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Chapter 1 
 
General introduction 
 
 
Sulfur in plants - uptake and assimilation of sulfate taken up by the root  
 
Sulfur is one of the essential nutrients required for plant growth and is considered as the 
fourth major important nutrient after nitrogen, phosphorous and potassium for 
agricultural crop production. The plants’ sulfur content strongly varies between species 
and ranges from 0.03 to 2 mmol g-1 dry weight (0.1 - 6%; Tabatabai 1986; De Kok et al., 
2002, 2005). The predominant proportion of the organic sulfur is present in proteins as 
methionine and cysteine residues, which are highly significant for protein structure, 
conformation and function. Plants contain a large variety of other sulfur metabolites, e.g. 
glutathione, sulfolipids and secondary sulfur compounds, which play an important role in 
plant functioning and adaptation to the environment (De Kok et al., 2002, 2005). The 
sulfur supply to the plant has a decisive effect on the yield and quality of crops. 

Sulfate taken up by the root is the predominant sulfur source for growth (De Kok et al., 
2002, 2005). The sulfate is loaded into the xylem and transported to the shoot, where it is 
reduced in the chloroplast prior to its assimilation into organic sulfur compounds. First 
the sulfate is activated by ATP to APS (adenosine 5' phosphosulfate), catalyzed by ATP-
sulfurylase and subsequently reduced by APS reductase to sulfite and then to sulfide by 
sulfite reductase (Fig. 1). The sulfide is incorporated into cysteine by O-acetyl-L-serine 
(thiol)lyase. Cysteine is used as sulfur donor for the synthesis of methionine and both 
amino acids are incorporated into proteins. Cysteine is also the precursor for several 
other sulfur compounds including glutathione (De Kok et al., 2002, 2005). The sulfate 
uptake by the roots and its transport to the shoots are mediated by specific sulfate 
transporters (Hawkesford and Wray, 2000). The regulation and expression of sulfate 
transporters is controlled by the plant’s sulfur nutritional status (Buchner et al., 2004). 
Sulfate itself, or a metabolic product of sulfate assimilation, such as cysteine or 
glutathione etc. may be involved as signals in the regulatory control of uptake and 
transport of sulfate. 

 
 

Uptake of SO2 by the shoot - metabolism and toxicity 
 
It is evident that in addition to sulfate taken up by the root plants are able to metabolize 
sulfur gases, viz. H2S, SO2, absorbed by the shoot (De Kok, 1990; De Kok et al., 1998; 
Buchner et al., 2004). The uptake of these sulfur gases by the shoot proceeds via the 
stomata, since the cuticle is hardly permeable for these gases (Lendzian 1984). The rate 
of uptake depends on the stomatal and mesophyll conductance towards the gas and the 
atmospheric concentration; the uptake can be described by Fick’s law for diffusion (Fig. 
2; Baldochi, 1993; De Kok et al., 1998; De Kok and Tausz, 2001). The mesophyll 
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conductance towards SO2 is very high since SO2 is highly soluble in the aqueous phase 
of the mesophyll cells (in either apoplast or cytoplasm). Furthermore it is rapidly 
hydrated/dissociated yielding bisulfite and sulfite (SO2 + H2O → H+ + HSO3

- →2 H+ + 
SO3

2-), which either may be reduced in the chloroplast or are enzymatically or non-
enzymatically oxidized to sulfate (Fig. 1; De Kok, 1990; De Kok and Tausz, 2001). The 
stomatal conductance is generally the limiting factor for the foliar uptake of SO2, which 
is reflected by a nearly linear relation between the uptake and the atmospheric SO2 
concentration (Tausz et al., 1998; Van der Kooij et al., 1998; De Kok and Tausz, 2001). 
 
