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Abstract

The expansion of Semi-Autotrophic Hydroponics technology to address the issue of multi-

plying and disseminating virus-free planting materials for vegetatively propagated crops is

challenged by the utilization of imported substrate, namely, KlasmannTS3. In this study, we

evaluated the growth parameters and cutting production of cassava genotypes during three

subsequent plantlet production cycles using three single substrates, namely, KlasmannTS3

(K), vermiculite (V), and local peat (P), and three blended substrates. The blended sub-

strates were a combination of 25% K and 75% P (K25P75), a combination of V and P at

respective rates of 25% and 75% (V25P75), and respective rates of 10% and 90% (V10P90).

All cuttings obtained in one plantlet production cycle were transplanted into the next. The

multiplication rate of cutting from cycle 1 to 2 (R1) and cycle 2 to 3 (R2) was calculated as

the ratios of the number of cuttings per the number of plantlets in each cycle. K and K25P75

led to similar R1 and R2, except with the genotype IBA961089A, where K25P75 led to a

higher R1. Local peat and V solely showed similar cutting multiplication rates, and were

lower than V25P75 and V10P90. Substrates with a higher cutting production also led to a

higher plantlet height, leaf, and internode number. V and its combinations with local peat led

to the densest plantlet root system. The performance of the substrates contrasted among

the genotypes, but IBA961089A mostly outperformed the two other genotypes. We con-

cluded that up to 75% of K and, to a lesser extent 75% of V, can be substituted by P without

compromising cutting production. V and P should be combined instead of being used

separately.

Introduction

Cassava (Manihot esculenta) is among the most important crops in sub-Saharan Africa, partic-

ularly in the Democratic Republic of Congo (DR Congo). It plays a crucial role of ensuring
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food security, generating income for smallholder farmers, and supporting industrial develop-

ment [1–3]. The adaptability of cassava in diverse agro- ecological conditions and its tolerance

of soil fertility depletion enhance the crop’s resilience and sustainability in the context of cli-

mate change [4–6]. The DR Congo is the second-largest cassava producer in sub-Saharan

Africa, following Nigeria, with total production that exceeded 40 million tons of cassava root

in 2021 [7]. Cassava is a primary source of food and a cash crop for more than 70% of the

country’s population [4, 5].

Despite its significance, cassava faces challenges in rapid propagation due to its low multi-

plication rate and reliance on vegetative propagation, which involves using stem cuttings [4–6,

8].

The conventional method of cassava propagation is inefficient, as planting materials har-

vested from one hectare can plant less than seven hectares after one year. This low propagation

rate hinders the timely distribution of improved cassava varieties and delays material dissemi-

nating across countries due to strict regulations requiring virus-free certification, which can

take up to four years [9–12].

In addition, at certain stages in the breeding scheme, high and homogeneous amounts of

cassava planting materials are required for the multi-location trials [6, 7]. Moreover, although

vegetative propagation preserves the crop’s desirable traits, it presents challenges related to

viral infections, such as Cassava Mosaic Disease (CMD) and Cassava Brown Streak Disease

(CBSD), which can cause yield losses of up to 70–100% in susceptible varieties [13–15]. These

diseases result in annual production losses exceeding one billion USD and pose a threat to

food security for millions of farmers in East and Central Africa [11, 12].

The spread of viruses through the utilization of infected materials is increasing as farmers

plant new fields by collecting materials from their old fields or neighboring farms due to a

shortage of planting materials [13, 14]. To address these challenges, smart technologies like

Semi-Autotrophic Hydroponics (SAH) have been adopted by the International Institute of

Tropical Agriculture (IITA) for rapid propagation of cassava and subsequently for yam (Dios-
corea spp) in 2016 after several drawbacks of different propagation technologies [15]. SAH uti-

lizes portions of vitro plants in laboratories and recently, small cuttings in greenhouses, to

produce, in a short time, massive virus-free planting materials [16]. It is readily utilized for

commercial seed production, and enhances multiplication rate in breeding programs.

Recently, SAH laboratories have been established in other African countries like DR Congo,

Malawi, Tanzania, and Zambia [9, 15–20]. The technology is now being adapted to sweet

potato (Solanum tuberosum) and other crops at IITA Kalambo in DR Congo [21]. SAH bene-

fits include a high propagation ratio of planting material in laboratory and the ability to propa-

gate true-to-type [22–25], virus-free planting materials in reduced space and time and

improved crop performance setting it apart from other technologies [26–30]. The unique sub-

strate used under SAH technique for planting material production refers to the KlasmannTS3,

which is globally renowned for its properties that enhance plant performance [30]. Studies in

Nigeria and DR Congo have demonstrated better laboratory survival rates and improved cas-

sava growth with KlasmannTS3 [31, 32]. Similar results have been also reported on yam (Dios-
corea spp) and pineapple (Ananas comosus) crops [33, 34].

The expansion of SAH technique in DR Congo holds great promise for improving cassava

production and food security. However, the reliance on the imported KlasmannTS3, essential

for SAH, poses a significant cost barrier. To promote wider adoption of SAH, exploring alter-

native substrates that are cost-effective and meet plant requirements is crucial [23–25]. It has

been pointed out that a convenient substrate should not only supply the physical, chemical,

and biological properties required by the plants but also be available, affordable, and sustain-

able for practical plant production [24, 35–38].
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Preliminary studies in DR Congo have evaluated the use of single substrates like vermiculite

and local peat, revealing acceptable survival rates and growth performance, though lower than

KlasmannTS3 [26–28]. Combining KlasmannTS3 with local substrates may enhance produc-

tion efficiency and reduce costs, as mixing substrates can improve physical, chemical, and bio-

logical properties required for plant growth [29–31].

On the other hand, a mix of hydroponic substrates has demonstrated numerous advantages

in enhancing plant growth performance [39, 40]. Manios et al. [41] tested rice husk biochar

(RB) alone or with perlite (PL) to enhance leafy vegetable growth. The combination of PL and

RB as an hydroponic substrate doubled the vegetable yield compared to PL alone. Maślanka

et al. [40] declared that the vermiculite structure is not very stable because of low compression

resistance and tends to deteriorate over time, reducing water drainage. The authors argued

that such substrate can be used alone; however, it is preferable to mix it with other substrates

such as peat.

