
 

ABSTRACT 
The wilt disease caused by Ralstonia solanacearum and the leaf spot disease caused 
by Phyllosticta sp. are significant constraints in ginger cultivation as they can lead to 
crop failure. One approach to eliminating these diseases is to use disease-free gin-
ger plantlets obtained through tissue culture propagation. This study investigated 
the influence of plant growth regulators, i.e., Benzyl Adenine (BA) and Thidiazuron 
(TDZ), on the in vitro multiplication of large white ginger shoots. The tested treat-
ments included combinations of BA (0, 1, 2, 3 mg L-1) and TDZ (0, 0.1, and 0.2 mg 
L-1), with ten replicates each. A complete randomised factorial experimental design 
was employed. The observed variables were shoot height, number of shoots, num-
ber of leaves, and number and length of roots at 2, 4, 6, and 8 weeks of age. The 
results indicated an interaction between TDZ and BA for shoot number and root 
length. The highest numbers of shoots were obtained after eight weeks using 0.1 
mg L-1 TDZ alone without BA. Meanwhile, the longest roots were obtained after 
eight weeks using a specific combination of TDZ and BA concentrations. Based on 
this study, we proposed a strategy to implement this protocol to induce the for-
mation of shoots, leaves, and roots in a multistep tissue culture propagation.  
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INTRODUCTION 
Ginger (Zingiber officinale Rosc.) is an important medicinal plant belonging to 
the Zingiberaceae family (Shahrajabian et al. 2019a). In Indonesia, there are 
three types of ginger known based on size, shape, and color: large white gin-
ger, red ginger, and small white ginger (also known as emprit ginger) (Sabulal 
et al. 2006; Guji et al. 2019). Ginger has been widely used in traditional medi-
cine and is now utilised for producing herbal medicine standards (OHT) and 
phytopharmaceuticals (Sabulal et al. 2006; Azhari et al. 2017; Sharifi-Rad et 
al. 2017; Shahrajabian et al. 2019b). Large white ginger is primarily used as a 
culinary spice, while red ginger is more commonly used in traditional medi-
cine (Shahrajabian et al. 2019a). Ginger rhizome is also widely used as a spice 
or condiment (El Sayed et al. 2016). 

Ginger contains a diverse range of bioactive compounds, such as gin-
gerol, shogaol, and zingerone (Sharifi-Rad et al. 2017; Shahrajabian et al. 
2019b; Shahzad et al. 2023). Ginger has various nutritional and medicinal im-
portance (Shahzad et al. 2023 ). These compounds have been shown to exert 
various pharmacological activities, including antioxidant, anti-inflammatory, 
analgesic, and anti-carcinogenic effects (Sharifi-Rad et al. 2017). For instance, 
gingerol and shogaol have antioxidant activities scavenging reactive oxygen 
species (Sharifi-Rad et al. 2017). Ginger extracts have exhibited anti-
inflammatory effects by inhibiting pro-inflammatory cytokines (Sharifi-Rad et 
al. 2017). The analgesic activity of ginger may be attributed to modulation of 
neurotransmitters and suppression of prostaglandin synthesis. Gingerols play 
an important role in the alleviation of arthritis and pain (Shahzad et al. 2023). 
Further research into the pharmacological mechanisms and clinical efficacy of 
these ginger compounds is warranted. Overall, the presence of these bio-
actives contributes to the wide use of ginger as both a versatile culinary in-
gredient and medicinal plant (Semwal et al. 2015).  

However, bacterial wilt caused by Ralstonia solanacearum and leaf spot 
caused by Phyllosticta sp. are major diseases that constrain ginger cultivation 
(Chaidir et al. 2019). These diseases pose a significant threat, as severe infes-
tations can result in plant death and crop failure (Sitinjak 2010; Adriani et al. 
2012). Both plant pathogens affect all types of ginger, including large white 
ginger, red ginger, and small white ginger, decreasing national ginger 
productivity (Fauzia & Nurcahyanti 2020). 

One approach to mitigating these diseases in ginger is to use healthy 
ginger seeds from tissue culture propagation. This technology offers the ad-
vantage of obtaining disease-free seedlings (Kumar & Reddy 2011; Seran 
2013; Lestari et al. 2023). Tissue culture propagation using disease-free gin-
ger plantlets is one potentially effective way to obtain healthy planting mate-
rial that can help ginger farmers combat disease pressures and improve 
productivity, offering increased yields, better quality, cost savings, and new 
market opportunities (Azhari et al. 2017; Sharifi-Rad et al. 2017; Shahrajabian 
et al. 2019a, 2019b).  