 

 
 

Fig. 1. Metabolism of sulfate and SO2 in the plant (adapted from De Kok et al., 2002). APS, 
adenosine 5’-phosphosulfate; Fdred, Fdox, reduced and oxidized ferredoxin; RSH, RSSR, thiol 
compound (reduced and oxidized, presumably glutathione). 
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 SO2 is potentially phytotoxic and its ambient air concentration may exceed values, 
which negatively affect plant growth and functioning. The minimal effective 
concentration of SO2 air pollutants at which plant injury may occur is 0.01 µl l-1 for 
chronic injury and 0.03 µl l-1 for acute injury, respectively (Posthumus, 1998). 
Doubtlessly the physical/biochemical background of the phytotoxicity of SO2 can be 
ascribed to the negative consequences of acidification of tissue/cells upon the 
dissociation of SO2 in the aqueous phase of the mesophyll cells and/or the direct reaction 
of the formed (bi)sulfite with cellular constituents and metabolites (De Kok, 1990; De 
Kok and Tausz, 2001). However, the physiological basis for the wide variation in 
susceptibility between plants species and cultivars for atmospheric sulfur gases is still 
largely obscure (De Kok, 1990; De Kok et al., 1998; De Kok and Tausz, 2001). 

 
 

 
Fig. 2. Foliar gas exchange, where Jgas represents the gas exchange rate, ggas the diffusive 
conductance of the foliage, representing the resultant of the stomatal and mesophyll conductance 
to the gas and ∆gas the gas concentration gradient between the atmosphere and leaf interior 
(derived from Baldochi 1993; De Kok et al. 1998; De Kok and Tausz 2001). 

 
 
The impact of SO2 on plants is ambiguous, since despite its potential toxicity it may 

also be metabolized and contribute to the plants’ sulfur nutrition (De Kok, 1990; Van der 
Kooij et al., 1997; Stulen et al., 1998). The absorbed SO2 in the mesophyll cells of the 
shoot may enter the sulfur reduction pathway as either sulfite or, after oxidation, sulfate 
(Fig. 1). Excessive absorbed SO2 is presumably transferred into the vacuole as sulfate, 
where it is only slowly accessible for metabolism (Cram, 1990; Clarkson et al., 1993).  
Generally, SO2 exposure results in an enhanced sulfur content of the foliage, mainly 
because of an accumulation of sulfate presumably in the vacuole, even at relatively low 
atmospheric concentrations (De Kok, 1990; De Kok and Tausz, 2001).   
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Outline of this thesis 
 
The economic growth, industrialization and urbanization of rapid developing countries 
viz. China, are associated with a strong increase in energy demand and emissions of 
gaseous pollutants including SO2 (Kesselmeier, 2005). Consequently, agricultural crops 
are at most risk from current levels of sulfurous air pollutants, viz. SO2, since they are 
grown close to sources of emissions. The paradoxical effects of SO2 complicate the 
establishment of cause-effect relationships and its acceptable atmospheric concentrations 
in agro-ecosystems. Furthermore, it is still unclear to what extent metabolism contributes 
to the detoxification of the absorbed sulfur gases. The latter may have practical 
significance, especially in agro-ecosystems, where during recent years sulfur deficiency 
of soils has become a major problem in various areas in the world due to an imbalance of 
sulfur in relation to nitrogen, phosphorus and potassium in the fertilizers (Haneklaus et 
al., 2003). 

Chinese cabbage (Brassica pekinensis) is a very important high-yield vegetable crop 
in China. It is cultivated throughout the country, because of its rapid biomass 
accumulation, cold resistance and short growing period. Chinese cabbage is often grown 
around big cities, and in northern China its growing season is from autumn to the 
beginning of winter. During this period, the SO2 pollution levels are usually high because 
of the heating season (October to March). It is yet unclear to what extent atmospheric 
SO2 affects Chinese cabbage production under intensive farming practice with a general 
use of low sulfur or even sulfur-free fertilizers. In this thesis, the interaction between 
atmospheric SO2 and pedospheric sulfate nutrition was studied in order to evaluate 
whether SO2 may be considered as toxin or nutrient for Chinese cabbage, and to what 
extent sulfur fertilization in the field needs to be adjusted to the level of atmospheric SO2 
pollution. 