This study aimed to evaluate the growth parameters and multiplication rate of planting

materials of cassava genotypes using single and combined substrates under the SAH system.

Materials and methods

Study location

The experiment was conducted at the SAH laboratory of the Olusegun Obasanjo Research

Campus, International Institute of Tropical Agriculture (IITA), in Kalambo, South Kivu prov-

ince, DR Congo (S 2˚23’50", E 28˚50’42", and 1,488 masl). The experiment was carried out

from November 2021 to January 2022. The laboratory is equipped with standard materials and

is being fully operated to produce plantlets of many crops, including cassava.

Experimental design

The experiment was laid out in a split-plot design with four replicates, with cassava genotype

as the main factor and substrates as the sub factor.

Source and description of study materials

Three improved genotypes were used in this study, comprising introduced clones

(IBA961089A, IBA70520, and IBA980505) under evaluation at the IITA Kalambo station. The

genotypes were selected for their fast recovery from cutting in the laboratory, fast growth, wide

adaptability in the field, and high-yielding traits. All genotypes used were resistant to cassava

mosaic disease and had a straighter growth habit. They originated from four-week-old mother

plantlets derived from tissue culture.

Substrate preparation

Three single substrates and three blended substrates were tested. The single substrates are

KlasmannTS3, vermiculite, and locally sourced peat. KlasmannTS3 primarily consists of white

and black peat, supplemented with organic and mineral materials such as wood fiber, green

compost, and coconut fiber [18]. Vermiculite has a medium particle size. The local peat is an

organic matter collected from a farm in Bukavu town, in an undeveloped area that is tempo-

rarily flooded and covered with a thin layer of vegetation for long period (S 2˚40’42", E 28˚

46’58", 1,934 m). Treatment of local peat involved sterilization at 121˚C for 15 minutes, fol-

lowed by a cooling period of 24 hours [39]. The blended substrates are the combination of (i)

KlasmannTS3 and local peat at respective rates of 25% and 75% (K25P75), (ii) vermiculite and

local peat at respective rates of 10% and 90% (V10P90), and (iii) vermiculite and local peat at
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the respective rate of 25% and 75% (V25P75). The fraction of the substrate in the combinations

refers to the volume. For each substrate, 500 ml of volume was put into a transparent light. For

example, in the K25P75 combination, 125 ml of KlasmannTS3 and 375 ml of local peat were

used. Due to differences in bulk density, the weight of KlasmannTS3 and local peat would not

correspond exactly to 25% and 75%, respectively.

Subculture cutting production

The experiment consisted of growing plantlets of a genotype in the same substrate for three

successive cycles of plantlet production. Each production cycle had a four-week duration. As

starting materials, mother plantlets (4 weeks old) obtained from tissue culture, were used for

each genotype. The mother plantlets were produced once in a common substrate (Klas-

mannTS3). During the first production cycle, 500 ml of each substrate were put into the trans-

parent light box of 15 cm × 15 cm × 9 cm, in which twenty cuttings of the mother plants were

planted in a regular space of 3 cm × 3 cm. Each planted cutting had a length of at least 1 cm

and contained one node and one not fully developed leaf. The plantation consisted of inserting

0.5 cm of the cutting portion into the substrate. The second production cycle was established

by transplanting all cuttings, which the plantlets of a genotype grew in a specific substrate in

cycle 1 were able to produce at the end of four weeks. When, for a genotype × substrate, the

cuttings obtained from cycle 1 were more than 20 (i.e., cutting number to be transplanted in a

box with space of 3 cm × 3 cm), boxes of the concerned substrate were added. When for a

genotype × substrate treatment, the obtained cuttings were less than 20 or while the number of

remaining cuttings to be transplanted in a new box was less than 20, the cuttings were trans-

planted in the same space of 3 cm × 3 cm, and then a portion of substrate in the box was left

empty. The third cycle of plantlets was established in the same way using all cuttings, that

plantlets of a genotype grew in a substrate in cycle 2 were able to produce at the end of four

weeks.

The 500 ml of substrate per box was watered with 100 ml of Miracle-Gro All-Purpose

Water Solution (2.6 gl/4L) as the nutrient source, at the transplanting time and after that once

a week during the four weeks of cycle duration. Plantlets were grown in a controlled environ-

ment with a temperature of 25 ± 20˚C, a light intensity of 20 w [30, 31], and a photoperiod of

10 hours of light and 14 hours of darkness per day. The SAH box lids were kept closed during

the growth period to reduce transpiration.

Substrate analysis

The Kjeldahl digestion method [42] was employed to quantify the total nitrogen (N) content

of the substrates. Substrate pH and electrical conductivity (EC) were determined using the

electrometric method [43]. For the analysis of exchangeable cations, including calcium (Ca2+),

magnesium (Mg2+), and potassium (K+), along with cation exchange capacity (CEC), the

ammonium acetate extraction method was utilized [44, 45]. Available phosphorus (P) was

determined using the Bray 1 method [46].

Data collection

The number of cuttings produced by cassava plantlets of a given genotype, growing in a sub-

strate, was manually counted and recorded at four weeks of age during each production cycle.

In each plantlet production cycle, cuttings that sprouted were counted from the second week

after transplanting (WAT), with weekly counts continuing until 4 WAT for each cassava geno-

type and per substrate. In each plantlet production cycle, researchers counted the cuttings that

sprouted starting from the second week after transplanting (WAT), with weekly counts
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continuing until 4 WAT for each cassava genotype and per substrate. Data including height

(cm) of plantlets, number of leaves and internodes per plantlet, were collected at the same

growth stages in each plantlet production cycle from five plantlets randomly selected. Height

was measured from the base to the newly emerging leaf of the plantlets using a measuring tape,

while leaves and internodes were counted manually on all selected plantlets. Leaf absorbance

light capacity was measured (SPAD Units), which is proportional to the amount of chlorophyll

present in the leaves of five randomly selected plantlets per genotype and substrate using the

SPAD-502 Plus device (Konica Minolta, Inc.). Three leaves per plantlet were assessed and the

average absorbance capacity per plantlet was recorded. The SPAD-502 Plus is a hand-held

device used to determine leaf absorbance capacity by inserting plant leaf into the receptor win-

dow and then closing the measuring head with fingers [47]. At the end of each cycle, we

uprooted plantlets of one replication: (i) to count the main and secondary roots and (ii) to

measure the length of the main root in the five randomly selected plantlets per genotype and

substrate.

