observed on both medium M5 and the control medium (M1) for
Bayere. Olekanga plantlets produced the highest number of nodes
on the medium supplemented with 0.24 uM KIN (M5) (Figure 1D).

For in vitro plantlet length, both M4 (0.12 pM KIN) and M5
(0.24 uM KIN) gave similar means for Agbable 3 (M5: 8.84 + 0.5 cm
and M4: 8.11 + 1.02 cm) and Bocou 5 (M5: 6.68 + 0.82 cm and M4:
5.68 + 0.89 cm). M4 (0.12 uM KIN) gave the best results with
Ampong (6.53 + 0.77 cm) and Bayere (5.46 + 0.64 cm) plantlets,
while M5 gave the highest mean plantlet length for Olékanga (7.68
+ 0.85 cm) (Figure 1E).

©)

Number of nodes

T

X - Q
& N @
oo o o ™
0 A oW

Cassava varieties

—-
S
1

In vitro plantlets length (cm)

> o >
o R
l\“\? o\&‘«‘

5
o

0

°°

& &
C o

Cassava varieties

Effect of kinetin on in vitro organogenesis of the cassava varieties. The five cassava varieties were evaluated to determine the effect of kinetin on
time from transplanting to leaves (A) and roots formation (B), number of nodes (C), number of roots (D) and in vitro plantlets length (E). Data are
means + SE. The bars represent the standard error. Bars sharing the same letters are not significantly different between media for each cassava
varieties (N = 30) according to non-parametric Kruskal-Wallis and pairwise Wilcoxon tests (p<0.05). M1: full-strength MS + 0.05 uM NAA + 0.22 uM
BAP (control); M4: full-strength MS + 0.05 pM NAA + 0.12 pM KIN; M5: full-strength MS + 0.05 pM NAA + 0.24 pM KIN; Mé: full-strength MS + 0.05

UM NAA + 0.36 UM KIN.
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3.1.2 Effect of thidiazuron on in vitro cassava
growth

The addition of thidiazuron at different concentrations to the
full-strength MS medium significantly affected the growth and the
rooting of in vitro plantlets (p < 0.05). For Agbable 3, TDZ at 5 nM
(M2) and 10 nM (M3) reduced the time from transplanting to leaf
production (6-7 days instead of 8-9 days in the control). Similar
results were also observed for Ampong on M3 (7-8 days compared
to 10-11 days in the control). In Bayéré and Bocou 5, the control
medium without TDZ (M1) required less time from transplanting
to leaf production (Figure 2A).

The time from transplanting to rooting was reduced on TDZ
supplemented media for all varieties. Explants of Agbable 3, Ampong,
Bayeére, Bocou 5 and Olékanga developed roots on M2 and M3 but not
on the control (M1). It was 9-11 days instead of 17-18 days for Agbable
3; 15-18 days compared to 25-26 days in the control for Ampong; 17-
23 days instead of 30-31 days for Bayere; 15-17 days instead of 30-31
days for Bocou 5 and 18-25 days instead of 30-31 days for Olékanga
explants (Figure 2B). Compared to the control (M1), M3 increased the
number of roots for all varieties. The highest mean root numbers were
19.2,16.2,11.0, 16.8 and 15.0 for Agbablé 3, Ampong, Bayere, Bocou 5
and Olékanga, respectively (Figure 2C).

The highest number of nodes was observed for Agbablé 3 (9.4 +
0.41) only on M3. The node mean was high on M3 and control
respectively for Ampong (8.2 and 7.5), Bocou 5 (8.4 and 8.77) and
Olekanga (7.4 and 8.13). (Figure 2D).

The best in vitro plantlet length was observed on M3 for Bocou
5(8.22 + 0.63 cm), Ampong (3.72 £ 0.55 cm) and Olékanga (3.42 +
0.49 cm) (Figure 2E).
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3.2 Effect of MS basal salt concentration

All the parameters (time from transplanting to leaf or root
formation, number of nodes, number of roots and the in vitro
plantlet length) were significantly influenced (p < 0.05) by the
different concentrations of MS basal salt used in this trial.