Chapter 2 presents an overview of air pollution problems in China and their impact on 
agriculture. Although some air pollution control measures are adopted in China, the 
emission of SO2 is still one of the biggest in the world. Vegetables, fruit trees and 
agricultural/horticultural crops, which are grown close to the densely populated areas, 
appear at the highest risk. Chapter 3 reports on the interaction between atmospheric SO2 
deposition and pedospheric sulfate nutrition in a Dutch variety of Chinese cabbage. 
Chapter 4 describes the impact of various levels of SO2 on growth, sulfur and nitrogen 
metabolism and the relevance of toxic and nutritional effects of SO2 for Chinese cabbage. 
Subsequently in Chapter 5, the ability of Chinese cabbage to utilize SO2 as sulfur source 
in relation to the sulfur status of the plant is investigated by exposure of seedlings at 
various stages of sulfate deprivation and re-supply. Furthermore, the interaction between 
SO2 exposure and pedospheric sulfate nutrition is studied. In Chapter 6, the sulfur status 
of Chinese soils and the response of Chinese cabbage to sulfur fertilization in field 
experiments in the Beijing area are presented. In Chapter 7, the relevance of toxicity 
versus metabolism of SO2 for Chinese cabbage and the significance of shoot to root 
signaling in sulfur uptake and assimilation are discussed. 
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Chapter 2 
 
SO2, NOX and acid deposition problems in China – impact 
on agriculture 
 
 
Abstract 

 
China, one of the most populated countries in the world, has experienced an unprecedented 
period of industrial development – the rapid growth of the economy resulting in a high demand 
for energy. More than 75% of primary energy is supplied by domestic coal, which has a high S 
and dust content. This reliance on coal as the principle source of energy has resulted in air 
pollution dominated by SO2, particulates, NOx and acid rain. In comparison with most of the 
other developing countries in Asia, China has a higher rate of increase in energy consumption. 
Although some air pollution control measures are adopted in China, the emission of SO2 is still 
one of the biggest in the world. The dramatic increases in vehicle numbers in Beijing city and 
growing industrial activity have resulted in a 33-fold increase in NOx emission between 1950 
and 1990. Visible injury and growth and yield reductions caused by air pollutants are common 
phenomena in the fields in and around some industrialized areas in China. Vegetables, fruit trees 
and agricultural/horticultural crops appear most at risk, since most of them are grown close to 
the densely populated areas. Recent studies on vegetable species (Brassica juncea, Brassica 
oleracea; Lactuca sativa and Raphanus sativus) grown in pots at distances from 5 to >20 km 
downwind of the city of Chongqing showed that in comparison with the ‘clean site’, >20 km 
from Chongqing, yields of all four vegetable species at the two sites closest to the city were 
significantly (45 - 88%) decreased by ambient air pollution. Few controlled studies have been 
directed at quantifying the impacts of SO2 on crops and vegetation in China and even less have 
attempted to investigate the combined effects of SO2 and other air pollutants as NOx. Most of the 
research has been conducted using unrealistically high pollutant concentrations for a short time 
period, and little work has been directed at investigating the underlying mechanisms. Therefore 
research on i) the mechanisms underlying the impact of chronic exposure at realistic levels of 
pollutants on growth, physiology, yield and quality of crops, and ii) field-based impact 
assessments to quantify the extent of crop loss due to air pollution in China, in relation to 
fertilizer practice, are urgently needed. 
 
 
Introduction 
 
China, one of the most populated countries in the world, has experienced an 
unprecedented period of industrial development – the rapid growth of the economy 
resulting in a higher demand for energy than other countries. The total coal consumption 
was 1052 × 106 tons in 1990 and reached 1280 × 106 tons in 1995. The raw coal that 
contains a high rate of sulfur and ashes accounts for more than 75 percent of the total 
energy consumption, although various kinds of energy such as oil, natural gas, 
hydropower and nuclear power have been developed in recent decades. In coal 
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consumption, the domestic use of coal in China occupies a higher proportion than in 
most developed countries, amounting to about 30 to 40 times of that in Japan and the 
USA. This reliance on coal as the principal source of energy has resulted in air pollution 
dominated by SO2, particulates, NOx and acid rain. In addition, the low energy utilization 
ratio led to environmental pollution problems too. The energy utilization ratio was about 
30% in China in recent years but about 40% in Western Europe and more than 50% in 
Japan and the USA. 