Data analysis

The multiplication rate of transplanted material from one cycle to the next was assessed using

the following ratios:

R1 ¼
Number of cuttings obtained in cycle 1 and transplanted into cycle 2

Number of plantlets alive at the end of cycle 1
ð1Þ

R2 ¼
Number of cuttings obtained in cycle 2 and transplanted into cycle 3

Number of plantlets alive at the end of cycle 2
ð2Þ

R1 or R2 less than 1 indicates that at the end of the cycle, some plantlets were unable to pro-

duce a single cutting for transplanting into the next cycle. R1 or R2 greater than 1 indicates

that at least one plantlet produced at least two cuttings by the end of the cycle. R1 and R2 were

calculated for each cassava genotype and each substrate.

The survival rate of cuttings/plantlets was calculated as the percentage of plantlets surviving

at the observation period compared to the initial number of cuttings transplanted:

Survival rate %ð Þ ¼
Number of surviving cuttings or plantlets

Number of cuttings transplanted
X 100 ð3Þ

The survival rate was calculated for each substrate and per genotype at the end of the 2nd, 3rd,

and 4th week in cycles 1, 2, and 3 of plantlet production.

Data were analyzed for each cycle using a linear mixed model accounting for correlations

between responses measured over three weeks on the same units. A repeated measurement set-

ting was used, assuming temporal correlations. Genotype, substrate, and week along with their

2-way and 3-way interactions, were considered as fixed effects, while replicate and

genotype × replicate were random effects. Leaf absorbance capacity and plantlet height were

analyzed under a normal distribution. A generalized mixed model [48] was used for leaf and

internode numbers (Poisson distribution) and survival rate (binomial distribution).

We tested for a significant genotype × substrate × week interaction effect. If a significant

interaction was found, we then fitted a model for each week separately. Predicted means were

computed and Tukey’s honest significant difference (Tiukey’s HSD) test was used for compari-

son and ranking. Analyses were conducted using the MIXED and GLIMMIX procedures in

SAS/STAT software, Version 9.4 for Windows [36].
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Results

Chemical and physical characteristics of the substrates

The local peat and its combinations with KlasmannTS3 or vermiculite were more acidic than

single vermiculite and KlasmannTS3 (Table 1).

The pH of local peat and its combinations with Klasmann TS3 or vermiculite ranged from

3.7 to 4.1, while single vermiculite and Klasmann TS3 had pH values of 5.2 and 5.9, respec-

tively. For the same volume (500 ml), local peat and vermiculite weighed 205 g and 200 g,

respectively, both higher than Klasmann TS3 at 135 g. Local peat had an average N content of

13.8 g/kg, 1.8 times higher than Klasmann TS3 (7.8 g/kg). Due to its higher weight and N con-

tent, the N amount per box of local peat was 2.7 times that of KlasmannTS3. Vermiculite had a

significantly lower N content (Table 1).

The blended substrates (V10P90, V25P75, and K25P75) had higher N content compared to sin-

gle KlasmannTS3 and vermiculite due to the high N content and weight of local peat. Vermic-

ulite and local peat had exchangeable K values of 20.4 g/kg and 2.4 g/kg, respectively, which

were 17 and 2 times higher than KlasmannTS3 (1.2 g/kg). Consequently, blended substrates

had a higher exchangeable K content than single KlasmannTS3.

Exchangeable Mg in vermiculite averaged 125 g/kg, significantly higher than in other sub-

strates (Table 1). Blended substrates with 10% or 25% vermiculite had higher exchangeable Mg

content due to vermiculite’s high Mg levels. Substituting 25% of local peat with KlasmannTS3

resulted in a lower exchangeable Mg content.

KlasmannTS3 had the highest exchangeable Ca content (52 g/kg). However, due to its lower

weight, the total Ca amount per box (7 g) was slightly lower than vermiculite (9 g). Local peat

and blended substrates had slightly lower total Ca amounts per box than KlasmannTS3. The P

content was low and similar across all substrates. The nutritive solution applied was 0.5 ml/g for

local peat, vermiculite, and blended substrates, lower than 0.7 ml/g for KlasmannTS3 (Table 1).

Vermiculite had markedly low CEC and electrical conductivity compared to other substrates.

Test of the effects of genotype, substrate, and growth stage and their interactions on survival

rate and agronomic performance over three successive production cycles under the SAH system

Multiplication rate of cassava cuttings from one cycle to the next

Regardless of cassava genotype, the number of cuttings obtained and transplanted into the

next cycle was higher with blended and single KlasmannTS3 substrates compared to single

vermiculite and local peat (Fig 1).

Using blended and single KlasmannTS3 substrates resulted in more cuttings transplanted

into the next cycle compared to single vermiculite and local peat, regardless of genotype

Table 1. Chemical characteristics and nutrient concentration of the substrates used to produce cassava plantlets under the SAH system.

Substrate pH (H2O) Weight of 500 ml (g) Total N

(g kg-1)

Exch. K

(g kg-1)

Exch. Ca

(g kg-1)

Exch. Mg

(g kg-1)

Av. P

(g kg-1)

CEC

(cmol kg_1)

EC

(μS cm_1)

NS (mlg_1) of substrate

KlasmannTS3 5.86 135 7.8 (1.1) 1.2 (0.2) 51.7 (7.0) 2.9 (0.4) 0.8 (0.1) 57.8 247.1 0.74

Local peat 3.74 205 13.8 (2.8) 2.4 (0.5) 20.9 (4.3) 0.0 (0.0) 0.6 (0.1) 71.9 91.4 0.49

Vermiculite 5.23 200 0.5 (0.1) 20.4 (4.1) 46.6 (9.3) 124.8 (25.0) 0.4 (0.1) 6.3 8.6 0.5

