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Abstract

Napier grass (Cenchrus purpureus Schumach) is an important forage crop and livestock feed.
However, its yield and quality in Kenya are often limited by Napier grass headsmut and
stunt disease. Napier grass genetic improvements through mutation breeding and selection
could avail cultivars with increased forage. This study investigated the response of embryo-
genic calli to different levels of colchicine in inducing polyploidy in the two germplasms of
Napier grass; South africa and Bana grass. The experiments were carried out as a factorial
experiment in a completely randomized design (CRD). The colchicine concentrations used
were 0, 0.05, 0.1, and 0.2%, and the exposure durations were 24, 48, and 72 h. During the
shoot regeneration stage, culturing explants on an MS medium (Murashige and Skoog)
supplemented with 0.2 mg L−1 Benzyl Adenine (BAP), 0.1 mg L−1 dichlorophenoxyacetic
acid (2, 4-D), and 0.1 mg L−1 indole-3-butyric acid (IBA) was more suitable for shoot
regeneration. Chromosome doubling was confirmed by genomic DNA and the stomata
size and number. Culturing explants on an MS medium supplemented with 1 mg L−1 IBA,
1 mg L−1 2, 4-D, and 0.5 mg L−1 BAP was more suitable in inducing embryogenic calli in
both genotypes. Polyploidy results revealed that a 0.1% concentration of colchicine with
two days of treatment established the maximum number of octoploid plantlets induced
in vitro, while a 0.2% concentration was very toxic. The stomata size and number of de-
rived octoploid plantlets were bigger with a lower density, a shorter plant height, and a
smaller stem diameter, and despite being the first to produce tillers, they were significantly
higher than their progenitors. Induced mutants also had a significantly higher number of
chromosomes and showed different band patterns and distances during gel electrophoresis.
However, we recommend the use of flow cytometry to confirm the ploidy level. The
superior mutant plantlets can be selected and recommended for characterization across
representative agro-ecologies for large-scale production and used in Cenchrus purpureus
breeding programs in Kenya and its environments.

Keywords: colchicine; genotype improvement; induced mutation; Napier grass; polyploidy

1. Introduction
Kenya is one of Africa’s leading livestock producers, with smallholder farmers con-

tributing about 80% of its beef and 50% of its dairy production, while the remainder
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comes from ranchers and larger dairy farms [1]. Annually, Kenya produces approximately
3.43 billion liters of milk, with an average yield of 2850 L per lactating cow, translating to
7.9 L per day [2]. Like many Eastern African countries, 80% of Kenya’s farmers practice
mixed crop–livestock systems, relying primarily on rain-fed agriculture [3]. Enhancing
and intensifying smallholder dairy development is a viable poverty-alleviation strategy,
providing year-round income compared to seasonal crop income. Forage feed accounts
for approximately 70% of the total cost of milk production [4]. However, the primary
constraint in smallholder dairy farming is year-round availability and quality of forage.
Key challenges to fodder production include competition for small land areas, recurrent
droughts due to climate change, and low yields [4].

Napier grass (Cenchrus purpureus) is the primary livestock feed for dairy and beef cattle
in Kenya, particularly in zero-grazing and semi-intensive systems [5,6]. Compared to other
grasses, Napier grass has a higher leaf-to-stem ratio (3.18), better nutritional value, and can
withstand repeated cutting, yielding 15 to 22 tons of dry matter per hectare [7–9]. As small-
scale dairy farming shifts from extensive to zero-grazing systems, Napier grass constitutes
up to 80% of forage [10]. Farmers with surplus fodder often sell it to others, making Napier
grass a valuable income source [11]. However, the continued contribution of Napier grass
to the livelihoods of small-scale farmers is threatened by low growth vigor, low biomass,
and low feed value due to inferior germplasm [12]. Therefore, there is a need to enhance
the genetic diversity of pasture and forage to meet growing demand, and this is a key
strategy for improving food crops and enhancing plant performance [13]. Induced mutation
breeding results in changes in the gene dosage, which causes chromosomal rearrangements,
epigenetic remodeling, and the reunion of divergent gene regulation [14]. It is a widely
adopted method in breeding programs aimed at generating genetic diversity and selecting
new mutants with favorable agronomic traits like drought tolerance, tolerance to pests and
diseases, increased feed-value maturity time, larger organs, and increased biomass [15].
Mutation can be induced by exposing propagules to physical (gamma irradiation, X-ray,
etc.) or chemical mutagens (colchicine, oryzalin, or trifluralin) that induce polyploidy in
plants [16].