Tissue culture technology has been widely applied to support agricul-
tural development, including mass seed production, development of superior 
varieties, germplasm preservation, and secondary metabolite production 
(Kumar & Reddy 2011; Lestari 2016; Tegen & Mohammed 2016). The suc-
cess of plant propagation through tissue culture is influenced by various fac-
tors, including the growth media composition, the source of explants, and the 
types of plant growth regulators (PGRs) used (Gupta et al. 2020; Zahid et al. 
2021). Among the PGRs, cytokinin, particularly benzyl-adenine (BA), is com-
monly used to stimulate shoot proliferation (Lestari 2011; Mehaboob et al. 
2019). BA is a cytokinin with strong activity compared to kinetin (Lestari 
2011; Grąbkowska et al. 2014).  

The aim of this study was to investigate the effects of different concen-
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trations of benzyl-adenine (BA) and thidiazuron (TDZ) on in vitro propaga-
tion of ginger.  

 
MATERIALS AND METHODS 
Materials 
The plant material used as explants was shoot buds obtained from rhizomes 
of the 'Cimanggu 1' variety of large white ginger (Zingiber officinale). This 
variety is susceptible to Ralstonia solanacearum (Ministry of Agriculture 2001). 
This ginger variety was obtained from a farmer's plantation in Sumedang, 
West Java, Indonesia. The collected ginger rhizomes were maintained in a 
greenhouse to provide a ready source of explants for experiments. 

 
Methods 
The research was conducted from March to December 2021 at the Tissue 
Culture Laboratory, Indonesia Centre for Agricultural Biotechnology and 
Genetic Resources (ICABIOGRAD), Cimanggu 3, Bogor, West Java, Indone-
sia. The collected ginger rhizomes were washed thoroughly with soap and 
water to remove debris. The cleaned rhizomes were then placed in 20 cm x 40 
cm plastic containers and incubated in darkness for 48 hours. Before cultur-
ing in the medium, the explants were sterilised by soaking and rubbing them 
in 70 % alcohol for 5 minutes, followed by 20 % Clorox treatment for 10 
minutes, and finally rinsing them three times with sterile distilled water. The 
sterilised explants were then planted on MS basal medium (Murashige & 
Skoog 1962) without plant growth regulators (PGRs) to obtain sterile shoot 
buds. To initiate and proliferate new axillary shoots from the rhizome ex-
plants, rhizome segments were cultured in vitro on Murashige and Skoog 
medium supplemented with 1.0 mg L-1 of the benzyl-adenine (BA) under low 
light for 4 weeks.  

The basal medium used consisted of MS composition supplemented 
with 30 mg L-1 sucrose, 100 mg L-1 myoinositol + vitamin B group (thiamin, 
glycine, pyridoxine, and nicotinic acid), and 2 mg L-1 of gelrite as a gelling 
agent. The pH of the medium was adjusted to 5.8 using 1 N NaOH or HCl 
during pH measurement. 

The media were sterilised using an autoclave at 121 °C. The explants 
were planted in laminar flow cabinets, with one bottle containing one explant 
of one cm-sized shoot bud. The plant explants were cultured in glass bottles 
that were arranged on racks inside a growth room dedicated for tissue cul-
ture. The room was equipped with neon lamps connected to an automated 
timer system, which provided 16 hours of light exposure per day at an inten-
sity of 1500 lux. The room temperature ranged from 21 °C to 23 °C, with 
around 90 % humidity. 

Shoots that resulted from the initial stage were subcultured on MS me-
dium supplemented with 1.0 mg L-1 BA to obtain sufficient shoots for the 
treatment. The test media compositions were BA (0, 1, 2, 3 and 5 mg L-1) and 
TDZ (0, 0.1, and 0.2 mg L-1). Each treatment consisted of 10 bottles, result-
ing in a total of 120 bottles with 14 treatments, including BA (four concentra-
tions) and TDZ (three concentrations).  