V10P90 3.69 204 12.5 (2.6) 4.2 (0.9) 23.5 (4.8) 12.5 (2.6) 0.6 (0.1) 65.4 83.1 0.49

K25P75 3.74 187 12.3 (2.3) 2.1 (0.4) 28.6 (5.4) 0.7 (0.1) 0.7 (0.1) 68.4 130.3 0.53

V25P75 4.07 204 10.5 (2.1) 6.9 (1.4) 27.3 (5.6) 31.2 (6.4) 0.6 (0.1) 55.5 70.7 0.49

Value in brackets corresponds to the total nutrient amount (g) in 500 ml of substrate used per box to produce the plantlets. They were calculated using substrate weight

(2nd column) and the corresponding nutrient concentration. Exch: exchange, Av: available, pH: hydrogen potential, N: nitrogen, K: potassium, Ca: calcium, Mg:

magnesium, P: phosphorous, CEC: cation exchange capacity, EC: electrical conductivity, NS: nutrient solution periodically added during plantlet’s growth.

https://doi.org/10.1371/journal.pone.0311437.t001
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Fig 1. Cutting multiplication rate from cycle 1 to cycle 2 (R1) and from cycle 2 to cycle 3 (R2) of three cassava

genotypes across six substrates. (a): IBA961089A, (b): IBA70520, and (c): IBA980505. R1 and R2 with different letters

in the same substrate are significantly different (p< 0.05) using Turkey’s Honest Significant Difference Test.

https://doi.org/10.1371/journal.pone.0311437.g001
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(Fig 1). For instance, with blended local peat and KlasmannTS3 (K25P75), R1 averaged 1.92 for

IBA961089A (Fig 1A). This indicates that the number of IBA961089A cuttings obtained in

cycle 1 and transplanted into cycle 2 was nearly double the number of plantlets that survived

in cycle 1. A similar trend was observed with combined local peat and vermiculite (V10P90 and

V25P75), though their multiplication rates were not as high as K25P75, with increases of 40%

and 50%, respectively. The multiplication rate from cycle 2 to cycle 3 was lower than that from

cycle 1 to cycle 2.

The number of IBA961089A cuttings obtained in cycle 2 and transplanted into cycle 3 (R2)

increased by 40%, 30%, and 10% for V10P90, K25P75, and V25P75, respectively. Single Klas-

mannTS3 led to a significantly lower (p<0.01) multiplication rate from cycle 1 to cycle 2 (30%

versus 40%–92% for blended substrates) (Fig 1A). From cycle 2 to cycle 3, the increase in cut-

tings for IBA961089A with single KlasmannTS3 averaged 30%, not differing significantly from

K25P75 and V25P75 but higher than V10P90.

The same trend was observed for the other genotypes (Fig 1B and 1C). Single KlasmannTS3

resulted in a similar increase in cuttings for IBA70520 and IBA980505 compared to K25P75

and V25P75. However, single KlasmannTS3 showed a significantly higher rate of cuttings from

cycle 1 to 2 for IBA70520 and from cycle 2 to 3 for IBA980505 compared to V10P90. For all

genotypes, R1 and R2 were lower than 0.6 with single vermiculite and single local peat, indicat-

ing a 40% decrease in the number of cuttings transplanted from one cycle to the next.

Plantlet survival rate

The three-way interaction (substrate × genotype × week) and two-way (substrate × genotype)

interaction were not significant for plantlet survival rate (Table 2A). However, there were sig-

nificant substrate × week and early-stage genotype × week interactions. The proportion of sur-

viving plantlets, influenced by substrates over the growth period, was mainly significant with

local peat and vermiculite combinations (V10P90 and V25P75) (Table 3).

The survival rate varied among genotypes over the growth period in cycle 1 (significant

genotype × growth stage interaction) (Table 2A) but was consistent across growth stages in

cycles 2 and 3. For cycles 2 and 3, the average for all measurement periods was presented per

genotype, as the contrasts among genotypes were consistent across growth stages. Although

the two substrate combinations resulted in similar survival rates at the end of week 2, the com-

bination with more local peat (V10P90) led to a lower survival rate by the end of weeks 3 and 4

compared to the combination with less local peat (V25P75). Among single substrates, Klas-

mannTS3 had the highest survival rate in all cycles and at each period. Single vermiculite and

local peat had similar survival rates.

The combination of KlasmannTS3 and local peat (K25P75) had a similar survival rate to sin-

gle KlasmannTS3 but was significantly higher than local peat alone. Combinations of vermicu-

lite and local peat (V10P90 and V25P75) increased survival rates in all cycles compared to single

vermiculite or local peat.

The survival rate varied among genotypes over the growth period in cycle 1 (Table 2A) but

was consistent across growth stages in cycles 2 and 3. For IBA70520, the survival rate at the

end of week 4 in cycle 1 was significantly lower than that of IBA980505 (78% vs. 84%), with no

significant differences at earlier stages. In cycles 2 and 3, the survival rate for IBA70520 was

consistently lower than for IBA961089A, regardless of the growth stage (81% vs. 86%).

Effect of substrate on aerial growth parameters of cassava plantlets

Plantlet height. The height of the plantlets varied significantly depending on both the

substrate and the cassava genotype in all production cycles (Table 4).
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The interaction between substrate, cassava genotype, and growth stage was significant in

cycles 1 and 2 (Tables 2B and 4A). Then, for cycles 1 and 2, we ran separate linear mixed mod-

els each week. The interaction between genotype and substrate was not significant during the

second week, whereas it was during weeks 3 and 4 (not shown). Here, the plantlets of the geno-

types IBA980505 and IBA70520 had almost similar heights in a single KlasmannTS3 and

K25P75. The plantlets of these two genotypes also had similar heights in single local peat, single

Table 2. Significance of genotype, substrate, and/or growth stage and their 2 and 3-order interactions for agronomic parameters during 3 plantlet production cycles

in the SAH laboratory.