Colchicine has been documented to induce a higher frequency of point mutations
compared to physical mutagens like gamma rays [17]. However, the most critical fac-
tor in inducing point mutations is selecting the optimal dosage of the mutagen, which
involves determining the appropriate concentration and treatment duration. Inducing
polyploidy in Napier grass and selecting mutant plantlets with good agronomic traits
is a promising approach to improve its productivity and resilience for use in improving
livestock productivity. In light of the above background, this study aimed to investigate the
response of embryogenic calli to different colchicine concentrations in inducing polyploidy
for regeneration and the selection of novel Napier grass mutants.

2. Materials and Methods
2.1. Experimental Site and Plant Materials

This study was conducted at the Non-Ruminant Research Institute of Kenya Agri-
cultural and Livestock Organization (KALRO) in collaboration with Masinde Muliro Uni-
versity of Science and Technology (MMUST), located in Kakamega County, Kenya. The
study was carried out in three phases: callus induction, colchicine treatment and regen-
eration, and field evaluation. South africa Napier grass (tolerant to Napier stunt disease)
was sourced from Kenya Agricultural and Livestock Organization (KALRO), Kakamega,
while Bana grass (high-yielding but susceptible to Napier stunt disease) was sourced from
the Food Crops Research Institute of KARLO Kitale. All these genotypes are tetraploids
(2n = 4x = 28). Shoot tips from the two genotypes were collected from the greenhouse
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and washed thrice with running tap water and then surface-sterilized by immersing in
70% ethanol for 2 min. This was followed by immersion in 2% sodium hypochlorite so-
lution with 2 drops of tween 20 and agitation for 15 min. The shoot tillers were rinsed
three times with sterile distilled water for 6 min.

2.2. Experimental Design, Treatments, and Layout

The experiment was conducted as a factorial with three factors: four levels of colchicine
(Powder from Alphatma, Moscow, Russia) concentration (C0 (0%), C1 (0.05%), C3 (0.2%), and
C3 (0.2%)), three levels of exposure period (T1: 24 h, T2: 48 h, and T3: 72 h), and two Napier
grass germplasms (V1 South africa Napier grass and V2 Bana grass), resulting in twenty-four
treatment combinations that were replicated thrice using a factorial completely randomized
design (CRD), resulting in ninety-six experimental units. However, a pre-experiment needed
to be conducted to carry out somatic embryogenesis to come up with explants to be used in the
next stage of the study, which was colchicine treatment and acclimatization in the greenhouse.
This pre-experiment was conducted as a factorial experiment in a completely randomized
design (CRD) with 3 factors: 3 growth hormones for callus induction, 3 growth hormones for
shoot regeneration and rooting, and 2 germplasms of Napier grass. This resulted in eighteen
treatment combinations that were replicated six times. This resulted in 108 experimental units,
where the best explants that formed embryogenic calli were selected for the next stage of the
study. The following callus induction medium was used: GM0 as a comparative control in
hormone-free media, GM1 (MS media supplemented with 0.3 mg/L−1 BAP, 0.5 mg/L−1 2,4-D,
and 0.5 mg/L−1 IBA) and GM2 (MS media supplemented with 0.5 mg/L−1 BAP, 1.0 mg/L−1

2,4-D, and 1.0 mg/L−1 IBA). For shoot regeneration, the following media were used: SRM0
as a comparative control in a hormone-free medium, SRM1 (MS media supplemented with
1 mg/L−1 BAP, 0.25 mg/L−1 2,4-D, and 0.25 mg/L−1 IBA (Protist Lab Africa Ltd., Mfangano
Street, Nairobi, Kenya), and SRM2 (MS media supplemented with 2 mg/L−1 BAP, 0.5 mg/L−1

2,4-D, and 0.5 mg/L−1 IBA).