 
Data Analysis 
A completely randomised design with a factorial pattern was used for the ex-
perimental design. The variables observed were shoot height measured from 
the base to the tip of the shoot (cm), number of shoots, number of leaves, and 
number and length of roots at 2, 4, 6, and 8 weeks after planting (WAP). The 
data were analysed using SAS software. An analysis of variance was per-
formed to determine the best treatment, and regression testing was used to 
determine the optimum dosage of PGRs. 
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RESULTS AND DISCUSSION  
Influence of TDZ and BA treatment upon the height of ginger shoots 
The analysis of variance for the shoot height variable indicated no interaction 
between TDZ and BA (Table 1). The use of 0.0 mg L-1 TDZ and 0.0 mg L-1 

BA showed the highest shoots on week 8 (Tables 2 and 3). 
Shoot elongation of ginger was faster in explants treated by the addi-

tion of TDZ compared to BA, indicated by the differences in the average 
height of ginger shoot during the 8-week culture duration. TDZ at 0.2 mg L-1 

resulted in a significantly taller shoot versus other treatments from 2 to 8 
weeks. Shoots treated with 0.2 mg L-1 TDZ were approximately 2–3 times 
longer than shoot treated with BA alone. The superior effect of TDZ on 
shoot height stimulation was likely due to its higher cytokinin activity, which 
promoted cell division and elongation. In contrast, BA had a weaker influence 
on these growth parameters. Overall, TDZ was more effective than BA for 
enhancing shoot elongation of ginger in vitro. 

 

Table 1. Result of the analysis of variance for the height of ginger shoots. 

Week After Planting (WAP) 
Middle Square 

CV (%) 
Replication TDZ BA TDZ*BA 

2 0.201ns 1.276** 0.529* 0.172ns 28.82 

4 0.506* 5.027** 0.358ns 0.222ns 28.57 

6 0.288ns 10.005** 1.034ns 0.310ns 31.15 

8 0.483ns 15.845** 11.925** 0.487ns 35.54 

 

Table 2. The influence of TDZ on the height of ginger shoots. 

Concentration of TDZ (mg L-1) 
Average Shoot Height (cm) 

2 WAP 4 WAP 6 WAP 8 WAP 

0 1.47a 2.01a 2.57a 3.59a 

0.1 1.20b 1.41b 1.70b 2.52b 

0.2 1.14b 1.38b 1.71b 2.42b 

Mean 1.27 1.6 1.99 2.85 

F-Value of TDZ 9.58** 24.03** 25.97** 16.22** 

 

Table 3. The influence of BA on the height of ginger shoots. 

Concentration of BA (mg L-1) 
Average Shoot Height 

2 WAP 4 WAP 6 WAP 8 WAP 

0 1.12c 1.63 2.03 3.62a 

1 1.20bc 1.73 2.23 2.98b 

3 1.42a 1.57 1.9 2.67b 

5 1.32ab 1.47 1.81 2.07c 

Mean 1.27 1.6 1.99 2.83 

F-Value of   BA 3.97* 1.71ns 2.68ns 11.71** 

Note: statistical significance based on F-test α = 0.05 - ns is not significantly different; (*) significantly different; 
(**) highly significantly different; CV = coefficient of variation. BA = Benzyl-adenine. TDZ = Thidiazuron. WAP 
= Weeks After Planting. 

Note: statistical analysis result based on Duncan’s post-hoc test, number followed by the same letter in the same 

column considered not significant. (*) significantly different at α = 0.05; (**) highly significant at α = 0.01. WAP = 
Weeks After Planting. 

Note: statistical analysis result based on Duncan’s post-hoc test, number followed by the same letter in the same 

column considered not significant. (*) significantly different at α = 0.05; (**) highly significant at α = 0.01. WAP = 
Weeks After Planting. 
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Influence of TDZ and BA treatment upon the number of ginger 
shoots 
Analysis of variance showed a significant interaction between TDZ and 
BA on the number of ginger shoots (Table 4). Further analysis of this 
interaction at 8 weeks revealed the combination of 0.1 mg L-1 TDZ with 
0 mg L-1 BA gave the highest shoots multiplication rate, resulting in an 
average of 6.3 shoots per explant (Figure 1). There was no significant 
difference in shoot number between 0.1 mg L-1 TDZ + 1.0 mg L-1 BA, 0.2 
mg L-1 TDZ + 1.0 mg L-1 BA, and 0.2 TDZ + 0 mg L-1 BA after 8 weeks 
(Table 5). 

