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The possible toxicity of a commercial chlorine dioxide preparation 
(Halox E-100) was evaluated on radish and lettuce seedlings growing in 
pots under controlled conditions. A single application of various 
dilutions to radish seedlings growing in a sterile or nonsterile commercial 
plant substrate only slightly decreased plant dry weight. At the end of the 
experiments, the plants appeared unaffected by the treatments. Other 
common plant parameters (root and stem length, number of true leaves) 
were unaffected or even enhanced. Halox did not reduce the total level of 
sod bacteria even after four consecutive applications at any dilution rate. 
In nonsterile soil, high Halox dilution (1:1000) significantly decreased 
plant dry weight, and the other concentrations (1:10,000; 1:50,000, and 
1:100,000) had no apparent effect on the size of the plants. In sterile sod, 
high concentrations of Halox (1:1000 and 1:10,000) significantly 
decreased plant growth, but higher dilutions produced no significant 
reduction in plant dry weight. For radish plants growing in organic 
matter-free sand only, dilution of 1:10,000 reduced plant growth. On 
lettuce plants, dilutions from 1:5000 to 1:25,000 did not reduce plant 
growth. High levels of Halox (1:1000) were toxic to both radish and 
lettuce seedlings growing in sand and resulted in chlorosis and 
significant depression of plant growth. Further dilutions of Halox 
(equivalent to the level used in water disinfection) significantly 
decreased toxicity for both plant species. Low concentrations of Halox 
(>1:50,000) had no apparent effect on the appearance of both plant 
species. In conclusion, this study suggests that chlorine dioxide-treated 
drinking water can be considered safe for growing plants; this treatment 
should be further evaluated using other plant species under more realistic 
growth conditions. Academic Press. inc. 

INTRODUCTION 

Chlorine ions are generally toxic to plants at relatively low 
concentrations and may cause irreversible damage to plant 
development (Welch, 1995). Yet, numerous chlorine compounds are 
used for horticultural and agricultural procedures such as seed 
disinfection for greenhouse trials (Bashan, 1986a,b; 1991; 1994; 
Bashan et al., 1978; Bashan and Okon, 1981 b; Dubrovsky et al., 
1994),    disinfection  of  plant  organs   designated for  tissue  cultures 
 
 

1 To whom correspondence should be addressed Fax: 52-112-54710 or 
53625. E-mail: bashan@cibnor.conacyt.mx. 

and/or inoculation with beneficial bacterial (Alcaraz-Melendez et al., 
1994; Toledo et al., 1995) or for pathogen inspections (Puente and 
Bashan, 1994; Sharon et al., 1982; Soroker et al., 1984), disinfection 
of working surfaces in fruit packinghouses or in mushroom 
production facilities (Bashan and Platt, 1980; Brown and Schubert, 
1987; Brown and Wardowski, 1985; Roberts and Reymond, 1994), 
controlling surface phytopathogenic microorganisms in stored plant 
products (Costilow et al., 1984; Hendrix, 1991; Punja and Gaye, 
1993; Sholberg and Owen, 1990, 1991; van Doom et al., 1990; 
Wyatt and Lund, 1981), or as direct agents against phytopathogenic 
microorganisms (Bashan and Okon, 1981a; Boyette et al., 1993; 
Grech and Rijkenberg, 1992). 