2.2.1. Embryogenic Calli Formation

Shoot tips of explants were prepared by trimming them into 1–5 mm cross-sections
using a sterile scalpel. The cross-sections were then pre-soaked in a solution containing
10 mg/L citric acid and ascorbic acid to prevent browning. These sections were cultured
in petri dishes on Murashige and Skoog (MS) medium, supplemented with 0, 0.5, and
1.0 mg/L dichlorophenoxyacetic acid (2,4-D), BAP (0, 0.3, and 0.5 mg/L), and 0, 0.5, and
1.0 mg/L indole-3-butyric acid (IBA) for callus induction. The pH of the induction medium
was adjusted to 5.8 using 1 M HCl (Protist Lab Africa Ltd., Mfangano Street, Nairobi, Kenya),
or NaOH (Protist Lab Africa Ltd., Mfangano Street, Nairobi, Kenya), before autoclaving at
121 ◦C for 15 min. The cultures were incubated in the dark at 27 ± 2 ◦C using a modified
old model oven fitted with a clock timer and a fluorescent bulb, calibrated to the required
standards to function as a growth chamber. Statistical analyses were performed based on a
completely randomized design with three replications using the R software, version 4.2.

2.2.2. Shoot Regeneration and Rooting

In order to induce shooting, the best plant growth hormone combination for the
growth of shoot tips was determined by transferring a subset of embryogenic calli into
shoot regeneration media consisting of MS supplemented with various concentrations of
BAP (0, 1, and 2 mg/L), 2,4-D (0, 0.25, and 0.05 mg/L), and IBA (0, 0.25, and 0.05 mg/L).
The pH of all media was adjusted to 5.6–5.8 before autoclaving. The cultures were incubated
in a modified old model oven fitted with a clock timer and a fluorescent bulb, which was
calibrated to act as a growth chamber. This setup provided LED lighting with a 16 h light
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and 8 h dark photoperiod at 27 ± 2 ◦C, and the samples were cultured for two weeks before
being treated with colchicine.

2.2.3. Treatment with Colchicine

The impact of various colchicine concentrations (0, 0.05, 0.1, and 0.2%) and the treat-
ment duration (24, 48, and 72 h) on explant survival and polyploidy induction was exam-
ined as a factorial experiment in a completely randomized design with three replications.
The explants were exposed to a treatment after 134 days of culture by immersing them in
a filtered–sterilized colchicine solution for the designated times, as stated earlier, and the
samples were then rinsed three times with sterile distilled water. After colchicine treatment,
explants were transferred to shoot regeneration media as stated earlier and subcultured
after one week in the same shooting media of MS supplemented with 1 mg/L NAA (Protist
Lab Africa Ltd., Mfangano Street, Nairobi, Kenya), and 150 mg/L ascorbic acid (Protist Lab
Africa Ltd., Mfangano Street, Nairobi, Kenya), for 14 days for rooting before being potted
in sterilized soil and transferred into the greenhouse.

2.3. Evaluation of Induced Mutants to Determine Ploidy Level

Two months after transferring them to the greenhouse after treatment with colchicine,
plants that regenerated were subjected to screening for confirmation of polyploidy by
measuring stomata number and size, chromosome counting, and genomic DNA of mutant
plants viz their progenitors.

2.3.1. Chromosome Number by Karyotyping

Karyotyping was conducted to determine the chromosome number by counting
chromosomes from young growing leaves of putative induced mutant plants. Plantlet leaf
samples of about 2 cm2 were collected from the greenhouse and fixed by immersing leaf
tissues in a 1% chromic acid and 10% formaldehyde solution for 24 h at 4 ◦C. The segments
of leaf were then softened by immersing them in sodium hydroxide (1 N) (Protist Lab
Africa Ltd., Mfangano Street, Nairobi, Kenya), for 10 min at 60 ◦C and stained with 4%aceto-
carmine (Protist Lab Africa Ltd., Mfangano Street, Nairobi, Kenya), for 10 h, and they were
observed using a light microscope at ×80 and ×100. Photographs of chromosome spread
were taken using AmScope MU1000 10MP USB 3.0 digital microscope camera manufactured
by AmScope, Irvine City in California, USA, and chromosomes were analyzed based on
their size, shape, and banding patterns before being counted at the clearest preparation.

2.3.2. Stomata Size and Number

Ploidy was assessed by examining the stomata cell number and size of the stomata,
genomic DNA, and chromosome counts. For stomata measurements, 35-day-old leaves
that were about 1 cm2 in size were collected from the greenhouse after 2 months from
regeneration. An area of approximately 0.2 cm2 on the upper leaf epidermis was treated
with a colorless nail polish (Protist Lab Africa Ltd., Mfangano Street, Nairobi, Kenya),.
Once the polish dried, the layer was peeled off using adhesive tape. The tape was then
affixed to a clean and clear glass slide, and the stomata density per mm2 was counted
with a light microscope at ×10, ×20, and ×40. Photographs of stomata were taken using a
digital camera. Stomata of length 20% or bigger than their counterpart were considered as
putative polyploids [18].