Parameter Plantlet production cycle Genotype, substrate, and/or Week and their 2-order and 3-order interactions effect

S G W S x G S x W G x W S x G x W

Survival rate (a) 1 *** ns *** ns ** * ns

2 *** * *** ns * ns ns

3 *** * *** ns *** ns ns

Plantlet height

(b)

1 *** *** *** * *** *** ***
2 *** *** *** *** *** * ***
3 *** * *** ns *** * ns

Leaf number (c) 1 *** * *** * *** *** ns

2 *** ns *** * ns ns ns

3 *** ns *** ns * * *
Internode

Number

(d)

1 *** ** *** *** *** *** *
2 *** * *** *** ns ns ns

3 *** ** *** *** ns * ns

leaf absorbance capacity (e) 1 *** * *** ** *** ns ns

2 *** *** *** *** ns ns ns

3 ** ** *** *** ns ns ns

Root number (f) *** * *
Root length (g) *** *** ***

S: substrate, G: genotype, W: growth stage (week), S x G x W: interaction between the 3 factors; S x G: interaction between substrate and genotype; S x W: interaction

between substrate and week; G x W: Interaction between genotype and week. Significant codes:” ns “no significant

“*”0.05

“** “0.01

“***”0.001 (α < 5%).

https://doi.org/10.1371/journal.pone.0311437.t002

Table 3. Survival rate (%) of plantlets from cassava genotypes grown in different substrates across production cycles in the SAH laboratory.

Cycle Growth stage Substrate Genotype

K25P75 KlasmannTS3 Local Peat V10P90 V25P75 Vermiculite IBA70520 IBA961089A IBA980505

1 (A) Week 2 95a 98a 71c 85b 87b 73c 85a 83a 86a

Week 3 94a 94a 64d 81c 87b 68d 79a 82a 83a

Week 4 94a 89ab 63d 81c 87b 67d 76b 80ab 83a

2 (B) Week 2 95a 97a 74c 85b 88b 74c 80b 86a 83ab

Week 3 95a 93ab 70d 81c 88b 67d

Week 4 95a 90ab 70d 80c 88b 66d

3 (C) Week 2 94ab 96a 76d 85c 89bc 78d 81b 86a 83ab

Week 3 94a 89ab 70d 81c 88b 73d

Week 4 93a 87b 70d 80c 88b 69d

Means with different letters in each row are significantly different (p< 0.05) using the Turkey’s Honest Significant Difference Test (HSDT).

https://doi.org/10.1371/journal.pone.0311437.t003
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vermiculite, and the combinations of the two substrates (V10P90 and V25P75). While the geno-

type IBA961089A showed in the same cycle and same growth stages, higher plantlets in single

KlasmannTS3 compared to the K25P75 substrate, and higher plantlets in single vermiculite in

comparison to single local peat, V10P90, and V25P75. Irrespective of cassava genotype in cycle 1,

the plantlets grown in single KlasmannTS3 and K25P75 were taller than those grown in single

local peat, single vermiculite, V10P90, and V25P75 at the end of weeks 3 and 4. A similar trend

occurred among the substrates at the end of week 2 of the cycle, except that the contrasts did

not depend on the cassava genotype at this growth stage.

In cycle 2, the significant interaction between substrate and cassava genotype occurred at

different growth stages (Table 4B). Here, an increase in the height of the plantlets grown in a

single KlasmannTS3 compared to those grown in K25P75 occurred with all genotypes (with

IBA980505 and IBA70520 only in cycle 1). An increase in the height of the plantlets grown in

single vermiculite compared to those grown in single local peat occurred with IBA961089A

and IBA980505 (with IBA961089A alone in cycle 1). As in cycle 1, the plantlets grown in single

vermiculite, single local peat or in the combinations of the two substrates were short compared

to those grown in single KlasmannTS3 or K25P75. In cycle 3, the interaction between genotype

and substrate was not significant (Table 2B), hence the means of the substrates were estimated.

Here also, a higher height of the plantlets grown in single KlasmannTS3 compared to those in

K25P75, and a higher height of the plantlets grown in single KlasmannTS3 or in K25P75 com-

pared to those grown in single local peat, single vermiculite, V10P90 and V25P75 occurred irre-

spective of the growth stage (Table 4C). An increase in the height of the plantlets grown in

single vermiculite compared to those grown in single local peat occurred at the end of week 4

only. For a substrate, where the interaction with genotype was significant, IBA961089A were

taller than those of the two other genotypes (Table 4). Even at the growth stages or cycles with

Table 4. Height (cm) of plantlets of cassava genotypes grown in different substrates across production cycles in the SAH laboratory.

Cycle Growth stage Genotype Substrate

K25P75 KlasmannTS3 Local Peat V10P90 V25P75 Vermiculite

1 (A) Week 2 Overall 5.3a 5.8a 2.4c 2.8bc 3.0b 3.3b

Week 3 IBA70520 7.1a 6.4a 3.8b 3.5b 3.9b 3.6b

IBA961089A 7.2b 9.0a 4.0d 3.7d 4.0d 5.1c

IBA980505 6.1a 6.3a 2.8b 3.5b 3.6b 3.5b

Week 4 IBA70520 8.0a 7.7a 4.7b 4.5b 4.8b 4.2b

IBA961089A 9.2b 10.4a 5.6d 4.3e 4.7de 7.3c

IBA980505 7.6a 8.2a 3.6b 3.9b 4.1b 4.2b

2 (B) Week 2 IBA70520 3.3b 4.6a 2.2c 2.5bc 2.1c 2.3c

IBA961089A 5.9b 7.3a 2.4d 2.7cd 3.0cd 3.2c

IBA980505 3.7b 4.7a 1.4d 2.5c 2.7c 2.6c

Week 3 IBA70520 5.1b 6.4a 2.9c 3.2c 3.1c 3.5c

IBA961089A 6.9b 9.6a 3.5d 3.6d 3.9cd 4.6c

IBA980505 5.1b 6.8a 2.4c 3.5b 3.5b 3.6b

Week 4 IBA70520 7.3b 9.2a 4.0c 4.2c 4.2c 4.9c

IBA961089A 8.4b 11.2a 5.7d 5.1d 5.4d 7.0c

IBA980505 7.5b 8.8a 3.2c 4.1bc 4.6b 4.3b

3 (C) Week 2 Overall 4.9b 5.8a 2.2c 2.4c 2.6c 2.7c

Week 3 Overall 6.2b 7.4a 3.4c 3.3c 3.6c 3.8c

Week 4 Overall 8.6b 9.5a 4.8de 4.2e 4.8d 5.6c

Means with different letters in each row are significantly different (α < 5%) using the HSDT.

https://doi.org/10.1371/journal.pone.0311437.t004
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no significant interaction between substrate and the cassava genotype, plantlets of the geno-

type IBA961089A were the tallest (unshown data). At the end of week 2 in cycle 1, the height

of the plantlets of IBA961089A averaged 4.3 cm, and they were significantly taller than the

plantlets of the two other genotypes, with an average height of 3.5 cm. The same was true at

each measurement period in cycle 3, where the plantlets of a genotype IBA961089A averaged

4.0, 5.3, and 7.2 cm at the end of weeks 2, 3, and 4, respectively, compared to 3.2, 4.6, and 6.2

cm for the plantlets of IBA70520 and 3.0, 4.0, and 5.4 cm for the plantlets of IBA980505 at the

same growth stages.