In addition, the dramatic increase in vehicle numbers in some big cities and growing 
industrial activities have resulted in a high increase of NOx emission. NOx annual 
average concentration in urban areas has increased year by year, and NOx has become 
the pollutant of most importance in big cities such as Beijing and Guangzhou. 
 
 
SO2 emission and acid deposition 
 
In comparison with most of the other developing countries in Asia, China has a higher 
rate of increase in energy consumption. Although some air pollution control measures 
are adopted in China during recent years, the emission of SO2 is still one of the biggest in 
the world and the pollution is still rather serious. This has resulted in greater air pollutant 
emission increase than the average rate of increase in developed countries. It was 
estimated that Chinese SO2 emissions account for c. 69% of the total SO2 emissions from 
Asia (Kato, 1996). 

Fig. 1 shows SO2 emissions in China during recent years. The highest total SO2 
emissions appeared in 1995 and 1997, which were over 23 × 106 tons per year. In 2000 
the total amounts of SO2 emissions was 19.95 × 106 tons, 16.12 × 106 tons from 
industrial sources and 3.83 × 106 tons from municipal sources. The total amount of 
emission of flue gas and dust was 11.65 × 106 tons, 9.53 × 106 tons from industrial 
sources and 2.12 × 106 tons from municipal sources. The total amount of emission of 
industrial ashes and powders was 10.92 × 106 tons. 

Urban air pollutions were very serious during recent years. The air pollutant 
concentrations in northern cities were higher than in southern cities. For example, in 
1997, the national annual average concentration of SO2 was 66 µg m-3, ranging from 3 to 
248 µg m-3. The concentrations exceeded the Chinese secondary air quality standard 
(SAQ) for SO2 (which is 60 µg m-3), in 52% and 38% of the northern and southern cities, 
respectively. The annual average concentration of SO2 in the northern cities was 72 µg 
m-3, while it was 60 µg m-3 in the southern cities. In the northern region, 79% of the 47 
northern cities’ annual means were higher than the long-term critical level for 
agricultural crops, 30 µg m-3. The highest levels of SO2 were monitored in Taiyuan and 
Jinan, the average annual concentration of SO2 reached 248 µg m-3 and 173 µg m-3 
respectively, which were 8.2 and 5.7 times the critical level. In the southern region, 70% 
of the 47 southern cities’ annual means were higher than the critical level. The highest 
levels of SO2 were monitored in Yibin and Chongqing, where the annual mean SO2 
concentration reached 216 and 208 µg m-3 respectively, which were 7.2 and 6.9 times the 
critical level. In 1996 the average air concentration of SO2 in the cities within the State-
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Controlled Network was 2 to 418 µg m-3. The average concentration of SO2 for cities 
over the country reached 79 µg m-3, that of northern cities 83 µg m-3 and that of southern 
cities 76 µg m-3 (from Report on the State of Environment in China (RSEC) 1995-2000, 
Beijing). 
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Fig. 1. SO2 emissions in China during recent years (from Report on the State of Environment in 
China (RSEC) 1995-2000, Beijing). 
 

 

 
 

Fig. 2. The distribution of annual rainfall pH over China in 1999 (from Report on the State of 
Environment in China (RSEC) 1995-2000, Beijing). 
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The South of China became the third largest region with heavy acid deposition after 
Europe and North America. In the last two decades, the area in China affected by acid 
rain has increased dramatically. In 1993, this area accounted for more than 40% of the 
total land area of China. The land seriously affected by acid deposition has extended 
from 1.75 × 106 km2 in 1985 to 2.8 × 106 km2 in 1993 (Wang and Wang, 1995).  