2.3.3. Genomic DNA

For the genomic DNA, plant genomic DNA was extracted from leaf tissue (0.3–0.7 g)
of rooted plantlets using the CTAB procedure (Murray & Thompson, 1980) [19]. The DNA
was SacI-digested, separated on a 0.8% agarose gel, and transferred to a prepared agarose
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gel that was prepared by dissolving 0.8% agarose in electrophoresis buffer by heating, and
the melted agarose was poured into a casting tray with a comp to create wells and allowed
to solidify. Then, the prepared DNA samples and the DNA ladder (5 KB) were carefully
loaded into the wells while using a loading dye to visualize the samples during loading.
Then, the prepared gel was placed in the electrophoresis apparatus, which ran at 110 V
and 150 A for a duration of 90 min. The gel products were stained and visualized on FUJI
X-ray film.

2.3.4. Phenotypic Evaluations of Induced Mutants

Quantitative evaluations of phenotypes of mutant plant lines were performed in
the greenhouse.

Due to high mortality as a result of the toxicity of colchicine on the explants, 30 plantlets
comprising putative induced mutants and their progenitors were planted in 6 × 9 pots
and transferred to the greenhouse on 20 April 2024. A completely randomized design
with three replications was implemented, and morphological characteristics were collected
weekly. These included the number of tillers, plant height, leaf area, and stem diameter.
Stem diameter was measured at 10 cm from the base of the mature plants using a string, and
then the measurements were transferred to a measuring ruler. Plant height was measured
from the ground to the highest point of a mature plant using a measuring tape in (cm).
Tillers were counted manually on a weekly basis and recorded.

3. Results
3.1. Response of Genotype to Tissue Culture

Analysis of variance revealed significant genotype effects for the percentage of explants
with calli at 4 weeks after culture initiation, necrosis intensity, and number of embryogenic
calli at p < 0.05 (Table 1). All genotypes produced the most calli 4 weeks after culture
initiation (Table 1). There were no significant differences (p < 0.01) among germplasms
during the 4 weeks. Consequently, no germplasm produced embryogenic calli 4 weeks
after culture initiation. There were higher levels of necrosis in the South africa Napier
grass germplasm, while Bana grass recorded the lowest. Ideally, the Bana grass germplasm
recorded highest levels of contamination, while South africa Napier grass had the lowest.

Table 1. Effects of different growth hormone combinations on embryogenic calli induction.

Growth Media Genotype
No. of Calli
Formed/%
(4 Weeks)

No. of Necrosis
Formed/%
(4 Weeks)

No. of
Embryogenic
Calli Formed/%
(4 Weeks)

No. of
Embryogenic
Calli Formed/%
(8 Weeks)

No. of Necrosis
Formed/%
(8 Weeks)

GM0 V1 0 (0) 96 (100) a 0 (0) 0 (0) 0 (0)

V2 0 (0) 96 (100) a,b 0 (0) 0 (0) 0 (0)

GM1 V1 65 (87.83) c 11 (14.86) b 0 (0) 25(33.783) c 9 (12.162) a

V2 63 (85.13) d 9 (12.16) d 0 (0) 23 (31.081) d 4 (5.405) d

GM2 V1 68 (91.89) b 9 (12.162)d 0 (0) 51 (68.919) a 6 (8.108) c

V2 69 (93.24) a 10 (13.514) c 0 (0) 49 (66.216) a,b 8 (6.757) b

Mean levels with a–d different numbers following each value within a column demonstrate significant differences
according to Tukey’s test (p ≤ 0.05). GM0 indicates explants established in hormone-free media. GM1 indicates
MS media supplemented with 0.3 mg/L−1 BAP, 0.5 mg/L-1 2,4-D, and 0.5 mg/L−1 IBA. GM2 indicates MS media
supplemented with 0.5 mg/L−1 BAP, 1.0 MG/L-1 2,4-D, and 1.0 mg/L−1 IBA.