Leaf number. Regarding the number of leaves per plantlet, the interaction between geno-

type, substrate, and week was significant only in cycle 3. Within cycle 3, a significant interac-

tion between genotype and substrate was found only at week (Table 2C). In cycle 1, the

interaction between substrate and the genotype was significant only at the end of the fourth

week (Fig 2A).

Until the end of week 3 in both cycles 1 and 3, plantlets grown in single KlasmannTS3

developed more leaves compared to those grown in single vermiculite or local peat, regardless

of the cassava genotype (Fig 2A and 2C). Compared to single KlasmannTS3, plantlets grown

in the combination of KlasmannTS3 and local peat (K25P75) had fewer leaves at the end of

week 2, but similar leaf numbers at the end of week 3 in both cycles. The leaf number of plant-

lets grown in K25P75 increased compared to single local peat by the end of week 3 in cycles 1

and 3. Plantlets grown in combinations of local peat and vermiculite (V10P90 and V25P75) had

similar leaf numbers to those grown in single local peat or single vermiculite at these growth

stages in cycles 1 and 3.At the end of week 4 in cycles 1 and 3, there was a significant

substrate × genotype interaction, leading to different effects of the substrates among the cas-

sava genotypes (Fig 2A and 2C). For example, in cycle 3, IBA980505 and IBA70520 plantlets

had more leaves in K25P75 compared to single KlasmannTS3, whereas IBA961089A had fewer

leaves in K25P75. In cycle 1, IBA961089A also had fewer leaves in K25P75 compared to the single

KlasmannTS3, while the other two genotypes showed no significant difference in leaf number

between these substrates. Overall, plantlets grown in single KlasmannTS3 had more leaves

than those grown in single local peat or single vermiculite, with no significant difference in leaf

number between plantlets grown in single local peat and single vermiculite at the end of cycles

1 and 3 (Fig 2A and 2C). In cycle 2, the significant interaction was only between substrate and

genotype, with no significant interaction between growth stage and substrate or genotype

(Table 2C). For instance, single KlasmannTS3, K25P75, and V25P75 resulted in similar leaf num-

bers for IBA980505 and IBA70520, whereas IBA961089A developed fewer leaves in V25P75

compared to K25P75 and single KlasmannTS3, regardless of the growth stage in cycle 2 (Fig

2B). Across all growth stages and genotypes in cycle 2, plantlets grown in single KlasmannTS3

and K25P75 had similar, and consistently higher, leaf numbers compared to those grown in sin-

gle local peat or single vermiculite.

Internode number. This result indicates that while a substrate may lead to a high inter-

node number in some cassava genotypes, it can result in a low internode number in others,

demonstrating a contrasting substrate effect among the genotypes.

In cycles 2 and 3, the contrasting substrate effects on the number of internodes among cas-

sava genotypes remained consistent throughout the plantlet growth stages. In cycle 1, however,

the effect varied across growth stages, showing a significant growth stage × substrate × geno-

type interaction (Table 2A).

For example, at the end of week 3 in cycle 1, plantlets grown in single KlasmannTS3 had

more internodes than those grown in K25P75, regardless of genotype (Table 5A). By week 4,

plantlets of IBA70520 and IBA980505 had similar internode numbers in both substrates, while

IBA961089A plantlets still had more internodes in single KlasmannTS3 compared to K25P75.
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Fig 2. Average number of leaves (No) per plantlet at the end of weeks 2, 3, and 4 for cassava genotypes grown in

different substrates across three production cycles in the SAH laboratory. (a): 1st cycle, (b): 2nd cycle, (c): 3rd cycle.

Per genotype or per week, values of the histograms with different letters are significantly different (α< 5%) using the

HSDT.

https://doi.org/10.1371/journal.pone.0311437.g002
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Plantlets grown in single local peat or single vermiculite had similar internode numbers by the

end of week 3, but by week 4, IBA961089A plantlets had more internodes in single local peat

than in single vermiculite.

In cycle 3, all genotypes had more internodes in single KlasmannTS3 than in K25P75

throughout the growth period (Table 5C). In cycle 2, IBA961089A and IBA980505 plantlets

had more internodes in single KlasmannTS3 compared to K25P75, while IBA70520 plantlets

had similar internode numbers in both substrates, with these contrasts remaining consistent

over time (Table 5B). Additionally, in cycles 2 and 3, IBA70520 plantlets grown in single local

peat had more internodes than those grown in single vermiculite at all growth stages.

Overall, plantlets grown in single KlasmannTS3 developed more internodes than those

grown in other single substrates or combinations of vermiculite and local peat, regardless of

the cycle and growth stage. In cycles 2 and 3, plantlets grown in combinations of local peat and

vermiculite (V25P75 and V10P90) generally had more internodes compared to those grown in

single local peat or single vermiculite.

Leaf absorbance capacity. The absorbance capacity in cassava leaves differed significantly

among the substrates and genotypes (Fig 3).

A significant interaction between substrate and cassava genotype was observed for leaf

absorbance capacity at the end of production cycle. Despite these interactions, the differences

among substrates remained consistent across all measurement times (Table 2D).

Across all cycles, genotypes, and growth stages, plantlets grown in single local peat consis-

tently had higher chlorophyll content compared to those grown in the other single substrates.

Plantlets grown in single KlasmannTS3 had a higher absorbance capacity than those grown in

single vermiculite, especially in cycle 1 and for genotype IBA980505 in cycle 3. For the other

two genotypes in cycle 3, and all genotypes in cycle 2, leaf absorbance capacity was similar

between plantlets grown in single KlasmannTS3 and those grown in single vermiculite.

