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Abstract
The effect of various treatments on shoot organogenesis from seedling epicotyl explants from various scion and rootstock polyembryonic 
citrus types was determined. Treatments included water source, gelling agent, explant insertion, seed size, light intensity, malachite 
green, nonionic surfactants, and sodium sulphate. Tap water, with the highest levels of SO4

2-, Ca2+, K+, Mg2+, and Na+, resulted in the 
most shoots compared to the other 5 sources, suggesting a mineral nutrient effect. Carrageenan produced fewer shoots than agar and 
gellan gum. Explants inserted into the medium produced more shoots than those cultured on the surface, presumably because of better 
exposure to water and nutrients. Seed size, light intensity, malachite green, and sodium sulphate had no effect on the number of shoots 
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Citrus species are a major fruit crop worldwide and are consumed 
fresh as fruits, and processed, generally as juice. A citrus tree 
is typically grown on a rootstock. Some advantages of using a 
rootstock include tolerance to local biotic and abiotic conditions, 

fruit quality. One of the earliest references to the use of rootstocks 
in citrus is the use of lemon as a rootstock to grow citrons in the 
Palestine area (Mudge et al.
interaction between the scion and the rootstock, modern plant 
breeding programs include the development of both scion and 
rootstock types. Thus, plant breeding methods must be useful for 
both citrus scion and rootstock variety development.

In vitro methods are used in plant breeding to achieve objectives 
that are impossible or difficult to achieve via conventional 
methods. For example, adventitious shoot formation or the de novo 
formation of meristems is an in vitro method often used in citrus 
breeding to produce transgenic plants (Moore et al., 1992; Pena
et al., 1995; Gutiérrez-E et al., 1997; Peña et al., 1997; Cervera et 
al., 1998; Cervera et al., 1998; Luth and Moore, 1999; Costa et al.,
2002; Yu et al., 2002; Almeida et al., 2003; Almeida et al., 2003; 
Li et al., 2003; Khawale et al., 2006; Cervera et al., 2008; Dutt and 
Grosser, 2009; He et al., 2011; Marutani-Hert et al.
et al.
citrus species and types, and is an important factor that affects the 

the conditions that affect adventitious shoot formation is required 

genotypes and, consequently reduce the cost and broaden the 
applications that utilize adventitious shoot formation.

We report the results from a series of experiments that tested 
various treatments reported in the plant tissue culture literature 
to improve adventitious shoot formation. 

Materials and methods
Plant material, explant source, and culture conditions: Seed
of Carrizo citrange (Citrus sinensis ‘Washington’ L. Osbeck. 
x Poncirus trifoliata L. Raf.), Duncan grapefruit (C. paradise 
Macf.), Hamlin sweet orange (C. sinensis L. Osbeck) grapefruit 
(C. paradise Macf.), and US-812 (Citrus sunki Hort. ex Tanaka. 
x P. trifoliata L. Raf.) (Bowman and Rouse, 2006) were surface 
disinfested as follows: after removal of the seed coat, the seeds 
were soaked for 30 min in 50 mL of a 30 % bleach (5.25 % w/v 
sodium hypochlorite) solution with 3 drops of Tween 20. Seeds 
were then rinsed 3 times with sterile water, allowed to soak for 18 
h in water, placed on the surface of MT basal medium (Murashige 

bacteriological agar (USB Corporation, Cleveland, OH, USA) 
in Magenta GA-7-3 vessels (Magenta Corporation, Chicago, IL, 
USA), and then incubated in the dark at 27 oC for 3-4 week. One-
cm-long explants were excised from the epicotyl of the etiolated 
seedlings. Shoot regeneration experiments were conducted in 
growth cabinets at 27 °C over 6-2 week in the dark followed by 

-2 s-1) with a 16-h photoperiod.

Responses measured and replication used: Shoot regeneration 
was measured by counting the number of shoots > 2 mm, the 
minimum size for micrografting, on each epicotyl explant. For 
all experiments each treatment was measured from four 100 x 

explants derived from a single seedling (1 seedling per dish). A 

dish.