The regions with acid rain have remained stable at the end of the 1990s, and were 
mainly located in the large areas to the south of the Yangtze and to the east of Tibet and 
Qinghai Plateau, as well as in Sichuan Basin. In mid-China, South China, Southwest and 
East China, there are regions with serious acid rain pollution. In the northern part, there 
is acid rain in some places such as Tumen and Qingdao. The area with acid rain accounts 
for 30% of the territory in recent years.  
 In 1999, the pH value monitoring results of the rainfall in 106 cities indicate that the 
annual pH value of the rainfall was 4.3 - 7.5. There were 43 cities where the annual 
rainfall pH value was lower than 5.6, accounting for 41% of the cities that were 
monitored. In the 59 southern cities, the pH value of annual precipitation in 41 cities was 
less than 5.6 (Fig. 2). The cities with over 80% acid rain frequency include Huaihua, 
Jingdezhen, Zunyi, Yibin and Ganzhou. In the northern cities, the annual pH value of the 
precipitation in Tumen and Qingdao was less than 5.6. 
 
 
Dramatic increase in vehicle numbers and NOx pollution 
 
Because of the dramatic increase in vehicle numbers in some big cities and growing 
industrial activity, NOx annual average concentration in urban areas has increased year 
by year, and NOx has become the pollutant of most importance in big cities such as 
Beijing, Guangzhou and Shanghai. Fig. 3 shows the annual variation of the motor 
vehicle population in Beijing, Shanghai and Guangzhou City. The average annual growth 
rates of the vehicle population in Beijing, Guangzhou and Shanghai were 16.4, 16.5 and 
13.4%, respectively, since the 1980’s, and the contribution of vehicles to CO and NOx 
emission of these cities was over 80% and near 40%, respectively. The daily average 
concentrations of NOx and CO in the city street atmosphere have greatly exceeded the 
Chinese secondary air quality standard (SAQ), and the pollution situation near streets is 
more serious than that of other urban areas. The photochemical smog phenomenon 
already exists in some metropolitan cities and the pollution is getting more and more 
serious. 

Fig. 4 shows the NOx emissions in China between 1950 and 1990. By the growing 
industrial activity and the rapid increase in vehicle numbers, NOx emissions in China 
increased 33-fold between 1950 and 1990. According to the results of national air 
ambient environment monitoring between 1986 and 1995, the daily concentration of SO2, 
TSP and micro-dust in ambient air of the cities actually decreased about 10 - 13% but the 
annual average concentration of NOx increased about 3%. Nearly 70% of cities had the 
increased trend of concentration of NOx and NOx has become the most important 
pollutant in a few metropolitan cities (Wang et al., 1997; Xie et al., 2000). 
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In 1997, the national average concentration of NOx was 45 µg m-3, and ranged from 4 
to 140 µg m-3. The annual average NOx concentration in northern cities was 49 µg m-3 
and 41 µg m-3 in the southern cities. 36% of the monitored cities could meet the Chinese 
standards for air quality (SAQ) for NOx , which is 50 µg m-3. The bigger cities, with high 
vehicle numbers, normally exhibit higher NOx concentrations. In 79% of the 47 northern 
cities the annual average concentrations exceeded the long-term critical level for 
agricultural crops, 30 µg m-3. The highest level, measured in Beijing, was more than 4 
times the critical level, 133 µg m-3. In 70% of the 47 southern cities the annual average 
concentration was higher than the critical level. The highest levels, measured in 
Guangzhou and Shanghai, were more than 4.7 and 3.5 times the critical level, 140 and 
105 µg m-3, respectively (data from China Environmental Yearbook (ECCEY) 1998, 
Beijing). 
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Fig. 3. The increase in motor vehicle population in Beijing, Shanghai and Guangzhou City from 
1980 to 2000 (from Xie et al., 2000). 

 
 
Air pollution in Beijing 
 

The air pollution in Beijing is very serious, and it is the mixed type of pollution 
caused by the coal burning and vehicle emission. Fig. 5 shows the annual daily average 
concentrations of ambient SO2 and NOx in Beijing from 1981 to 2000. The highest 
annual daily average concentration of ambient SO2 appeared in 1991, 132 µg m-3, and 
the highest annual daily average concentrations of ambient NOx appeared in 1998, 148 
µg m-3. There was a gradual increase in the NOx concentrations during the last two 
decades. Since 1994 the concentration of ambient NOx was higher than the concentration 
of ambient SO2 and became the first pollutant in autumn and winter seasons. Fig. 6 
shows the SO2 and NOx average concentration in Beijing from January 1994 to June 
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1997. Pollutant levels of SO2 and NOx in winter (November to March) greatly exceeded 
the Chinese SAQ, because of the winter heating. 
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Fig. 4. NOx emission in China from 1950 to 1990 (from Wang et al. 1997). 
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Fig. 5. Annual average concentrations of ambient SO2 and NOx in Beijing from 1981 to 2000 
(from Xie et al., 2000 and BJEPB, 2001). 
 