The chlorination of drinking water, sewage effluents, or . irrigation 
water is the most common water disinfection method in the world. It 
is indisputable that drinking water chlorination represents one of the 
biggest successes of sanitation ever achieved (Strobel and Dieter, 
1990). Commonly used ions such as NaOCI or CaOCI (popular 
disinfectants in the cleaning industry) are being slowly phased out of 
the drinking water market because they produced trihalomethanes 
(THM), various hazardous compounds, and offensive odors when 
interacting with organic matter (Levi and Jestin, 1988; Suh and 
Abdel-Rahman, 1985). Still, water disinfection by chlorination is 
obligatory for potable water, gardening, and sanitary uses 
(disinfection of fresh vegetables and fruits) (Roberts and Reymond, 
1994; Strobel and Dieter, 1990). One of the popular alternatives to 
common chloride is chlorine dioxide (Bull, 1982; Wilson et al., 
1989). It is less toxic, can be buffered, produces no THMs when 
interacting with organic matter, and has no particular odor or taste 
(Dietrich et al., 1992; Wondergem and van Dijk-Looijaard, 1991). It 
is a highly efficient disinfectant against many bacteria which are 
pathogenic to humans, animals, marine animals, and plants (Berg et 
al., 1986; Brown and Schubert 1987; Datnoff et al., 1987; Foegeding 
et al., 1986; Pedersen and Jahromi,1993; Rutala et al., 1991; 
Tanner, 1989; Wyatt and Lund, 1981), viruses (Harakeh, 1987; 
Taylor and Butler, 1982), and human parasites (Pesters et al., 1989). 
It controls  microorganisms on  reverse osmosis membranes  (Adams, 
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1990) and biofouling in heat exchanger tubing (Botzenhart et al., 
1993; Mayack et al., 1984), but may cause corrosion in the 
stainless-steel tubing used in the dairy industry (Bohner and 
Bradley, 1991). Still, there are minor health concerns (effects that 
are not always detected), especially with ingestion of large amounts 
of chlorine dioxide and/or its metabolites, chlorite and chlorate 
(Abdel Rahman et al., 1985; Ames and Stratton, 1987; Bercz et al., 
1982; Couri et al., 1982; Richardson et al., 1994; Tuthill et al., 
1982; Zoetman et al., 1982), or possible toxicity against marine 
animals (Chien and Chou, 1989; Hose et al., 1989; Puente et al., 
1992). 

The possible harmful by-products of chlorine dioxide are fewer 
than those when standard chlorination is used (Strobel and Dieter, 
1990). Health concerns may be reduced to a minimum by using 
chemicals to remove chlorine dioxide residues from the disinfected 
water or reducing the by-products to chloride before water 
distribution (Griese et al., 1991; Lykins et al., 1990; Michael et 
al., 1981). Currently, commercial chorine dioxide preparations are 
used on a relatively large scale for the disinfection of drinking 
water in some countries (Dietrich et al., 1992; Medema et a1, 
1991; Wilson et al., 1989; Wondergem and van Dijk-Looijaard, 
1991). Although it is not its intended purpose, this water is also 
frequently used to irrigate golf courses, public parks, street 
vegetation, home gardens, home ornamental plants, and small-scale 
commercial greenhouses for flowers and vegetables (Bisessar and 
Mcllveen, 1992). To the best of the authors' knowledge, there is 
little information on whether this water adversely affects plant 
growth (Bugbee, 1985; Vijayan and Bedi, 1989). 

Halox E-100 (Halox Co., Eugene, OR) is one of the commercial 
buffered preparations of chlorine dioxide (de Guevara, 1955). It is 
being used commercially on polluted water in the United States and 
Mexico at concentration of 1:20001:200,000, as tropical fish 
medication, and also been used by chiropractors, alternative 
veterinarians, and many smallscale uses through health-food stores 
(S. Schulz, personal communication). 

Due to shortages in irrigation water in many parts of the world, 
effluents from water treatment plants are being used for agriculture 
(Narkis and Kott, 1992; Rav Acha et al., 1995). This water is 
chlorinated after other conventional water treatments (such as 
oxidation, mechanical and chemical adsorption of particles) mainly 
for nonedible crops such as cotton, fiber plants, and flowers. This 
water clogs modem drip irrigation systems; thus, one of the 
solutions is to treat it with chlorine dioxide (Rav Acha et al., 1995) 
which subjects the plants to low levels of chlorine dioxide for 
prolonged periods. The nonchemical alternative for this water (or 
even for drinking water) by large-scope microbial filtration or heat 
disinfection is not cost effective or practical for agriculture. 

The aim of this study was to reveal whether water treated with 
Halox E-100 has any adverse effects on plant growth. This was 
conducted by evaluating the effect of irrigating two plant species 
susceptible to chlorine toxicity (radish and lettuce) with diluted 
Halox E-100. 