When local peat and KlasmannTS3 were combined (K25P75), the resulting plantlets gener-

ally had absorbance capacity at least equal to those grown in single local peat, with a notable

increase at the early stage of cycle 2. Plantlets grown in K25P75 had higher leaf absorbance

capacity than those grown in single KlasmannTS3, regardless of genotype and growth stage.

Table 5. Average number of internode (N˚) per plantlet of cassava genotypes grown in different substrates across production cycles in the SAH laboratory.

Cycle Growth stage Genotype Substrate

K25P75 KlasmannTS3 Local V10P90 V25P75 Vermiculite

1 (A) Week 2 Overall 1.2b 1.7a 0.9bc 0.6c 0.7c 0.6c

Week 3 IBA70520 3.2b 3.7a 2.9b 2.0c 2.4c 2.1c

A961089A 3.4b 4.7a 2.5c 1.9d 2.2cd 1.9d

IBA980505 2.8bc 4.7a 2.5c 2.4c 3.0b 1.7d

Week 4 IBA70520 4.0a 4.5a 3.2b 2.9b 3.2b 3.0b

A961089A 5.0b 6.7a 4.1c 3.1d 3.1d 3.1d

IBA980505 4.8a 5.1a 2.9b 2.9b 3.4b 3.1b

2 (B) Overall IBA70520 2.9a 3.2a 2.0b 1.9bc 2.3b 1.6c

A961089A 3.9b 5.6a 2.3d 2.8c 2.9c 2.1d

IBA980505 3.0b 4.3a 1.8d 1.9d 2.5c 1.8d

3 (C) Overall IBA70520 3.0b 3.5a 2.2c 2.1c 2.4c 1.5d

A961089A 4.0b 5.4a 2.3d 3.0c 3.0c 2.0d

IBA980505 3.1b 3.8a 1.6d 2.1d 2.6c 1.9d

Means with different letters in each row are significantly different (α < 5%) using the HSDT.

https://doi.org/10.1371/journal.pone.0311437.t005
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Fig 3. Leaf absorbance capacity of three cassava genotypes grown on six substrates across three production cycles

in the SAH laboratory. (a): 1st cycle, (b): 2nd cycle, and (c): 3rd cycle. Data at the end of weeks 2 and 3 in cycle 1 was

not specified per genotype as substrate effect did not depend on the genotype. Data of cycles 2 and 3 were not specified

per week as substrate or genotype effect did not depend on plantlet growth stage. Per genotype or per week, values of

the histograms marked with different letters are significantly different (α< 5%) using the HSDT.

https://doi.org/10.1371/journal.pone.0311437.g003
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Combinations of local peat and vermiculite (V10P90 and V25P75) resulted in higher leaf

absorbance capacity compared to single vermiculite. However, compared to single local peat,

the leaf absorbance capacity of plantlets grown in these combinations varied with the propor-

tion of local peat and the cassava genotype. For example, IBA980505 plantlets had lower leaf

absorbance capacity in these combinations than in single local peat. For IBA961089A, plantlets

in V10P90 or V25P75 had lower absorbance capacity in cycle 2, while in cycle 1, only V25P75

plantlets showed lower leaf absorbance capacity. For IBA70520, only in cycle 2 did V25P75

plantlets show lower leaf absorbance capacity compared to those in single local peat.

Effect of substrate on plantlet rooting system

The number of the main roots in cassava plantlets differed significantly among the substrates,

showing a significant interaction with the cassava genotype (Table 2F). Plantlets grown in sin-

gle KlasmannTS3 and in the combination of KlasmannTS3 with local peat (K25P75) had the

highest number of main roots in all production cycles (Table 6A).

Plantlets grown in single local peat, single vermiculite, or combinations (V25P75 and

V10P90) generally had similar numbers of main roots, except in cycle 3, where plantlets in sin-

gle vermiculite had significantly fewer main roots compared to those in V25P75 and V10P90.

There was a significant interaction between substrate and genotype for main root length.

Single vermiculite resulted in fewer main roots compared to single KlasmannTS3 but longer

roots compared to other single substrates across all genotypes and cycles (Table 6B).

Plantlets in single KlasmannTS3 consistently had longer roots than those in single local

peat. Combining KlasmannTS3 with local peat (K25P75) significantly increased main root

length compared to single local peat, although roots were still shorter than in single Klas-

mannTS3, except for genotype IBA980505. Combining vermiculite and local peat at V25P75

resulted in shorter roots for IBA961089A and IBA70520 but longer roots for IBA980505 com-

pared to single vermiculite. At V10P90, the combination led to shorter roots compared to single

vermiculite but longer roots compared to single local peat, regardless of genotype. Combining

local peat with vermiculite (V25P75) resulted in longer roots compared to combining with Klas-

mannTS3 (K25P75).

Table 6. Average number (N˚) and length (cm) of main roots at four weeks for cassava genotypes grown in different substrates across production cycles, in the SAH

laboratory.

Parameter Cycle Genotype K25P75 KlasmannTS3 Local Peat V10P90 V25P75 Vermiculite

Root number (A) 1 Overall 7.1a 5.7ab 3.6c 4.3bc 4.1bc 3.5c

2 Overall 6.7a 5.6ab 3.6c 4.3bc 4.1bc 3.4c

3 Overall 6.0a 5.2ab 3.6cd 4.2bc 3.9bc 2.4d

Root length (B) 1 IBA70520 6.6c 6.1c 4.1d 6.0c 9.0b 10.7a

IBA961089A 8.4d 9.3c 5.0f 7.0e 12.0b 13.3a

IBA980505 9.4b 5.1d 4.1e 7.6c 10.8a 10.1ab

2 IBA70520 6.6c 6.1c 4.1d 6.0c 8.8b 10.7a

IBA961089A 8.1d 9.1c 5.0f 7.0e 11.8b 13.3a

IBA980505 9.3b 5.1d 4.1e 7.8c 10.8a 10.0b

3 IBA70520 6.6c 6.1cd 4.1e 6.0d 9.0b 11.0a

IBA961089A 8.1c 8.6c 5.0e 7.0d 11.7b 13.2a

IBA980505 9.0b 5.1d 4.1e 7.8c 10.6a 9.2b

Means with different letters in each row are significantly different (α < 5%) using the HSDT.

https://doi.org/10.1371/journal.pone.0311437.t006
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Discussion

Results of this study indicated that, although local peat did not produce as many cassava cut-

tings as single KlasmannTS3, substituting 75% of KlasmannTS3 with local peat resulted in cut-

ting production comparable to single KlasmannTS3 (Fig 1). Similarly, substituting 75% of

vermiculite with local peat significantly increased cutting production compared to single ver-

miculite and local peat, producing nearly the same amount as single KlasmannTS3 (Fig 1).