 
Air pollution effects on agriculture 
 
Investigations showed that around the big cities and industrial areas, yield and quality of 
the vegetation is affected by air pollutants. Visible injury and growth and yield 
reductions caused by air pollutants are common phenomena in the fields in and around 
some industrialized areas in China (Cao, 1990; Florig, 1997). Vegetables, fruit trees and 
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agricultural/horticultural crops appear most at risk, since most of them are grown close to 
the densely populated areas. Due to the great demand for fresh fruit and vegetables in the 
cities, and the poor transportation system in some areas, most fruit and vegetable 
producing areas are located around the densely populated areas. 
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Fig. 6. SO2 and NOX average concentration in Beijing from January 1994 to June 1997 (from 
Wei and Lin, 1999). 
 
 
 Acid rain resulting in forest and agricultural decline and damage attracted people’s 
attention from 1980’s in Southwest China. According to the research report, 46% of 
1500 ha Pinus massoniana forest in Nanshan Chongqing, 40% of Abies fabri forest in 
Emei Mountain, Sichuan Province and 96% of 6000 ha Pinus armandii forest in Fenjie 
County, Sichuan province have damage of SO2 combining with acid fog, acid rain and 
consequently the increased susceptibility to insects (Liu et al., 1988b; Yu et al., 1990 a,b; 
Mou and Guo, 1992; Pu and Yang, 1992; Qing et al., 1992; Shen et al., 1995; Bao, 1999). 
Forest decline and damage from acid rain also occurred in Guangxi, Guangdong and 
Zhejiang provinces. The estimation (Zhang et al., 1998a,b; Feng et al., 1999) showed that 
19.1% of the agricultural land in the 7 provinces (Jiangsu, Zhejiang, Anhui, Fujian, 
Hunan, Hubei and Jiangxi) in Southern China was affected by SO2 and acid rain 
pollution. The average crop yield reduction due to the combined effects of SO2 and acid 
rain was 4.3% in the middle of 1990s. Vegetable yield was reduced by 7.8%, wheat by 
5.4%, soybean by 5.7% and cotton by 5.0%. In these 7 provinces, 4.2% of the forest was 
affected by acid deposition, a total area of 1.28 × 106 hm2, 62% was P. massoniana 
Lamb. forest. The average volume loss rate of forest was 13.2%, with a total loss of 1.01 
× 106 m3 (Liu et al., 1988a; Yu et al., 1990b; Zheng, 1991; Shen et al., 1995). Recent 
research results (Feng, 2000) showed that annual crop areas suffering from acid 
deposition and annual economic losses of crops in 11 provinces (Jiangsu, Zhejiang, 
Anhui, Fujian, Jiangxi, Hunan, Hubei, Sichuan, Guizhou, Guangdong and Guangxi) of 
South China are estimated to be 12.89 × 106 hm2 and 4.26 × 109 Chinese Yuan, 
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respectively. Annual economic losses of forests due to acid deposition in those provinces 
were estimated to be 1.8 × 109 Chinese Yuan (Table 1). 

 
 

Table 1. Annual areas, economic losses of crops and annual economic losses of forests due to 
acid deposition in 11 provinces of South China (Feng, 2000).  