MATERIALS AND METHODS 

Plant Material 

Radish (Raphanus sativus) cv. Champion (Westar Seed 
International, El Centro, CA) and lettuce (Lactuca sativa) cv. Great 
Lakes 118 (Westar Seed International) was used for all 
experiments. 
 

Plant Growth Conditions and Soil Mixtures 
 

All experiments were carried out in a growth chamber 
(Biotronette Mark III Environmental Chamber, Lab-Line, Melrose 
Park, IL) or in an indoor, large growth room in pots. The 
environmental conditions were temperatures of 30 ± 2 or 24 ± 2°C 
(according to the experiment; Table 1), with light intensity ranging 
from 71.5 to 121.8 nmol/m2/sec (according to the various locations 
of the pots in the growth chambers). Both growth chambers were 
operating at 12hr photoperiod under constant, noncontrolled, 
ventilation of fresh air. 

Seedlings were grown in black, plastic, rectangular 200mí pots, 
each containing either 50 g of commercial plant growth mixture or 
60 g of soil or 102.5 g of sand-vermiculite mix. The following plant 
growth substrates were used-(i) a commercial potting mixture 
(Sunshine Mix 3, Special fine, Fisons Horticulture, Mississauga, 
Ontario); (ii) agricultural sandy soil (Haplic Xerosol plus Eutric 
Rhegosol with course texture) obtained from a commercial field 
near La Paz airport which contained the following percentages: 
nitrogen, 0.14; phosphorus, 1.68; potassium, 0.3; clay, 10.53; silt, 
53.3; sand, 36.2; water field capacity 13.5; CaC03. 0.86; organic 
matter 2.49, pH 7.5 and conductivity of 0.5 mS/cm; (iii) freshwater-
washed beach sand from a public beach 17 km north of La Paz, 
Baja California Sur, Mexico, treated as follows: sieved to < 1-mm 
particle size, washed by hand in brackish tap water (2560 µS/cm) 
10 times. The sand (approx 10-kg portions) was covered with 10 
liters of 1% HCl solution overnight at room temperature (28-33°C). 
The mixture was then washed 10 times with distilled water (10 kg 
sand per 10 liters water each time). Different batches of sand were 
combined when the pH of the last wash was around 7.0 ± 0.5. The 
wet sand was dried overnight in an oven at 60°C. Then, it was 
mixed with ground fine vermiculite milled in a household blender 
at the rate of 100:2.5 (sand:vermiculite, w/w). Prior to the mixing, 
the vermiculite was similarly treated with acid. The sand originally 
contained  the  following:  100%  course  sand,  no  N,  P,  K,   clay, 
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silt, or measurable amounts of organic matter, water field capacity of 
9.8%, CaCO3, 4.29%, pH of 73 and conductivity of 0.77 mS/cm. The 
water-holding capacity of the sand:vermiculite mixture was 24.39%; 
(iv) a mixture of the above agricultural soil with Sunshine Mix 3 
(described above) at the rate of 3:1 (w/w). 

The different plant growth substrates used were either nonsterilized 
or sterilized by tyndelization procedure. The substrate was placed in 
plastic bags containing approximately 2 kg each. Then, they were 
autoclaved three times for 1 hr each at 15 psi. Between each 
sterilization they were incubated for 24 hr at ambient temperature. 
Because the pots were not steam resistant, they were first washed 
with commercial dish detergent, thoroughly rinsed with drinking 
water, and then surface disinfected by spraying with 70% (in water) 
of technical alcohol. The sterile substrate was placed in the pots in a 
disinfected room (disinfected by spraying with 70% technical alcohol 
on all surfaces). Pots were immediately sown with seeds. 

Radish seeds containing the commercial fungicide treatment 
(Thiram) were used without any treatment or, alternatively, they were 
washed 10 times for I min each under constant agitation with distilled 
water. The last two washings were performed with sterile distilled 
water. Radish seeds were sown without drying.. Lettuce seeds were 
sown without any special treatment. 

Chlorine Dioxide Application 

A commercial preparation of chlorine dioxide (Halox E100, Halox 
Co.) which is stable in freshwater (Halox Co., unpublished data) and 
seawater (Puente et al., 1992) was used. It contains approximately 26 
mg/ml of active chlorine (Hager, unpublished data) and is used mainly 
for drinking and sewage water disinfection. 