After 7 to 8 weeks of culture, embryogenic calli on all germplasms were initiated in
most media, where it was evident that embryogenic calli were significantly affected by
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the different plant growth hormonal combinations (Table 1). The percentage of embryo-
genic calli after 8 weeks was 68.9% and 66.2% on germplasms V1 and V2 in media with
1.0 mg L−1 IBA, 1.0 mg L−1 2,4-D, and 0.5 mg L−1 BAP, while genotypes V1 and V2 in
media with 0.5 mg L−1 IBA, 0.5 mg L−1 2,4-D, and 0.3 mg L−1 BAP produced 31.1% and
33.8% calli. Explants cultured in hormone-free media did not produce any sign of growth
of calli or embryogenic calli, and they were also 100% necrotic. South africa Napier had the
highest levels of necrosis after 4 weeks at 14.9% and 8 weeks at 12.2%, while Bana grass had
the lowest levels of necrosis after 4 weeks at 9% and 8 weeks at 4% (Table 1).

3.2. Regeneration of Shoots and Rooting

Growth of shoots was initiated after 134 days of culture in most media (Table 2).
The regeneration percentage was significantly affected by the different growth hormonal
regulator combinations. Explants that were cultured in hormone-free media did not
show any sign of growth and were affected by necrosis at 100%. There was 43% and
40% shooting in the MS medium supplemented with 0.05 mg L−1 IBA, 0.05 mg L−1 2,4-D,
and 2 mg L−1 BAP, which was the most suitable media for shoot regeneration, while in the
medium with 0.25 mg L−1 IBA, 0.25 mg L−1 2,4-D, and 1 mg L−1 BAP, the level was 20%
(Table 2, Figure 1).

Table 2. Growth hormone combination effects on shoot induction derived from shoot tillers of
two genotypes of Cenchrus purpureus.

Growth Media Genotype No. of Regenerated Clumps (%) No. of Regenerated Shoots (%)

SRM0 VI 0 (0) e 0 (0) e

V2 0 (0) e 0 (0) e

SRM 1 V1 16 (21.6) c 15 (20.27) c

V2 14 (19) c,d 11 (14.86) d

SRM 2 V2 37 (50) a 32 (43.24) a

V2 32 (43) b 30 (40.54) a,b

Mean levels with a–e different letters following each value within a column demonstrate significant differences
(p ≤ 0.05). SRM0 indicates explants established in hormone-free media. SRM1 indicates MS media supplemented
with 1 mg/L−1 BAP, 0.25 mg/L−1 2,4-D, and 0.25 mg/L−1 IBA, SRM2 indicates MS media supplemented with
2 mg/L−1 BAP, 0.5 mg/L−1 2,4-D, and 0.5 mg/L−1 IBA.

   
(a) (b) (c) (d) 

Figure 1. Regeneration of two genotypes of Cenchrus purpureus through somatic embryogenesis.
(a) Embryogenic calli in MS media supplemented with 0.5 mg/L−1 BAP, 1.0 mg/L−1 2,4-D, and
1.0 mg/L−1 IBA. (b) Sprouting embryos in different growth stages in calli treated with colchicine.
(c) Shoot regeneration and root induction with MS medium supplemented with 0.05 mg L−1 IBA,
0.05 mg L−1 2,4-D, and 2 mg L−1 BAP and after being transferred into media supplemented with
NAA 1 mg L−1 and 150 mg L−1 ascorbic acid. (d) Regenerated synthetic induced mutants with their
progenitors after being potted and transferred into the greenhouse.

3.3. Effect of Different Colchicine Concentrations on Survival of Explants and Ploidy Induction

The explants from the two germplasms were treated with different colchicine con-
centrations in solid media. The percentage (%) survival rate differed depending on the
colchicine concentration levels, exposure duration, and their interactions, with the callus
survival ranging from 0–100% (Figure 2). Toxicity was observed at higher concentrations
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and with longer times of exposure to treatments, which severely affected the survival rate
of the calli. Importantly, it was also observed through analysis of variance that there was a
high level of significance in terms of the effects of the colchicine concentration and the time
of exposure and their interaction on polyploidy induction. The frequency of induction of
octoploidy in synthetic polyploidy plantlets increased with the increase in exposure time
(Figure 2). A colchicine concentration of 0.05% and an exposure duration of 24 h achieved
the highest survival rate (35%) but led to a low number of induced mutants of 17 (48%),
presumably due to a lack of any effect of colchicine, while the treatment with 0.2% with
durations of 48 and 72 h resulted in 100% mortality of the calli, and at the same time, it
resulted in an altered ploidy of 5 (7%) plants that regenerated under the 24 h treatment
duration (Figure 2). The results also demonstrated that a colchicine concentration of 0.1%
with a 48 h duration of exposure was the most suitable for inducing polyploidy, with
12 (48%) plants (Figure 2). It was observed that the growth and induction of roots in mutant
plants were severely affected by the colchicine treatment viz the control. Furthermore, in-
duced mutant plants were shorter than their progenitors, despite being the first to produce
tillers, and they also had a high number of tillers and a smaller stem diameter (Table 3,
Figure 3). Leaf samples of synthetic mutant lines per germplasm were randomly selected
for genomic DNA extraction and chromosome counting. It was evident that chromosome
doubling indeed took place in some of the regenerated plantlets that were distinct from
there progenitors (Figures 3–7). The average genomic DNA size of the regenerated plants
was observed to be significantly different, where single cell lines from the samples collected
were characterized with the same band pattern (Figure 7).