Effect of water source: Six water sources were tested using 
Carrizo. The experiment was as a single-factor, water source, 
design with six levels that included 1) tap from the lab, 2) 
drinking (Walmart, Bentonville, AR, USA), 3) distilled (Walmart, 
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Bentonville, AR, USA), 4) laboratory glass distilled, 5) Milli 
Q, and 6) reverse osmosis. The data was analyzed by one-way 
ANOVA followed by the Tukey’s multiple comparison test. The 

ion chromatography and included anions (B(OH)4
-, Cl-, F-, NO2

-,
NO3

-,  PO4
3-, SO4

2-) and cations (Li+, Na+, NH4+, K+, Mg2+, and 
Ca2+) as described (U.S. Environmental Protection Agency, 1997).

Effect of gelling agent (agar, carrageenan, gellan gum): 
Three gelling agents were tested using Hamlin and US-812. The 
experiment was a single-factor design with gelling agent set at 
three levels that included 1) Ultrapure, Type A, bacteriological 
agar (Affymetrix, Santa Clara, CA, USA), 2) Gelcarin GP 
812 carrageenan (PhytoTechnology Laboratories, Shawnee 
Mission, KS, USA), and 3) Culturegel™ Type I gellan gum 
(PhytoTechnology Laboratories, Shawnee Mission, KS, USA). 
The data was analyzed by one-way ANOVA followed by Tukey’s 
multiple comparison test.

Effect of explant insertion: Explant insertion into the culture 
medium was tested. Explants were positioned horizontally “in” 
or “on” the medium. An explant “in” the medium was pushed 
into the medium so that the top of the explant was even with the 
surface of the medium. An explant “on” the medium was laid 
on the surface of the medium without insertion. The experiment 
was a 2-factor design of insertion (in, on) and cultivar (Hamlin, 
Carrizo). The data was analyzed by 2-way ANOVA.

Effect of seed size: Seed size was tested using Carrizo. First, 
a frequency distribution histogram was generated from the 

was a single-factor design with bin set at four levels that included 
0-0.1, 0.1-0.2, 0.2-0.3, and 0.3-0.4 g. The data was analyzed by 
one-way ANOVA.

Effect of light intensity: Following the 2-week dark incubation 

s ) using Hamlin. The data was analyzed by one-way ANOVA.

Effect of malachite green: The aniline dye malachite 
green (Sigma-Aldrich, St. Louis, MO, USA) was tested at 4 
concentrations (0, 0.001, 0.01 and 0.1 mM) using Hamlin. The 
data was analyzed by one-way ANOVA followed by Dunnett’s 
multiple comparisons test that compared each non-zero 
concentration to 0 mM.

Effect of nonionic surfactants: Three nonionic surfactants 
were tested using Hamlin. The experiment was a single-factor 
that included a 0 % surfactant control and eleven surfactant-

concentration combinations as follows: Control (0 % surfactant), 
Pluronic F-68 (0.01, 0.1, and 1 %), Triton X-100 (0.0001, 0.001, 
0.01, and 0.1 %), and Tween 20 (0.0001, 0.001, 0.01, and 0.1 %).

The data was analyzed by one-way ANOVA followed by 
Dunnett’s multiple comparisons test that compared each of the 
eleven surfactant-concentration treatments to the 0 % surfactant 
control.

Effect of sodium sulphate: Sodium sulphate, Na2SO4, was tested 
at 4 concentrations (0, 0.1, 1, and 2 mM) using Hamlin. The data 
was analyzed by one-way ANOVA.

Effect of water source: The source of water used to make plant 
tissue culture medium is probably the most basic component of 
any medium. Thus, determining the effects of various available 
water sources is an important initial quality control step.

Six water sources were used and their ionic composition 
determined (Table 1). Sources that had levels of ions >= 1 mM 
included tap water (SO4

2-, Ca2+, K+, Mg2+, and Na+) and Walmart 
drinking water (Na+ and Cl-). The remaining four sources had 
levels that were either “not detectable” or < 1 mM. A one-way 
ANOVA was conducted to compare the effect of the water 
samples on the number of shoots/explant of a size suitable for 
convenient shoot tip grafting (Table 2). The effect of water 

P<0.0001). The 
mean separation analysis by Tukey’s test revealed that tap water 

other (Fig. 1).