Halox preparation of chlorine dioxide was applied either after 
dilution with distilled water (Arrowhead, Los Angeles, CA) 
(Experiments 2-4) without controlling the pH [which varied within the 
range of 5.42 (no Halox) to 9.85 (1:10 dilution)], or after dilution with 
a mixture containing 0.0165 M phosphate buffer supplemented with 
0.15 MNaCI (PBS) and 1/5 Hoagland's plant nutrient solution 
(Experiments 5-6). In Experiment 1, the Shieve's plant nutrient 
solution (Salisbury and Ross, 1985) was used instead of Hoagland's. 
The pH of all mixtures varied according to the Halox concentration 
and was within the range of 5.28 (no Halox) to 6.1 (highest 
concentration). The conductivity of the solutions was 0.25 to 200 (for 
water dilutions) and from 114 to 130 µmhos/cm2 (for buffered 
solutions). Dilutions used ranged from 1:1 to 1:100,000 corresponding 
to 13,000 to 0.26 µg active chlorine/ml in the preparation. Halox was 
applied to plants by direct irrigation on the "soil" surface. Although 
the chlorine level could be measured in the dilutions by a "chlorine 
test  kit"  (Hach,  Loveland,  U.S.A.),  after  application to soils, it was 
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FIG. 1. Effect of a single application of Halox on radish seedlings growing in nonsterile plant growth substrate. A, dry weight; B, root 
length; C, stem length; D, number of true leaves. Bars represent SE. Columns denoted by a different letter in each subfigure differ 
significantly at P ≤ 0.05 by one-way ANOVA. 

impractical to measure residual chlorine because of its different 
adsorption to the organic matter in each soil batch. A single 
application of Halox was used in two experiments. In other 
experiments, Halox was applied in 3-day intervals and up to five 
applications. 

Toxicity Index 

In many cases the toxic effect of Halox did not have an effect on 
the plant dry weight, but some discoloration could be detected by the 
naked eye on some of the plants. A quantitative analysis of these 
effects was done by a visual index where: 

0 = No apparent effect; healthy plant 
1 = Slightly affected, 1-2 leaves yellowing 
2 = Yellow leaves, damage to the stem, visible reduction in 

plant size 
3 = Significant reduction in plant size 
4 = Dead plants, very deformed plants or almost a complete 

inhibition of plant growth. 

Each seedling of the entire population was analyzed separately, and 
the average cumulative values of all the plants in a particular treatment 
represent the "toxicity index" of the treatment. 

 
Bacterial Count from Soil after Halox Treatments 
 

Each soil sample was diluted to a level of 10-6 in 0.85% NaCI. The 
first soil dilution contained 1 g of soil and 99 ml of a saline solution in a 
flask with 20 glass boiling beads (3 mm in diameter, VWR, Los 
Angeles, CA). The mixture was shaken for 10 min at 200 rpm in an 
orbital shaker and then decimally diluted in saline without letting the 
soil particles to settle. 

Bacteria were counted on soil extract agar (SEA; Wollum, 1982) by 
a conventional plate agar method (mixing 1 ml sample with 15 ml of 
SEA medium maintained at 48°C and immediately spreading the 
mixture on a petri plate). Each sample was duplicated and incubated for 
48 hr at 30 ±2°C. Colonies were counted by a colony counter (Manostat, 
New York, NY).  SEA medium contained 1000 ml soil extract,  1 g/liter 
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glucose, 5 g/liter yeast extract, 0.2 g/liter K2HPO4, 15 g/liter agar. 
Final pH was 6.8-7.0. Soil extract for this medium was prepared as 
follows: 500 g of soil was thoroughly mixed in 1000 ml of tap water. 
The mixture was autoclaved for 1 hr and then filtered through a 
Whatman 5 filter paper, and the volume was adjusted to 1 liter with 
tap water. To this, ail the other ingredients were added and the new 
mixture was autoclaved for 20 min. 