The medium contains half-strength MS (M7) was more effective
in reducing the time from transplanting to leaf formation in four
varieties (Figure 3A), namely Agbable 3 (6.3 + 0.33 days instead of
8.73 + 0.35), Ampong (7.1 *+ 0.35 days instead of 10.07 + 0.27),
Bocou 5 (6.9 + 0.44 days instead of 11.6 + 0.51) and Olékanga (4.63
+ 0.33 instead of 8.83 + 0.33).

The time from transplanting to rooting was also reduced by
half-strength MS (M7) using in Ampong (21.3 £ 1.07 instead of 25.6
+0.92 days) and Bayeére (17.7 + 1.12 instead of 39.1 + 0.91) varieties.
Nevertheless, the half-strength MS (M7) gave the same result as the
full-strength MS (M1) for the other varieties (Figure 3B). For the
number of roots, half-strength MS (M7) had induced a high mean
as medium with full-strength MS (M1) for Bayéré and Olékanga;
while, the highest number of roots on full-strength MS was
observed for Agbablée 3 (13.27 + 1.38 instead of 5.2 + 0.89),
Ampong (9.07 + 1.14 instead of 6 + 0.68) and Bocou 5 (8.17 +
0.86 instead of 2.8 + 0.44) varieties (Figure 3C).

On the other hand, full-strength MS (M1) induced the highest
number of nodes in Ampong (7.5 + 0.41 instead of 5.6 + 0.57),
Bayere (8.53 + 0.31 instead of 6.4 + 0.52) and Bocou 5 (8.77 £ 0.6
instead of 4.4 £ 0.4). No significant difference was observed between
the two media (M1 versus M7) for plantlets from Agbablé 3 and
Olekanga (Figure 3D).
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Effect of MS concentration on in vitro organogenesis of the cassava varieties. The five cassava varieties were evaluated to determine the effect of MS
concentration on time from transplanting to leaves (A) and roots formation (B), number of nodes (C), number of roots (D) and in vitro plantlets
length (E). Data are means + SE. The bars represent the standard error. Bars sharing the same letters are not significantly different between media for
each cassava varieties (N = 30) according to non-parametric pairwise Wilcoxon tests (p<0.05). M1: full-strength MS + 0.05 uM NAA + 0.22 uM BAP

(control); M7: half-strength MS + 0.05 uM NAA + 0.22 uM BAP.

The highest in vitro plantlet length was again obtained for the
varieties Agbablé 3 (7.04 + 0.88 cm instead of 4.86 + 0.81 cm),
Ampong (3.4 + 0.3 cm instead of 2.02 + 0.18 cm) and Bocou 5 (2.38
+ 0.22 cm instead of 1.06 + 0.1 cm) varieties on full-strength MS
(M1) and no significant difference was observed between M1 and
M7 with plantlets from Bayeéré and Olekanga (Figure 3E).

3.3 Effect of the best strength of MS basal
salt supplemented with the best cytokinin
concentrations

From our previous results, the best strength of MS basal salt was
the half-strength (M7)for reducing the time from transplanting to
leaf or roots formation, while the best cytokinin concentrations
were 0.24 uM KIN or 10 nM TDZ to improve organogenesis. The
addition of each cytokinin concentration to half-strength MS had a
significant effect (p < 0.05) on all the parameters measured. Agbable
3 in vitro plantlets produced their leaves faster (between 6 and 7
days) on M8 (0.24 uM KIN) than on M7 medium supplemented
with 0.22 uM of BAP (control). In Ampong, M9 (10 nM TDZ) and
M7 media induced faster leaf formation. In contrast, only M7 media
promoted short-term phyllogenesis with Bayeére (8-9 days), Bocou 5
(7-8 days) and Olékanga (4-5 days) explants (Figure 4A).

For all varieties except Bayeére, media containing KIN at 0.24
UM (M8) and TDZ at 10 nM (M9) significantly reduced the time
from transplantation to root formation. In general, M8 and M9, in
contrast to M7, were observed to induce roots in a short time (12-15
days) (Figure 4B). These media (M8 and M9) also, induced the
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highest number of roots for four varieties (Agbable 3, Ampong,
Bayéré and Olekanga) with the best in Bayére on M8 (15 + 0.77)
compared to M7 (control). In Bocou 5, only M8 promoted the
highest number of roots (12 + 0.6) (Figure 4C).