 

Figure 2. Percentage explant survival rate and synthetic induced mutants after exposure to different
colchicine levels and time durations. (a) Survival rate of explants after exposure to colchicine: C0 = 0,
C1 = 0.05, C2 = 0.1, and C2 = 0.2%, and exposure duration: 24 hrs, 48 hrs, and 72 hrs. (b) Number of
mutants induced in different colchicine concentrations.

Table 3. Quantitative and qualitative characteristics in Cenchrus purpureus induced mutants.

Germplasm
Stomata
Number
(Per mm2)

Stomata Size
(mm2)

Plant Height
(cm)

No. of Tillers
After 6 Weeks

No. of Tillers
After 8 Weeks

Stem Diameter
After 8 Weeks
(cm)

C0T0V1 21 a 122.54 c 190.23 a 0 c 2 c,d 5.2 a

C0T0V2 19 a,b 120.65 c,d 145.31 c 0 c 5 b 4.7 a,b

C2T2V1 11 c 162.44 a 123.86 d 2 a,b 3 c 4.6 b,c

C3TIV2 12 d 158.45 b 170.18 b 3 a 6 a 4.5 b,c

t-Tests were performed between compiled means from two control lines and those from synthetic induced mutants
of each germplasm. Mean levels with a–d different letters following each value within a column show significant
differences (p ≤ 0.05).
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(A1) V2 (B1) V2 (C1) V1 (D1) V1 

    
(A2) V2 (B2) V2 (C2) V1 (D2) V1 

Figure 3. Tillering ability of two Cenchrus purpureus germplasms and their synthetic mutants after
4 weeks: (A1) V2 synthetic mutant, (B1) V2 progenitor, (C1) V1 synthetic mutant, and (D1) V1
progenitor; after 8 weeks: (A2) V2 synthetic mutant, (B2) V2 progenitor, (C2) V1 synthetic mutant,
and (D2) V1 progenitor.

(A) C2T2V1×20 (B) C2T2V1 ×40 (C) C2T2V2 ×20 (D) C2T2V2 ×40 

    
(E) C2T2V1 ×20 (F) C2T2V1 ×40 (G) C2T2V2 ×20  (H) C2T2V2 ×40 

Figure 4. Difference in stomata size and number between synthetic induced mutants and their
progenitors at ×20 and ×40 magnification. Blue and orange arrows in (A–D) point to progenitor
stomata, while black arrows in (E–H) point to putative induced mutants.
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Figure 5. Abnormalities shown by synthetic polyploidy after treatment with colchicine. (A–C) Albino
plants and leaf chlorosis abnormalities two weeks after treatment with 0.1% colchicine concentration
and 48 h duration of exposure and 0.2% colchicine concentration with 24 h and 48 h duration of
exposure. (E–H) Abnormalities several weeks after establishment. (E) Chromosome incompatibility
that resulting in the death of the plant. (D,F) Leaf chlorosis of new whole leaf that is dying-off.
(G,H) New while leaf emerging with vigor immediately before dying-off.

  
(a) (b) 

  
(c) (d) 

Figure 6. Chromosome number of Cenchrus purpureus visualized under a light microscope at ×100;
(a) COTOV1 progenitor (2n = 4× = 28), (b) C2T2V1 synthetic induced mutant (2n = 8× = 56),
(c) COTOV2 progenitor (2n = 4× = 28), and (d) C2T2V2 synthetic induced mutant (2n = 8× = 56).
Measurements of some chromosomes numbers were diverse among counts, possibly due to overlay-
ing chromosomes.
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Figure 7. Genomic DNA of induced mutants and their progenitors during gel electrophoresis. Shift
in band intensity/mobility shows genomic change due to polyploidy, indicating new bands/new
alleles. Well L is the ladder, wells 1, 2, 6, 7, 10, and 11 represent V1 putative mutants, while wells
3, 5, 8, and 9 represent V1 progenitors. On the other hand, wells 12, 15, 18, 19, and 21 represent
V2 putative mutants, while 13, 14, 16, 17, 1, and 20 represent V2 progenitors. Progenitors have
lower-molecular-weight bands (28 chromosomes) viz the mutants, making them travel farther from
the well and appear slightly lower on the gel. On the other hand, putative mutants have larger-
molecular-weight bands (56 chromosomes), making them travel much slower and travel a shorter
distance from the well.