Experimental Design and Statistical Analysis 
 

All experiments were designed by a random fashion and contained 
10 replicates each. Each experiment was repeated at least twice. A 
replicate was considered a single pot containing several seedlings as 
detailed in Table 1. Controls for the experiments, although varying 
between the experiments, included irrigation with nutrient solution, 
water, or mixtures of buffers and plant nutrient solution. 

All results were statistically analyzed by one-way analysis of 
variance (ANOVA) at P ≤ 0.05 using Statgraphics software 5.1 
(Graphic Software Systems, Rockville, MD) and were drawn by 
Sigma Plot (Jandel, San Rafael, California) software 5.0. Results 
presented are from representative experiments demonstrating similar 
trends. 
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FIG. 3. Effect of multiple applications of various dilutions of Halox on the 
total number of soil bacteria in agricultural soil. 

RESULTS 

Effect of a Single Application of Halox on Radish 
Seedlings Growing in Nonsterile Plant Growth 
Substrate (Experiment 1, Table I)  
A single application of various dilutions of Halox (1:10,000-

1:100,000) to radish seedlings growing in a commercial plant 
substrate only slightly, but significantly, decreased plant 
development. One dilution (1:25,000) slightly, but nonsignificantly, 
increased plant growth (about 4% increase). At the end of the 
experiment the plants looked unaffected (Fig. IA). Other measured 
plant parameters were as follows: root length, while not negatively 
affected at 1:10,000 dilution, significantly increased at lower Halox 
levels (dilutions >25,000) (Fig. 1B). Stem length, although 
nonaffected by any concentration of Halox, significantly increased in 
the lowest concentration (1:100,000) (Fig. 1 C). The number of true 
leaves was not negatively affected (Fig. 1D). 

 

Effect of a Single Application of Halox on Radish 
Seedlings Growing in Sterile Substrate (Experiment 2, 
Table I) 

Similar to Experiment 1, Halox had only a marginally 
decreasing effect on the development of radish seedlings 
growing in sterile commercial plant growth substrate (Fig. 2). 
Dilution of 1:25,000 did not decrease plant growth (but a 
nonsignificant increase of about 2% was observed). 
 

Effect of Multiple Applications of Halox on Radish 
Seedlings Growing in Sterile and Nonsterile 
Agricultural Soil (Experiment 3, Table 1) FIG. 2. Effect of a single application of Halox on the dry weight of radish 

seedlings growing in sterile plant growth substrate. Bars represent SE. 
Columns denoted by a different later differ significantly at p ≤ 0.05 by one-
way ANOVA. 

Halox did not reduce the level of soil bacteria after even four 
consecutive applications at any dilution rate (Fig. 3). 
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FIG. 4. Effect of multiple applications of Halox on radish seedlings growing in sterile and nonsterile agricultural soil. Bars represent SE. Columns denoted 
by a different letter in each subfigure separately, differ significantly at P ≤ 0.05 by one-way ANOVA. 

In nonsterile soil, Halox dilution of 1:25,000 increased plant 
growth, but only by about 8%. High Halox dilution (1:1000) 
significantly decreased plant growth, and the other concentrations 
(1:10,000; 1:50,000, and 1:100,000) had no apparent effect on the 
dry weight of the plants (Fig. 4A). In sterile soil (Experiment 4, 
Table 1) high concentrations of Halox (1:1000 and 1:10,000) 
significantly decreased plant growth, but higher concentrations had 
no significant reduction on plant development (Fig. 4B). 
 
Effect of Multiple Applications of Halox on Radish and 

Lettuce Seedling Dry Weight Growing in Sterile Sand 
without Organic Matter (Experiments 5 and 6, Table I)  
To avoid interference of organic matter interaction with 

chlorine ions, the experiments were conducted in pure sand and 
vermiculite mixtures. Application of Halox to radish reduced plant 
dry weight only in the 1:10,000 dilution. Other dilutions and also 
application of Halox on lettuce plants in dilutions ranging from 
1:5000 to 1:25,000 did not reduce plant dry weight (Figs. 5A and 
5B). 