Tap water produced 40 % more shoots/explant than the average 
of the other water sources. This result suggested that mineral 

4
2-, Ca2+, K+, Mg2+, and/

or Na+ were responsible for the greater number of shoots produced 
in media made with tap water. Because a complete analysis of the 
water for all ions and compounds was not done, an experiment 

their effect. Though tap water was the “best” source, its use is 
problematic due to repeatability issues. If tap water is used, an 
ionic composition analysis should be provided. Reconstructing 
tap water would require the use of software such as ARS-Media 
(http: //www.ars.usda.gov/services/software/download.htm?sof
twareid=148#downloadForm) that uses the linear programming 
algorithm previously reported (Niedz and Evens, 2006).

Table 1. The mineral nutrient profile of 6 water sources as determined by ion chromatography 

Water Sources Anions (mg L-1) Cations (mg L-1)

B(OH)4
- Cl- F- NO2

- NO3
- PO4

3- SO4
2- Ca2+ K+ L+ Mg2+ Na+ NH4

+

Tap n.d. n.d. < 1 < 1 < 1 < 1 48 23 3 < 1 6 50 1

Distilled (Walmart) n.d. < 1 n.d. n.d. n.d. n.d. n.d. < 1 < 1 n.d. < 1 < 1 < 1

Distilled (lab glass) n.d. n.d. n.d. n.d. n.d. n.d. n.d. < 1 < 1 < 1 < 1 < 1 < 1

Drinking (Walmart) n.d. 8 n.d. n.d. < 1 n.d. n.d. < 1 < 1 n.d. < 1 9 n.d.

Milli-Q n.d. < 1 n.d. n.d. n.d. n.d. n.d. < 1 < 1 n.d. < 1 < 1 < 1

Reverse Osmosis n.d. < 1 n.d. n.d. n.d. n.d. n.d. < 1 < 1 n.d. < 1 < 1 < 1



Effect of gelling agent (agar, carrageenan, gellan gum): 
The substrate used to support in vitro explants is another basic 
component of a plant tissue culture system. Determining the 
effects of various substrates is another important initial quality-

control step. Three biopolymers, two algal and one bacterial, 
were selected and included agar, a “linear polysaccharide made 

carrageenan, a “linear, sulphated polysaccharide based on a 

linked glycosidically through various positions” and, gellan gum, 
a “linear, anionic heteropolysaccharide based on a tetrasaccharide 

 et al., 2006).

A two-way ANOVA was conducted to determine the effects of 3 
gelling agents and 2 citrus types on the number of shoots/explant 

(P=0.0153 and  P=0.0111, respectively), but the effect of the 

(P=0.7025). The mean separation analysis by Tukey’s multiple 
comparison test on each set of gelling agents within each variety 
revealed only the carrageenan vs. gellan gum contrast of Hamlin 

variety effect on shoot regeneration was due to a greater number 
of shoots/explant produced by US-812 (Fig. 2). The high shoot 
organogenic capacity of US-812 relative to Hamlin may be 
because it is a P. trifoliate hybrid. Though we are not aware of 
studies that directly compare the shoot organogenic capacity of P. 
trifoliata to other citrus types, P. trifoliata hybrids typically have 
high shoot organogenic capacity when compared across studies 
(Burger and Hackett, 1986; Duran-Vila et al., 1989; Sim et al.,
1989; Maggon and Deo Singh, 1995; Pérez-Molphe-Balch and 
Ochoa-Alejo, 1997; García-Luis et al., 1999; Van Le et al., 1999; 
Bordón et al., 2000; Moreira-Dias et al., 2000; Moreira-Dias et 
al., 2001; Almeida et al., 2002; Costa et al., 2004; Da Silva et 
al., 2005; Ali and Mirza, 2006; García-Luis et al., 2006; Molina
et al., 2007; da Silva et al., 2010; Marques et al., 2011; Niedz 
and Evens, 2011). Because there are a large number of available 
gelling agents, each with complex colloidal effects, predicting 

best method to determine which ones work well for a particular 
species and application.