When 0.24 uM KIN was added on half-strength MS (M8), it
induced the highest number of nodes for Agbable 3 (10.4 + 0.36)
followed by Bayeére (8.4 + 0.4) and Bocou 5 (5.6 + 0.63). The control
medium (M7) induced the highest number of nodes (15 + 0.6) for
Olékanga plantlets (Figures 4D).

The highest in vitro plantlet length was observed on medium
M8 for the varieties Agbablé 3 (8.95 + 0.75 cm), Ampong (4.56 + 1
cm), Bayeéré (5.6 + 0.38 cm) and Bocou 5 (2.74 £ 0.46
cm) (Figure 4E).

3.4 |dentification of optimal media by
principal component analysis (PCA) and
ascendant hierarchical clustering

The results of multivariate data analysis methods showed that
media supplemented with some KIN and TDZ were the best media
for all varieties (Figure 5). From the Principal Component Analysis
(PCA), all the parameters evaluated were significant to describe the
diversity of the media effect on the cassava varieties (Figure 5A).
The first two axes with eigenvalues greater than 1 were retained in
the analysis and explained 84.46% of the total variability observed.
According to their contribution and the Ascending Hierarchical
Classification (AHC), three groups were identified among the 45
treatments in all experiences.
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FIGURE 4

Effect of best kinetin and TDZ concentration supplemented on half-strength MS on in vitro organogenesis of the cassava varieties. The five cassava
varieties were evaluated to determine the effect of best kinetin and TDZ concentration supplemented on half-strength MS on time from
transplanting to leaves (A) and roots formation (B), number of nodes (C), number of roots (D) and in vitro plantlets length (E). Data are means + SE.
The bars represent the standard error. Bars sharing the same letters are not significantly different between media for each cassava varieties (N = 30)
according to non-parametric Kruskal-Wallis and pairwise Wilcoxon tests (p<0.05). M7: half-strength MS + 0.05 uM NAA + 0.22 pM BAP; M8: half-

strength MS + 0.05 uM NAA + 0.24 pM KIN; M9: half-strength MS + 0.05 uM NAA + 10 nM TDZ.

The group I is mainly characterized by the media that induced
the highest mean values of growth parameters (number of nodes:
9.2 + 0.39; number of roots: 16.37 + 0.56 and plantlet length: 7.27 +
0.32 cm), except for the time from transplanting to leaf and root
production for the varieties. The time from transplanting to the

formation of leaves (8 days) and roots (13 days) formation was low
for these media (Table 2). This group includes 12 treatments,
mainly AGBM2: Agbablé 3 on full-strength MS + 0.05 uM NAA
+ 5 nM TDZ, AGBM3: Agbablé 3 on full-strength MS + 0.05 uM
NAA +10 nM TDZ, AGBM4: Agbablé 3 on full-strength MS + 0.05
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FIGURE 5

Distribution in plan formed by the axes 1 x 2. (A) significant variables (parameters) revealed by the correlation circle; (B) dendrogram of variety
assigned to a medium which show the three groups; G: Group; AGB: Agbablé 3, AMP: Ampong, BAY: Bayére, BOC: Bocou 5, OLE: Olékanga; M1:
full-strength MS + 0.05 pM NAA + 0.22 pM BAP (control); M2: full-strength MS + 0.05 uM NAA + 5 nM TDZ; M3: full-strength MS + 0.05 uM NAA +
10 nM TDZ; M4: full-strength MS + 0.05 pM NAA + 0.12 uM KIN; M5: full-strength MS + 0.05 uM NAA + 0.24 uM KIN; M6: full-strength MS + 0.05
UM NAA + 0.36 uM KIN; M7: half-strength MS + 0.05 pM NAA + 0.22 uM BAP; M8: half-strength MS + 0.05 uM NAA + 0.24 uM KIN; M9: half-
strength MS + 0.05 uM NAA + 10 nM TDZ. TR: Time spent from transplanting to roots production; TL: Time spent from transplanting to leaf
production; NN: Number of nodes; NR: Number of roots; PL: Plantlets length; cos2: show the quality of representation.
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UM NAA +0.12 pM KIN, AGBM5: Agbable 3 on full-strength MS +
0.05 uM NAA + 0.24 uM KIN, AGBMS: Agbable 3 on half-strength
MS + 0.05 uM NAA + 0.24 uM KIN, AMPM4: Ampong on full-
strength MS + 0.05 pM NAA + 0.12 pM KIN, BOCM4: Bocou 5 on
full-strength MS + 0.05 pM NAA + 0.12 uM KIN, BOCM5: Bocou 5
on full-strength MS + 0.05 uM NAA + 0.24 uM KIN and OLEM5:
Olekanga on full-MS + 0.05 uM NAA + 0.24 uM KIN) (Figure 5B).