 
Effect of Halox on the Appearance of Radish and Lettuce 

Seedlings 
High concentrations of Halox (1:1000) were toxic to both 

radish and lettuce seedlings and resulted in chlorosis and 
significant depression of plant size (Figs. 6A and 6B). Dilutions of 
Halox significantly decreased toxicity in both plant species. Yet, 
when a large plant population was analyzed, small adverse 
toxicity     was     observed.      Low     concentrations     of   Halox 

(> 1:50,000) had no apparent effect on the appearance of both plant 
species (data not provided). 

DISCUSSION 

Agriculture is the biggest freshwater consumer on Earth, 
overwhelming all other uses. In California, for example, agriculture 
consumes 78% of all available water leaving domestic, industrial, 
and environmental needs to vie for the remainder (Conniff and 
Rickman, 1993). In less-developed countries this proportion is even 
higher (Graves, 1993). There is a clean water crisis in the world, 
where 40% of its population experiences chronic water shortage 
(about 1 billion people live without pathogen-free drinking water), 
and 10 million annual deaths are related to diseases from 
contaminated water (Hager, 1995). Fortunately, the majority of the 
population enjoys sanitary water, largely due to the use of chlorine 
compounds (Strobel and Dieter, 1990). Water for agricultural 
irrigation does not need to be disinfected because plants are not 
affected by human- and animal-related pathogens. Nevertheless, 
large amounts of plants are irrigated with chlorinated drinking 
water. Furthermore, because the use of chlorinated urban and 
industrial sewage water is growing in agriculture (Narkis et al., 
1995; Rav Acha et al., 1995), more plants are being exposed to 
chlorine compounds. Surprisingly, the literature on water 
purification does not deal with related effects, even though there is 
sufficient knowledge about the various adverse effects of chlorine 
compounds on plant material (Welch, 1995). 
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FIG. 5. Effect of multiple applications of Halox on radish and lettuce seedling dry weight growing in sterile sand without organic matter. Bars represent SE. 
Columns denoted by a similar letter in each subfigure separately, do not differ significantly at P ≤ 0.05 by one-way ANOVA. 

Chlorine dioxide is being considered for water treatment in 
Mexico; therefore, it is inevitable that some of this water will be used 
to irrigate plants in urban zones and in rural agricultural area where 
economical constrains require that one water system serves both 
needs. Thus, the aim of this study was to assess possible risks for 
plant development after irrigation with chlorine dioxide-treated water. 

Using two chlorine-susceptible plant species, it was found that 
the plants were not able to tolerate high levels of Halox in the 
irrigation water. However, the plants did tolerate low levels 
corresponding to the actual dilutions used for disinfecting drinking 
water. The higher the dilution, the smaller the effect that could be 
detected in the plants. 

From  these  results  alone,  one cannot draw final conclusions on 

FIG. 8. Effect of Halox on radish and letuce seedlings appearance. Results are the average of two experiments. Dilution 1:1000 in radish represents results 
from a single experiment. 
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the general safety of Halox application on plants. (i) The model 
plants were chosen more for their susceptibility to the disinfectant 
rather than their economic importance (which is marginal in 
Mexico). There are numerous, more economically important plants 
to be tested such as beans, corn, peppers, and tomatoes. (ii) The 
experiments were conducted under controlled conditions and not 
under field conditions. (iii) Halox was applied by manual irrigation 
using clean, organic matter-free equipment, and not through the 
commonly dirty agricultural irrigation systems which may 
deactivate it. (iv) In these experiments Halox was not exposed to the 
field UV irradiation that might eliminate or reduce its effects on 
plants. (v) Only seedlings were used, and the long-term effects (if 
any) on more mature plants were not studied. (vi) The experiments, 
despite their repetitions and many replications, were, in fact, on a 
small scale. Despite the above reservations, this study demonstrates 
that Halox-treated drinking water is not hazardous to plants. 

CONCLUSION 

In conclusion, this study revealed that chlorine dioxide-treated 
drinking water should be considered safe for growing plants. For 
more conclusive recommendations, more commercial plant species 
and long-term effects should be tested under greenhouse and field 
conditions with agricultural hardware. 
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