Effect of explant insertion: A two-way ANOVA was conducted 
to determine the effects of explant insertion, explants positioned 
on or in the medium, and citrus type on the number of shoots/
explant that were produced (Table 5). The effects of explant 

 P=0.0026 and P<0.0001, 
respectively), but the effect of the interaction of explant insertion 

 P=0.4178). Explants inserted into 
the medium produced more shoots, and Carrizo produced more 
shoots/explant than Hamlin (Fig. 3). Insertion of explants into the 
medium resulted in the complete exposure of the cut ends to the 
culture medium and, consequently, better exposure of the cells to 
water, nutrients, and growth factors. The high shoot organogenic 
capacity of Carrizo may be due to it being a P. trifoliata hybrid 
like US-812.

Effect of seed size: Five hundred Carrizo seed were individually 
weighed. Seed weight ranged from 8.2 mg to 601 mg. A frequency 
distribution was generated using 4 bins that were each 100 mg 
wide (Fig. 4). Eleven seed exceeded the maximum size of the 300-
400 mg bin and were not used; the single largest seed was 601 mg.

Fig. 1.  The effect of water source on the number of shoots produced per 
explant from Carrizo explants that were >= 2 mm.  Mean separation by 
Tukey’s multiple comparison test where bars with different letters were 
significantly different.  Bars expressed as mean + standard deviation.

Fig. 2.  The effect of 3 gelling agents and 2 citrus types on the number 
of shoots produced per explant that were >= 2 mm.  Bars expressed as 
mean + standard deviation.

Fig. 3.  The effect of explant insertion and variety on the number of 
shoots per explant >= 2 mm that were regenerated from Hamlin and 
Carrizo epicotyl explants.  Bars expressed as mean + standard deviation.
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A one-way ANOVA was conducted to compare the effect of seed 
size bins on the number of shoots/explant that were produced 
(Fig. 5). The effect of seed size bins on shoots produced was not 

 P=0.6116); thus, sorting seeds by size is not required 
to improve shoot regeneration. Seed size can affect germination 
and growth (Keddy and Constabel, 1986; Zammit and Zedler, 
1990; Bretagnolle et al., 1995; Eriksson, 1999; Soltani et al.,
2002; Khurana and Singh, 2004), but there are few studies on the 
effect of seed size on in vitro responses. A study of the effect of 

large vs small seeds in barley on embryogenic callus induction 
and subsequent shoot regeneration in barley, observed that large 

seed (Özgen et al., 2007).

Effect of light intensity: Light intensity can sometimes affect 
shoot regeneration as reported for a diverse array of plant species 
such as evergreen azalea (Hsia and Korban, 1998), muskmelon 
(Niedz et al., 1989), sugarcane (Sengar et al., 2011), apple 
(Magyar-Tábori et al., 2010), and cotton (Gupta et al., 2000). To 
the best of our knowledge, the effect of light intensity on shoot 
regeneration from citrus tissue explants has not been reported. 
However, a dark incubation period prior to incubation in the light 
was required for shoot regeneration from adult internode explants 
of sweet orange, grapefruit, and a citrange (Marutani-Hert et al.,
2012). Following the dark incubation period, light was varied 
from 20 to 89 μE. A one-way ANOVA was conducted to compare 
the effect of light intensity on the number of shoots/explant that 
were produced from Hamlin epicotyl explants. The effect of light 

 P=0.1831) (Fig. 6); thus, the range 
of 20 to 89 μE produced equivalent numbers of shoots/explant.

The effect of malachite green: The aniline dye malachite green 
was reported to promote shoot regeneration in raspberry leaf 
explants when used at less than 20 mg L-1(0.0548 mM) and 

Table 2. ANOVA of the effect of six sources of water on the numbers of 
shoots >= 2 mm that were regenerated from Carrizo epicotyl explants

Factor SS df MS F P-value
Water sourcea 120 5 24 9 (5, 66) < 0.0001
Error 177 66 2.7
Total 297 71
a – Six sources that included 1) tapwater, 2) drinking (Walmart), 3) 
distilled (Walmart), 4) distilled (laboratory glass), 5) Milli Q, and 6) 
reverse osmosis.