Group II includes treatments that regenerate small in vitro
plantlets (3.07 + 0.22 cm), with a small number of roots (5.38 +
0.56) and less time to develop leaves (8 days) but more time (27
days) to develop roots (Table 2). There are AGBM7: Agbablé 3 on
half-strength MS + 0.05 uM NAA + 0.22 uM BAP, BAYM1: Bayére
on full-strength MS + 0.05 uM NAA + 0.22 uM BAP (control),
BAYM7: Bayeré on half-strength MS + 0.05 uM NAA + 0.22 uM
BAP, BOCM1: Bocou 5 on full-strength MS + 0.05 uM NAA + 0.22
uM BAP (control), BOCM7: Bocou 5 on half-strength MS + 0.05
uM NAA + 0.22 uM BAP, OLEM1: Olékanga on full-strength MS +
0.05 uM NAA + 0.22 uM BAP (control) and OLEM7: Olékanga on
half-strength MS + 0.05 uM NAA + 0.22 uM BAP (Figure 5B).

Group III consists of 25 treatments. The media of this group
promoted shorter length (3.07 £ 0.22 cm) with small nodes (6.22 +
0.32) and more time (11 days) to induce leaves in the cassava
varieties (Table 2). It is characterized by AGBM9: Agbablé 3 on full-
strength MS + 0.05 uM NAA + 0.36 pM KIN, AMPM8: Ampong on
half-strength MS + 0.05 uM NAA + 0.24 pM KIN, BOCM1: Bocou 5
on full-strength MS + 0.05 uM NAA + 0.22 uM BAP (control),
BOCM2: Bocou 5 on full-strength MS + 0.05 uM NAA + 5 nM
TDZ, BOCM6: Bocou 5 on full-strength MS + 0.05 uM NAA + 0.36
uM KIN, BOCMS: Bocou 5 on half-strength MS + 0.05 uM NAA +
0.24 uM KIN (Figure 5B).

3.5 In vitro plantlets acclimatization

Weaned plantlets showed good vegetative growth and no
malformations (Figure 6). In fact, the survival rate of the weaned
plants ranged from 85% to 91%. However, no significant differences
were observed between all survival rates. The in vitro plantlets
successfully adapted to ex vitro condition without any issues.

10.3389/fpls.2025.1538799

4 Discussion

To improve micropropagation, exogenous plant growth regulators
(PGRs) have been introduced into the MS media to promote rapid
organogenesis. The most commonly used in organogenesis are
cytokinins and especially Benzylaminopurine (BAP) for cassava and
often kinetin (KIN) or thidiazuron (TDZ) (Shiji et al., 2015; Sessou
et al., 2020; Galan-Avila et al., 2020; Berhanu and Feyissa, 2020). In our
experience, the responses of the explants of the five cassava varieties to
the different MS medium concentrations were influenced by these three
PGRs (BAP, KIN, TDZ). Significant differences were observed in the
times from transplanting to leaf and root formation, the number of
roots, the number of nodes and the length in vitro plantlets. These
results showed that the response of cassava to in vitro
micropropagation depends on the culture medium components. The
addition of growth regulators at different concentrations to the MS
basal salt controls the in vitro organogenesis of this plant.