3.4. Phenotypic Effect on Leaf Characteristics

The stomata size and number of induced mutants were significantly different from
their progenitors. Mutants exhibited larger stomata, with a stomatal length of 20 or more
(>120 um) than their progenitors; however, they had a lower stomatal density (Table 3,
Figure 4). Similarly, analysis of variance detected high significance in terms of tillering
ability after 6 weeks of establishment in the greenhouse, where induced mutants were the
first to produce tillers, but after 8 weeks, there was a high significance in terms of the number
of tillers between induced mutants and their progenitors (Table 3, Figure 3). Induced plants
had a slow growth rate as a result of chromosome abbreviation (deletion, duplication,
inversion, and translocation) and physiological and toxic effects, which presumably reduced
cell survival (Table 3, Figure 3). The mean stem diameter of the synthetic induced mutants
was slightly smaller compared to their progenitors (Table 3, Figure 3).

4. Discussion
Synthetic mutant plants were produced from two Cenchrus purpureus germplasms,

South africa and Bana grass, representing the first artificial report of octoploid plants from
shoot tips of a tetraploid Cenchrus purpureus. For the purpose of in vitro polyploidy in-
duction by treating shoot tillers with colchicine, it was crucial to choose an appropriate
regenerating medium. Two different Cenchrus germplasms were used as explants to
produce embryogenic calli through tissue culture using different media compositions
with different plant growth hormones. In the present study, culturing using shoot tillers
was preferred because they are less affected by contamination after various sterilization
processes [20].

In the present study, MS medium supplemented with 1.0 mg L−1 IBA, 1.0 mg L−1

2,4-D, and 0.5 mg L−1 BAP was ideal and most suitable for the initiation of embryogenic
calli after 8 weeks (Table 1, Figure 1). A previous study by [21,22] emphasized the use of
BAP or TDZ, which played a significant role in cereal and grass species in terms of shoot
regeneration. This demonstrates that low levels of 2,4-D and IBA in combination with BAP
are ideal and most suitable for shoot regeneration in Cenchrus species [20,21]. Napier grass
regeneration from shoot tillers is influenced by its germplasm, initiation media, colchicine
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concentration, and mutagen exposure period [13], which have advanced effects on the
initiation of calli and, thereafter, embryogenic calli formation. In the present study, the
interaction between the growth media and explants was significant, possibly as a result of
gene expression and alteration, which solely depend on physiological stages [23].

A study conducted by [22], made the observation that there was the presence of green
and white spots that were frequently seen on the surfaces of calli during callus induction
with high regeneration ability. The use of auxin alone or in combination with cytokinins
has been shown to play a vital role in organogenesis and somatic embryogenesis during
critical periods of cell division in primordial cells, which result in shoot regeneration in
plants [24,25]. A study conducted by [26] documented the regeneration of interspecific
hybrids of elephant grass and Pearl millet via somatic embryogenesis from shoot tips of
explants and reported the highest regeneration rate in MS medium supplemented with
0.5 mg/L BAP and 2 mg L−1 2,4-D using leaf whorls containing immature inflorescences.
Consequently, refs. [21,25] contributed with earlier reports on the combination of BAP
or TDZ in terms of shoot regeneration, but in this report, they added IAA, which was
observed to increase the production of multiple shoots. Additionally, in the present study,
rooting was induced by transferring explants on MS media containing 1 mg/L−1 NAA in
a combination of 0.05 g/L−1 of ascorbic acid and 1 mg/L−1 IBA for 14 days before being
potted and transferred to the greenhouse. Contrary to these findings, the use of NAA
alone in solid or liquid media has been demonstrated to be the best in terms of inducing
rooting [20,27].