Table 3. ANOVA of the effect of gelling agent on the number of shoots 
per explant >= 2 mm that were regenerated from Hamlin and US-812 
epicotyl explants

Factor SS df MS F P-value

Gelling agenta 8.78 2 4.39 5.40(2, 17) 0.0153
Varietyb 6.60 1 6.60 8.12 (1, 17) 0.0111
Gelling agent x Variety 0.59 2 0.29 0.36 (2, 17) 0.7025
Error 13.83 17 0.81
Total 29.80 23
a – Three gelling agents included 1) agar, 2) carrageenan, and 3) gellan 
gum.
b – Two citrus varieties included 1) Hamlin sweet orange, and 2) US-
812 citrange.
Table 4. Tukey’s multiple comparison test of gelling agents within 
Hamlin sweet orange and US-812 citrange

Comparisons Mean difference
Hamlin

agar vs. carrageenan 1.05 ns
agar vs. gellan gum -0.75 ns
carrageenan vs. gellan gum -1.80 *

US-812
agar vs. carrageenan 0.300 ns
agar vs. gellan gum -0.98 ns
carrageenan vs. gellan gum -1.28 ns

Table 5. ANOVA of the effect of explant insertion and variety on the 
number of shoots per explant>= 2 mm that were regenerated from Hamlin 
and Carrizo epicotyl explants

Factor df MS F P-value

Explant insertiona 1 33.84 11.82(1, 20) 0.0026

Varietyb 1 67.20 23.49(1, 20) <0.0001

Explant insertion x Variety 1 1.96 0.68(1, 20) 0.4178

Error 20 2.86

Total 23
a – Two horizontal insertion depths included 1) no insertion where the 
explant was laid on the surface of the medium, and 2) completely inserted 
where the top of the explant was even with the surface of the medium.
b – Two citrus varieties included 1) Hamlin sweet orange, and 2) Carrizo 
citrange.

Fig. 4.  Frequency distribution of five hundred Carrizo seed weights 
using 4 bins that were each 100 mg wide.  Eleven seed exceeded the 
maximum size of the 300-400 mg bin and were not included in the 
experiment.

Fig. 5.  The effect of seed size bins on the number of shoots/explant 
from Carrizo epicotyl explants that were produced.  Bars expressed as 
mean + standard deviation.

124 Effects of various factors on shoot regeneration from citrus epicotyl explants



for the propagation of blackberries (Herman, 1995); this is the 

tissue culture. Malachite green is used extensively as a biocide in 
aquaculture to control protozoan and fungal infections (Srivastava 
et al., 2004). To examine its effects in citrus a one-way ANOVA 
was conducted to compare the effect of malachite green at four 
concentrations (0, 0.001, 0.01, and 0.1 mM) using Hamlin 
epicotyl explants (Table 6). The effect of malachite green was 

P=0.0018). A mean separation analysis by Dunnett’s 
multiple comparisons test compared each concentration to the 

produced from the 0.1 mM treatment compared to 0 mM (Fig. 

raspberry. No enhancement of shoot regeneration was observed, 
but the reduction in shoot regeneration occurred at 0.1 mM or 
36.4 mg L-1, greater than the 20 mg L-1threshold reported for 
raspberry.

Effect of nonionic surfactants: Nonionic surfactants can 
enhance shoot regeneration (Khatun et al., 1993; Khatun et al.,

Table 6. ANOVA of the effect of Malachite Green on the numbers of 
shoots/explant >= 2 mm that were regenerated from Hamlin epicotyl 
explants

Factor SS Df MS F P-value

Malachite Greena 27.7 3 9.3 9.4 (3, 12) 0.0018

Error 11.8 12 0.98

Total 39.5 71
a – Malachite Green tested at 4 levels – 0, 0.001, 0.01, and 0.1 mM.