Using TDZ at 0.1 mg L-1 without any BA supplementation gave 
the highest number of ginger shoots after 8 weeks. This indicates that 0.1 
mg L-1 TDZ was optimal for shoot multiplication. Thidiazuron (TDZ) is 
a plant growth regulator that has shown both auxin and cytokinin-like 
effects despite chemically different from commonly used auxins and cyto-
kinins. TDZ has been found to induce a wide array of physiological and 
biochemical events in cells (Zahid et al. 2021). At low concentrations (0.1-
0.5 mg L-1), TDZ plays a role in stimulating cell division and can be used 
alone or in combination with cytokinin (Gupta et al. 2020). TDZ has 
been utilised to promote shoot multiplication in several perennial plants 
(Mehaboob 2019). 

 
Table 4. Result on the analysis of variance for the number of ginger shoots. 

Week of observation 
Middle Square 

CV (%) 
Replication TDZ BA TDZ*BA 

2 0.411ns 0.775ns 1.511** 0.519ns 42.95 

4 2.352ns 19.658** 10.764** 4.481* 53.65 

6 3.689ns 18.808** 18.355** 6.864* 58.56 

8 2.87ns 19.560* 37.705** 11.657* 55.47 

 
Table 5. Interaction of TDZ and BA upon addition to the number of ginger shoots. 

Concentration of  TDZ (mg L-1) 

Concentration of  BA (mg L-1) 

0 1 3 5 

Average Number of  Shoots (4 WAP) 

0 1.40f 1.80def 1.50f 2.00cdef 

0.1 2.90bcde 3.80ab 1.60ef 2.10cdef 

0.2 3.20abc 4.20a 3.00abcd 1.80def 

  Average Number of  Shoots (6 WAP) 

0 1.60d 2.50bcd 2.10cd 2.50bcd 

0.1 4.10ab 4.60a 1.90d 2.90bcd 

0.2 3.70abc 4.90a 2.80bcd 2.00cd 

  Average Number of  Shoots (8 WAP) 

0 2.50e 3.90bcde 2.90e 3.00de 

0.1 6.30a 5.90ab 2.40e 3.20cde 

0.2 5.20abc 5.10abcd 3.70cde 2.20e 

Note: statistical significance based on F-test α = 0.05 - ns is not significantly different; (*) significantly different; 
(**) highly significantly different; CV = coefficient of variation. BA = Benzyl-adenine. TDZ = Thidiazuron. WAP 
= Weeks After Planting. 

Note: statistical analysis result based on Duncan’s post-hoc test, number followed by the same letter in the same 

column considered not significant. (*) significantly different at α = 0.05; (**) highly significant at α = 0.01. WAP = 
Weeks After Planting. 
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Figure 1. In vitro culture of Zingiber officinale Rosc. Cimanggu 1 Variety. 

 
Lestari (2011) reported that a combination treatment of BA with TDZ 

increased the number of shoots compared to treatments without PGRs in cas-
sava propagation in vitro. The proliferation of Harpagophytum procumbens 
plants (Grąbkowska et al. 2014) showed similar results: soaking using 25 mol 
L-1 TDZ for 6 hours produced more vigorous shoots when the plantlets were 
acclimatised. The cultures originating from TDZ treatments exhibited better 
growth in shoot length, leaf size, flowering phase, and faster root formation 
(Tegen & Mohammed 2016). Another study by Grąbkowska et al. (2014) re-
vealed that in vivo shoot multiplication rates and sucker growth of banana cv. 
Mzuzu, Bukoba, and Mtwike can be increased by dipping de-sheathed corms 
in a TDZ solution at 2.0 mg L-1 for 12 hours. TDZ was also more effective 
than BA on shoot proliferation (Shaheen 2020). 

 
Influence of TDZ and BA treatment on the number of Ginger Leaves 
The analysis of variance for the number of leaves variable indicated no inter-
action between TDZ and BA (Table 6). The use of thidiazuron (TDZ) showed 
significantly different results on week 4, while BA treatment showed signifi-
cant differences on weeks 2, 4, 6, and 8 (Tables 7 and 8).  

 
Influence of TDZ and BA treatment on the number of ginger roots 
The analysis of variance for the number of root variables indicated no interac-
tion between the use of TDZ and BA (Table 9). The application of TDZ sig-
nificantly affected the number of roots at 2, 4, and 6 weeks after planting 
(WAP), while the BA treatment significantly affected the response of the 
number of roots at 6 and 8 WAP (Table 10, 11).  