The present study on in vitro induction of polyploidy demonstrates the important role
of induced mutation as an efficient and cost-effective method of breeding Cenchrus pur-
pureus. However, in vitro induction of mutation using chemical mutagenesis like colchicine
has limitations, including the fact that high doses with longer exposure durations are lethal
to plants, as they significantly reduced the calli survival rate and resulted in deformed
plants [28]. In this study, it was evident that there was high toxicity when colchicine concen-
trations were increased to 2% with a longer duration of exposure in all genotypes, while a
0.1% colchicine concentration with a treatment duration of 2 days led to the maximum num-
ber of induced mutants. Other authors have reported the relationship between colchicine
doses and the survival rate of explants [28,29]. Nevertheless, since the main objective of
exposing plant cells to colchicine is to induce mutation, treatments that reduce survival
rate can be beneficial due to the reduction in the number of progenitors and the selection
of induced mutants [30]. The plant leaf whorl consists of outer and inner compartments
with high numbers of primordial cells. The outer compartment results in the production
of new plant cells, while the inner compartment, which houses the initial high number of
primordial cells, is responsible for the production of other plant cells. Exposure of plant
cells to different mutagenic doses affects plants positively and negatively by manifesting in
primordial cells when they are actively dividing [31,32].

The current study showed the presence of mutants being genetically dissimilar due
to phenotypic segregation. The phenotypic diversity evaluated in the induced mutants
included plant height, early and late tillering, and stomata size and number. The results
of the synthetically induced mutants revealed significantly bigger stomata with a lower
stomatal density, findings that were also reported by [33–35]. Similarly, ref. [36] reported
that estimation of ploidy level in closely related species can be achieved using stomatal
guard cell size, as it is often significantly bigger in induced mutants than in their progen-
itors. The use of stomata length was equally reported in other crop grass pastures such
as rye grass [34] and Miscanthus x giganteus [18]. In the present study the preliminary
screening of synthetic induced mutants by comparison of stomata size and number with
their corresponding counterparts was successful, as all selected plantlets were confirmed
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as synthetic induced mutants by chromosome counting and genomic DNA. Observations
made in the chlorophyll of some induced mutants after exposure to different colchicine
doses revealed plantlets with yellow and striped leaves, i.e., albino leaves. The research
findings of [37] showed that the presence of chlorophyll deficiencies is a good indicator of
genetic action of mutagens, where increasing mutagen doses lead to a greater frequency
of chlorophyll plantlets. However, the negative effects of chlorophyll in the early stage of
growth are of essence in breeding and evaluation for genomic effects and sensitivity of
mutagens in crops [38].

The other main morphological changes observed in the present study were early/late
tillering and reduced plant height and stem diameter in synthetic mutants of the two Pen-
nisetum germplasms compared with their counterparts. Similar results were previously
observed in Miscanthus sinensis [39], where the above physiological delays in synthetically
induced mutants were apparently due to delayed development as a result of chromosome
aberration. A positive correlation in terms of DNA genome size has also been observed,
except that some South africa Napier grass plantlets and their progenitors could produce
tillers after 6 weeks (but Bana grass had more tillers compared to South africa napier grass).
However, the present study also reports that all the induced mutants and some progenitors
produced tillers but with diverse numbers of tillers depending on genotype, colchicine
concentration, and exposure time. A previous study [40] also reported variations in plant
development, including stem diameter, tillering ability, and days taken by plants to mature
as a result of mutation. It is very evident from this study that through mutagenesis, mor-
phological traits of importance could be used to improve the overall performance in terms
of yield and herbage of pasture and forage for enhanced livestock productivity. The study
also suggests that in the selection of mutants with traits of importance, the effectiveness
and efficiency of the mutagen is paramount. In this case, phenotype selection of induced
mutants should not undeliberately result in physiological and chromosome abnormality
as a result of deletion, inversion, duplication, translocation, and lethal dose. These effects
on plant cells in the long run affect the cell by decreasing its survival rate and eventually
eliminate the mutant.

5. Conclusions and Recommendation
In conclusion, this study reports advancements made in Napier grass following chro-

mosome doubling and embryogenesis, where induced mutant plantlets were regenerated.
Polyploidy was confirmed by chromosome counting, stomata size and number, genomic
DNA, and other morphological characteristics. However, we recommend the use of flow
cytometry to confirm the ploidy level. Superior mutant plantlets can be selected and recom-
mended for characterization across representative agro-ecologies for large-scale production
and can be used in Cenchrus purpureus breeding programs in Kenya and its environs.
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