Table 7. ANOVA of the effect of eleven non-ionic surfactant-
concentration combinations on the numbers of shoots >= 2 mm that 
were regenerated from Carrizo epicotyl explants

Factor SS df MS F P-value

Nonionicsurfactantsa 154 11 14 5.85(11, 35) < 0.0001

Error 84 35 2.4

Total 238 46
a – Three non-ionic surfactants and a control that included 1) Pluronic 
F-68 (0.01, 0.1, 1%), 2) Triton X-100 (0.0001, 0.001, 0.01, 0.1%), 
3) Tween 20 (0.0001, 0.001, 0.01, 0.1), and 4) control (no non-ionic 
surfactant).

Fig. 6.  The effect of light intensity on the number of shoots/explant 
from Hamlin epicotyl explants that were produced.  Bars expressed as 
mean + standard deviation.

Fig. 7.  The effect of the aniline dye malachite green on the number of 
shoots/explant from Hamlin epicotyl explants that were produced.  Bars 
expressed as mean + standard deviation.

Fig. 8.  The effect of 11 nonionic surfactants/concentration combinations 
on the number of shoots/explant from Hamlin epicotyl explants that were 
produced.  Bars expressed as mean + standard deviation.

Fig. 9.  The effect of sodium sulfate (Na2SO4) on the number of shoots/
explant from Hamlin epicotyl explants that were produced.  Bars 
expressed as mean + standard deviation.
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1993; Davey et al., 2003), including citrus (Cancino et al., 2001; 
Curtis and Mirkov, 2011). Though the mechanism is unknown, 
but may relate to the hydrophilic-hydrophobic balance (HLB) 
value that determines how easily the detergent can interact with 
the membrane’s lipid component (Helenius and Simons, 1975; 
Curtis and Mirkov, 2011). The HLB numbers ranged from a 
high of 29 Pluronic F-68 to a low of 13.5 for Triton X-100; 
the HLB number of Tween 20 is 16.7. A one-way ANOVA was 
conducted to compare the effect of the nonionic surfactants/
concentration combinations on the number of shoots/explant 
that were produced from Hamlin epicotyl explants (Table 7). The 

(P<0.0001). The mean separation analysis by Dunnett’s multiple 
comparisons test compared each surfactant/concentration to the 
zero surfactant control. The analysis revealed that Triton X-100 

The variance between our results and those previously reported 

preliminary empirical testing is recommended.

The effect of sodium sulphate (Na2SO4): Sodium sulphate 
increased the number of shoots/nodal explant in the Indian 
medicinal plant Vitex negundo (Chandramu, 2003). A one-way 
ANOVA was conducted to compare the effect of Na2SO4 at four 
concentrations (0, 0.1, 1, and 2 mM) on the number of shoots/
explant that were produced from Hamlin epicotyl explants 
(Table 8). The effect of Na2SO4  P=0.84) 
and revealed that supplementing MS medium with Na2SO4 up 
to 2 mM did not affect the number of shoots produced (Fig. 9). 
However, the effect on Vitex negundo may have been due to an 
interaction with sucrose. Though the authors did not analyze their 
data for interaction effects, they mentioned the effect and the data 
they presented in Fig. 2 does suggest a strong interaction between 
Na2SO4 and sucrose, where the increase in shoot number was only 
observed in the region of 0.29 mM Na2SO4 and 5-6 % sucrose. 
Because single factor experiments cannot detect interactions, 
our experiment would have not detected a Na2SO4 x sucrose 
interaction effect.
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Table 8. ANOVA of the effect of sodium sulfate (Na2SO4) on the numbers 
of shoots/explant >= 2 mm that were regenerated from Hamlin epicotyl 
explants

Factor SS Df MS F P-value
Na2SO4

a 2.5 3 0.8 0.29 (3, 12) 0.84
Error 34.6 12 2.9
Total 37.1 15
a – Na2SO4 tested at 4 levels – 0, 0.1, 1, and 2 mM.

The study indicate that water source, gelling agent, explant 

explants. Variable results under different factors suggest need for 
optimization of media and culture conditions and the results can 
be used for conducting further studies.
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