The treatment without BA resulted in a response in the number of 
roots that was not significantly different from BA concentrations of 1.0 mg L-

1 and 3.0 mg L-1 at 6 WAP and 8 WAP. It was not significantly different from 
BA 1.0 mg L-1 and significantly higher than BA concentrations of 3.0 mg L-1 

and 5 mg L-1. For the variable of the number of roots, the application of BA 
was more effective at low concentrations (1-3 mg L-1). Increasing the concen-
tration up to 5 mg L-1 tended to decrease the number of roots. In this experi-
ment, rooting in vitro revealed the greatest roots by application of MS + BA 
0 mg L-1 (13.07 roots). The addition of BA and TDZ to the medium had no 
significant effect on the number of roots produced. The cultural response to 
the addition of in vitro growth regulators is different for each plant including 
ginger. 
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Table 6. Result of the analysis of variance of the number of ginger leaves. 

Week After Planting (WAP) 
Middle Square 

CV (%) 
Replication TDZ BA TDZ*BA 

2 0.348ns 1.225ns 2.156* 1.114ns 75.38 

4 1.297ns 12.700* 10.719* 3.878ns 55.24 

6 12.018ns 15.808ns 51.178* 16.419ns 61.6 

8 28.045ns 8.081ns 311.386** 49.995ns 58.56 

 

Table 7. The effect of TDZ concentration on the number of ginger leaves. 

Concentration of TDZ (mg L-1) 
Number of Leaf Count 

2 WAP 4 WAP 6 WAP 8 WAP 

0 1.3 2.68b 5.63 10.62 

0.1 1.03 2.73b 4.45 9.75 

0.2 0.98 3.68a 5.43 9.8 

Mean 1.1 3.03 5.17 10.06 

F-Value of TDZ 1.78ns 4.55* 1.56ns 0.23ns 

 

Table 8. The influence of BA concentration on numbers of ginger leaves. 

Concentration of BA (mg L-1) 
Numbers of Leaves 

2 WAP 4 WAP 6 WAP 8 WAP 

0 0.97b 3.43a 6.43a 12.93a 

1 1.50a 3.57a 6.10a 12.57a 

3 1.00b 2.83ab 4.40b 8.37b 

5 0.93b 2.27b 3.73b 6.21b 

Mean 1.1 3.03 5.17 10.02 

F-Value of BA 3.14* 3.84* 5.05** 8.99** 

 

Table 9. Analysis of variance for the number of ginger roots. 

Week After Planting (WAP) 
Middle Square 

CV (%) 
Replication TDZ BA TDZ*BA 

2 1.752** 2.844* 0.882ns 0.830ns 81.33 

4 2.160ns 46.087** 3.903ns 1.870ns 68.34 

6 8.218ns 187.534** 34.932* 5.744ns 72.22 

8 22.327ns 105.125ns 305.189** 32.850ns 62.92 

Note: The statistical analysis result was based on Duncan’s post-hoc test, and the number followed by the same 

letter in the same column was considered not significant. (*) significantly different at α = 0.05; (**) highly signifi-

cant at α = 0.01. WAP = Weeks After Planting. 

Note: statistical significance based on F-test α = 0.05 - ns was not significantly different; (*) significantly different; 
(**) highly significantly different; CV = coefficient of variation. BA = Benzyl-adenine. TDZ = Thidiazuron. WAP 
= Weeks After Planting. 

Note: The statistical analysis result was based on Duncan’s post-hoc test, and the number followed by the same 

letter in the same column was considered not significant. (*) significantly different at α = 0.05; (**) highly signifi-

cant at α = 0.01. WAP = Weeks After Planting. 

Note: The statistical significance based on F-test α = 0.05 - ns was not significantly different; (*) significantly dif-
ferent; (**) highly significantly different; CV = coefficient of variation. BA = Benzyl-adenine. TDZ = Thidiazuron. 
WAP = Weeks After Planting. 
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Influence of TDZ and BA treatment on the length of ginger roots 
The analysis of variance for the root length variable indicated an interaction 
between the use of TDZ and BA at 4 and 8 weeks of age (Table 12). TDZ sig-
nificantly influenced the response of ginger root length at 2, 4, 6, and 8 WAP, 
while the BA treatment significantly affected the response of root length at 4, 
6, and 8 WAP (Table 13,14).  

Table 13 shows that for the variable root length at 4 and 8 weeks after 
planting, the treatment without TDZ and BA gave responses that were not 
significantly different from the treatment with TDZ and BA at higher con-
centrations. 