Higher cutting production in substrates involving KlasmannTS3 or its combinations resulted

from faster plantlet growth, higher height, and more leaves and internodes, although these

results varied among cassava genotypes, cycles, and growth stages (Tables 4 and 5, Fig 2).

These findings align with previous studies, which reported that KlasmannTS3 promotes

faster plantlet growth in various crops, including cassava and yam (Dioscorea spp.), lettuce

(Lactuca Sativa L), marigold (Tagetes L.) [18, 37–39].

As observed in this study, [40] reported good performance of Amaranth (Gomphrena glo-
bosa L.) plantlets grown in a combination of garden soil and KlasmannTS3. However, our

results contrast with [41], who found no difference in the height of tomato (Solanum lycopersi-
cum L.) plantlets grown in single KlasmannTS3 and its combination with local materials.

Plantlets grown in single local peat or combined with other substrates had the highest leaf

absorbance capacity, attributed to the high nitrogen content in local peat (Fig 3, Table 1).

However, despite similar leaf absorbance capacity, plantlet growth and cutting production

were lower in single local peat compared to its combination with KlasmannTS3 (Figs 1 and 2).

This suggests that plantlet performance is influenced by multiple substrate characteristics

rather than a single physical or chemical property. For example, KlasmannTS3 and vermiculite

had similar pH levels, but KlasmannTS3 outperformed vermiculite in plantlet growth and cut-

ting production (Table 1, Fig 1). Additionally, although vermiculite had the highest exchange-

able K and Mg content, it produced fewer cuttings than KlasmannTS3, indicating that external

nutrients from weekly nutritive solutions might be the primary nutrient source for plantlets

[28, 29, 42, 43].

Moreover, substrates may contain additional nutrients or possess characteristics not ana-

lyzed in this study. Literature suggests that commercial substrates often contain nutrients or

hormones that promote plant growth [44, 45]. Additionally, [36] noted that these substrates

provide a beneficial water-air balance, enhancing nutrient transport, absorption, and root sys-

tem growth.

Plantlets grown in single KlasmannTS3 and its combination with local peat had the highest

survival rates, likely due to the balanced texture of these substrates, which promote root adhe-

sion and aeration (Table 3). This result aligns with those reported for cassava (Manihot escu-
lenta) and pineapple (Ananas comosus) by [31, 34]. In contrast, the light texture of vermiculite

and the heavy texture of local peat resulted in lower survival rates. Combining local peat with

vermiculite improved plantlet survival rates by providing an intermediate texture, confirming

the detrimental effects of extreme substrate textures on plantlet survival [38, 43–46].

Combining local peat and vermiculite increased plantlet survival compared to using either

substrate alone, likely due to their intermediate texture (Table 3). These combinations are

anticipated to have textures that fall between the extremes of vermiculite’s light texture and

local peat’s heavy texture.

The study’s findings suggest that up to 75% of the imported KlasmannTS3 can be replaced

by local peat without compromising cutting production, improving the cost-efficiency and

availability of SAH laboratory.

KlasmannTS3 can be used in combination at slightly lower rates without affecting plantlet

height or leaf development, although further reduction may decrease internode numbers
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(Table 5, Fig 2). The combination of local peat and vermiculite at 25% and 75%, respectively,

produced cutting numbers similar to single KlasmannTS3, suggesting it as an alternative sub-

strate. However, reducing the vermiculite rate in the combination below 25% compromised

cutting production.

The multiplication rate of cuttings in this study was generally low, with less than twice the

number of plantlets obtained in subsequent cycles (Fig 1), regardless of the substrate and cas-

sava genotype. In some cases, the number of cuttings obtained was even lower than the num-

ber of plantlets that grew in the cycle. The multiplication rate of the clonal material using rapid

multiplication technologies varies in the literature. For example, from 100 boxes of 25 plantlets

each, [27] produced 1600 boxes within two months, corresponding to about eight cuttings

obtained from a single cassava cutting in four weeks (ratio 1:8). From a single botanical yam

seed, [33] obtained 310 plants in 161 days, corresponding to about fifty plants from a single

yam seed within four weeks (ratio 1:50). These variations in multiplication rates can be attrib-

uted to various factors, including the crop, substrates, lighting, and temperature.

In this study, the cutting multiplication rate and all the plantlet growth parameters

depended on the cassava genotype (Figs 1 and 3, and Table 5). This variability may explain

why different multiplication rates are reported in the literature for the same crop, as different

genotypes likely grow at different rates and produce varying numbers of leaves and internodes.

Additionally, there was significant interaction between the cassava genotype and substrate

regarding plantlet growth parameters (Table 2). Although single KlasmannTS3, its combina-

tion with local peat, and that of vermiculite with local peat generally performed better than

other substrates, their performance varied among the cassava genotypes, and growth stage.

Plantlets grown in single vermiculite had the densest root system, longest main roots and

the largest number of secondary roots (Table 6), but their survival in the field might be low

due to the vermiculite’s light texture. Combining vermiculite with local peat produced

improved root length, combining local peat with KlasmannTS3 increased the number of main

roots. These results suggest that a combination of all the three substrates can enhance the root-

ing system without compromising cutting production.

We concluded that up to 75% of KlasmannTS3 or vermiculite can be substituted by local

peat, without compromising cutting production like that of single KlasmannTS3. Based on the

positive effect of vermiculite on the rooting system of plantlets, either when used alone or com-

bined with local peat, we suggest that it contributes significantly to root development. Addi-

tionally, the higher cutting number that resulted from combining local peat with either

KlasmannTS3 or vermiculite, indicates that these combinations are beneficial. Therefore, we

argued that a combination of all three substrates should enhance the rooting system of the

plantlets, while maintaining or improving cutting production.
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