One aim of our study, was to find media that contribute to improve
the number of nodes and roots. In fact, number of nodes is the most
important parameter in the propagation of some species such as
cassava, because the units used for propagation are made up of these
organs during micropropagation (Quashie et al., 2012; Okello et al,
2021). The parameters relating to the roots are also very important,
because the roots are the first to be established during weaning in order
to promote the recovery of the leaves or even the plantlet. The roots
must be able to convert the young plant from heterotrophic (in vitro) to
autotrophic (ex vitro) life. Without a strong and hardened root system,
there can be no proper weaning of the in vitro plantlets (Dossoukpeévi
et al, 2015). So, the type, concentration and an appropriate
combination of PGRs are very important to improve any
regeneration system (Thorpe et al, 1991). Differentiation in plants is
controlled by an interplay between auxin and cytokinin and the
exogenous requirement of hormones in the medium depends on
their endogenous level in the cultured plant. A high ratio of auxin to
cytokinin generally results in callus formation, whereas a low ratio
results in organogenesis and shoot induction. Plant organogenesis is
generally regulated by endogenous auxin, ie. the natural auxin indole
acetic acid (IAA). Adding ANA, a synthetic hormone with the same
properties as AIA, to the culture medium increases the auxin content of

TABLE 2 Variation of the means of clusters obtained by the AHC using the five parameters.

Growth parameters

Cluster Time from transplanting to Time from transplanting to Number Number  In vitro plantlets
roots formation (days) leaves formation (days) of nodes of roots length (cm)
Group
132 + 0.86¢ 8.4+ 0.77b 9.2+ 0.39% 1637 + 0.56a 7.27 + 0.32a

1 (N=12)
Group
2 (N=8) 26.86 + 2.53a 7.63 + 0.72b 808+ 1.13ab | 538+ 0.56c 329 +0.53b
G

roup 18.11 + 0.81b 10.56 + 0.5 622+032b | 1195+ 0.46b 3.07 +0.22b
3 (N=25)
p-value <0.0001 0.0062 <0.0001 <0.0001 <0.0001

Comparisons were performed by Tukey tests (LSD); for each parameter per row, the values (mean + standard error) with different letters are significantly different (p < 0.05).

Bold values represent significant statistical values.
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FIGURE 6

Acclimatization process of cassava varieties. In vitro plantlets obtained after six weeks (A) in the lab and hardened in the tunnel after eight weeks (B).

the explant. This action can create disturbances and direct the cells
towards root formation. Exogenous cytokinin will regulate the
formation of organs (shoots or roots) depending on the target
objectives. In the current study, KIN at 0.12 uM was suitable for the
multiplication of the Ampong variety while at 0.12 or 0.24 pM, it was
more suitable for Agbable 3, Bocou 5 and Olékanga. These results are
similar to those of Ahanhanzo et al. (2010); Cacai et al. (2012) and
Sessou et al. (2020) who showed that KIN induced better results than
BAP added to the control medium for the regeneration of cassava
varieties. Kinetin can therefore be used at very low concentrations for
rapid micropropagation of cassava. Furthermore, some authors such as
Apio et al. (2021) used higher concentrations than others and obtained
different results. They found that concentrations of 2.4 ml/l (10.65 uM)
of BAP followed by 2 ml/l (10.74 uM) of NAA facilitated establishment
and regeneration compared to kinetin. Ahanhanzo et al. (2008) in
Dioscorea cayenensis and Demeke et al. (2014) in cassava showed that
the response of the explant varied between the genotypes they used as
observed in the present study. These results effectively confirm the
effect of the genotype in the in vitro regeneration of cassava. In addition
to KIN, the results of our study also showed that thidiazuron at 5 nM or
10 nM was better in the Agbableé 3 variety. It promoted the induction of
roots and leaves in a short time and contributed to the production of a
high number of nodes and roots. This result could be explained by the
fact that there was some interaction between the growth regulators. In
other words, differentiation depended on the type of hormone
combination used. These results are confirmed by the work on
cassava by Berhanu and Feyissa (2020), who showed that TDZ at a
concentration of 0.2 mg/l (908.1 nM) had the highest average number
of shoots per explant by improving the morphology of the in vitro
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plantlets. In other work, the MS medium containing TDZ without
auxins was found to have a higher number of shoots than the medium
containing both TDZ and auxins (Aasim et al., 2009; Okello et al,
2021). The importance of PGRs in initiating and regulating organized
development is well established. The addition of TDZ promotes shoot
formation by inducing and maintaining auxin biosynthesis. This
hormone regulates auxin production, promoting callus formation at
high concentrations (> 5 uM TDZ), while at low concentrations (< 5
uM TDZ), shoot induction is observed (Dewir et al., 2018; Vinoth and
Ravindhran, 2018). TDZ was highly effective than other cytokinins at
very minimal concentrations because of its stability to withstand
degradation by cytokinin oxidases (Mok et al., 1987; Pasternak and
Steinmacher, 2024).