This is an in-depth look at the data on the influence of TDZ and BA on 
the height of ginger shoots. The highest growth was achieved after 8 weeks. 
The addition of TDZ (0.1 and 0.2 mg L-1) and BA (1, 3, and 5 mg L-1) resulted 
in lower height of ginger shoots compared to the results without TDZ and 
BA supplementation. Based on this result, neither more TDZ nor BA is re-
quired to induce ginger shoots' length in vitro. 

Based on the results, the highest number of ginger shoots was achieved 
after week 8 using a combination of TDZ (0.1 mg L-1) and BA (0.0 mg L-1). 
However, the increase in the number of shoots was an average of one shoot 
compared to the medium without TDZ (0 mg L-1) and less than one shoot 
compared to the media without BA (0 mg L-1). The highest number of leaves 
and the number and length of ginger roots were also achieved without TDZ 
or BA, as was the highest number and length of ginger roots.  

PGR treatments for the ginger rhizome, explant initial propagation, 
and explant subculture by adding 1 mg L-1 BA are considered sufficient for 
the optimal propagation of ginger. Therefore, there was no additional re-
quirement for supplementation of TDZ and BA afterward. Endogenous phy-
tohormones play important roles in ginger shoot formation and elongation 
(Lestari 2011). The extra addition of TDZ and BA probably activates nega-
tive feedback, thus inhibiting shoots and root formation and elongation in-
stead. 

Table 10. Effect of TDZ on the number of ginger roots. 

Concentration of TDZ (g L-1) 
Number of Roots 

2 WAP 4 WAP 6 WAP 8 WAP 

0 1.30a 3.43a 6.83a 11.48 

0.1 0.95ab 1.82b 3.33b 9.7 

0.2 0.78b 1.38b 2.85b 8.26 

Mean 1.01 2.21 4.33 9.81 

F-Value of TDZ 4.23* 19.98** 18.72** 2.74ns 

 

Table 11. Effect of BA on the number of ginger roots. 

Concentration of BA (g L-1) 
Number of Roots 

2 WAP 4 WAP 6 WAP 8 WAP 
0 1.07 2.38 5.07a 13.07a 
1 1.17 2.53 5.27a 11.41ab 
3 1.03 2.29 4.30ab 9.04b 
5 0.77 1.7 2.86b 5.69c 

Mean 1.01 2.22 4.37 9.8 
F-Value of BA 1.31ns 1.69ns 3.49* 7.96** 

 

Note: The statistical analysis result was based on Duncan’s post-hoc test, and the number followed by the same 

letter in the same column was considered not significant. (*) significantly different at α = 0.05; (**) highly signifi-

cant at α = 0.01. WAP = Weeks After Planting. 

Note: statistical analysis result based on Duncan’s post-hoc test, number followed by the same letter in the same 

column considered not significant. (*) significantly different at α = 0.05; (**) highly significant at α = 0.01. WAP = 
Weeks After Planting. 
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CONCLUSIONS 
The application of 0.1 mg L-1 TDZ achieved the highest number of shoots (6 
shoots per-explants). The highest number of leaves and shoots height was 
also achieved without TDZ or BA, as well as the number and length of ginger 
roots. Efficient propagation requires no additional TDZ and BA afterward to 
achieve optimal height, number of shoots, number of leaves, and root number 
and length. Increasing the concentration of BA led to a decrease in the num-
ber of shoots and root length. Furthermore, there was no interaction between 
TDZ and BA treatments concerning plant height or the number of leaves. 
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(**) highly significantly different; CV = coefficient of variation. BA = Benzyl-adenine. TDZ = Thidiazuron. WAP 
= Weeks After Planting. 

 

Table 13. Effect of interaction between TDZ concentration and BA on root length 

THO Concentration (g L-1) 
BA Concentration (g L-1) 

0.0 1.0 3.0 5.0 

Root length 4 WAP (cm) 

0.0 1.95abc 2.17ab 2.52a 1.98abc 

0.1 1.90abc 1.43bcd 1.03def 0.57ef 

0.2 1.21cde 1.73abcd 1.01def 0.34f 

Root length 8 WAP (cm) 

0.0 3.87a 3.64ab 3.68ab 2.79bcd 

0.1 3.62ab 3.10abc 2.48cd 1.52ef 

0.2 3.03abc 3.48ab 1.91de 0.80f 

Note: Data followed by the same letter on the same observation variable is not significantly different based on fur-

ther tests Duncan α = 0.05. 
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