Although, the combination of PGRs with MS salt is good for
propagation, Mineral elements play an important role in
organogenesis. Some elements such as nitrogen (N) and potassium
(K) are involved in auxin simulation. In fact, N induces IAA
biosynthesis, while K increases the auxin transport system, favoring
either root or shoot formation. High concentrations of mineral
elements can, often, be a source of disturbance for plants. In fact,
explants already contain sometime a high amount of elements or which
do not have a great need for nutrients to develop (Purohit et al,, 2011).
Given this concern, some authors have suggested that the dilution of
mineral elements in MS medium may be appropriate for some
genotypes (Berhanu and Feyissa, 2020; Mazri et al, 2021). In the
current study, our results showed that such dilution as half
concentration of MS salt significantly reduced the time spent from
transplanting to leaf formation in cassava varieties Agbable 3, Ampong,
Bocou 5 and Olékanga compared to full-strength MS which was the
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control. It also induced rapid rhizogenesis of Ampong and Bayere
explants. Microcuttings have some mineral elements that would be
necessary for their regeneration. These microcuttings would therefore
contain a high concentration of carbon, phosphorus, nitrogen,
potassium, sulfur and magnesium which are macronutrients and are
required in millimolar quantities. Their high concentration could, in
the long term, inhibit some activities in the organogenesis process such
as nitrate activity for nitrogen (Amirouche et al., 1985). In our current
experiments, this was observed by the low number of nodes, roots and
in vitro plantlet length. MS salt diluted to 50% was suitable for the rapid
regeneration of the explants as shown by Mazri et al. (2021) and
Quashie et al. (2012). It reduced the regeneration time. We showed also
that the half-strength MS can be better for organogenesis when we add
kinetin at 24pM and thidiazuron at 10 nM. The supplementary of
PGRs on half strength MS is more effective in contrary when it is not
supplemented. This result is due to the synergistic action of minerals
and growth hormones.

Several studies have demonstrated the recalcitrant nature of some
cassava varieties to in vitro methods. Mapayi et al. (2013) obtained
significant results with one of thirteen media containing different
concentrations of BAP. This medium enabled them to record the
highest means for the number of leaves, nodes and heights. Similar
results were observed by Sesay et al. (2018) on some recalcitrant cassava
genotype. Also, Sessou et al. (2020) obtained an effective medium for
each variety and these media all contained kinetin. A similar trend was
observed in this study with our protocol, where the seven media
containing PGRs out of the nine were all effective to overcome the
recalcitrance of cassava varieties with lower concentrations for all
parameters. The use of lower concentration of PGRs could
contribute to reduce their very high cost, which affects the overall
cost of producing material using this technique. This approach will
reduce the cost of producing in vitro source material.

5 Conclusion

Our study showed that, the addition of exogenous plant growth
regulators such as KIN at 0.12 and 0.24 uM and TDZ at 5 and 10 nM
contributed to optimize in vitro micropropagation. When the
concentration of Murashige & Skoog mineral salts was reduced by
half, it was also effective, especially in combination with PGRs. The
optimal media identified in this study also show that the response of
explants of cassava varieties in vitro depends on the medium used and
the growth parameters considered. Our protocol can therefore be used
to overcome the recalcitrance of some cassava varieties that are difficult
to grow using the micropropagation method. This information will be
useful for mass multiplication programs and the distribution of healthy
planting material to farmers.
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