 
Province Annual Areas and Economic Losses of Crops Annual Economic 

Losses of Forests 
 Grain crops Cash  

crops 
Vegetables Subtotal Pine  

trees 
Fir  

trees 
Sub-
total 

 
106 
ha 
y-1 

109 
Yuan 

y-1 

106 
ha 
y-1 

109 
Yuan 

y-1 

106 
ha 
y-1 

109 
Yuan 

y-1 

106 
ha 
y-1 

109 
Yuan 

y-1 

109  
Yuan 

y-1 

109 
Yuan 

y-1 

109 
Yuan 
    y-1 

Jiangshu 1.788 0.222 0.818. 0.175 0.400 0.280 3.006 0.068 0.017 0.012 0.029 
Zhejiang 0.214 0.026 0.170 0.028 0.250 0.231 0.633 0.029 0.100 0.060 0.210 
Anhui 1.206 0.273 0.568 0.142 0.219 0.190 1.993 0.061 0.015 0.002 0.009 
Fujian 0.084 0.008 0.115 0.007 0.327 0.317 0.525 0.033 0.041 0.056 0.071 
Jiangxi 0.047 0.002 0.292 0.054 0.283 0.304 0.622 0.036 0.024 0.093 0.134 
Hunan 0.153 0.010 0.372 0.096 0.423 0.497 0.948 0.060 0.030 0.056 0.080 
Hubei 1.080 0.195 0.684 0.242 0.427 0.410 2.191 0.085 0.136 0.037 0.067 
Sichuan 1.008 0.100 0.713 0.030 0.133 0.060 1.854 0.019 0.049 0.005 0.141 
Guizhou 0.310 0.010 0.142 0.010 0.029 0.010 0.482 0.003  0.005 0.054 
Guangdong 0.001 0.001   0.312 0.191 0.313 0.019   0.352 
Guangxi 0.102 0.020   0.219 0.128 0.321 0.015   0.655 
Total 5.229 0.865 3.873 0.785 3.015 2.607 12.88 4.257   1.802 

 
 

Many field investigations and laboratory studies on the effects of air pollutants on 
agriculture have been conducted in China since the beginning of 1980’s. However, few 
controlled studies have been directed at quantifying the impacts of SO2 and NOx on crops 
and vegetation in China. Even less have attempted to investigate the combined effects of 
SO2 and other air pollutants as NOx (Xiao, 1996). Most of the research has been 
conducted using unrealistically high pollutant concentrations for a short time period, and 
little work has been directed at investigating the underlying mechanisms (Liu et al., 1991, 
Zhou et al., 1993, Dai et al., 1994). There are a few field fumigation experiments, but 
continuous air pollutant monitoring data are lacking. For example, Zheng grew four 
vegetable species in pots in different locations with 5 km, 10 km and >20 km downwind 
from the city of Chongqing (Zheng et al., 1996). Results showed that in comparison with 
the ‘clean site’, >20 km from Chongqing, yields of all four vegetable species at the two 
sites closest to the city were significantly (45–88%) decreased by ambient air pollution. 
It was also found that the number of aphids on some of the vegetable leaves was 
significantly higher at the sites closer to the city. 

Therefore research on i) the mechanisms underlying the impact of chronic exposure at 
realistic levels of pollutants on growth, physiology, yield and quality of crops, and ii) 
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field-based impact assessments to quantify the extent of crop loss due to air pollution in 
China, in relation to fertilizer practice, are urgently needed. 
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Chapter 3 
 
Interaction between atmospheric sulfur dioxide deposition 
and pedospheric sulfate nutrition in Chinese cabbage  
 
 
Abstract 
 
Chinese cabbage was able to utilize foliarly absorbed SO2 as sulfur source for growth and   at 
atmospheric levels of ≥ 0.06 µl l-1 SO2 it appeared to be beneficial when roots were sulfate 
deprived. Sulfate deprivation resulted in a decrease in the shoot to root ratio, which remained 
unaltered low upon SO2 exposure.  

 
Introduction 
 
At present, sulfur deficiency appears to be one of the most frequent nutrient deficiencies 
occurring in high yielding arable crops. Sulfur is usually available to plants as sulfate 
from the pedosphere. Despite improved air pollution control legislation, SO2 pollution is 
still rather serious in the vicinity of populated areas in China. Atmospheric sulfur gases, 
viz. SO2, H2S, may be phytotoxic (Okpodu et al., 1996; De Kok, 1990), they can also be 
utilized as a sulfur source for plant growth and may even be beneficial when the 
pedospheric sulfate supply is limited (De Kok, 1990; De Kok and Stulen, 1998; De Kok  
et al., 2000; Westerman et al., 2000). The present study was conducted to evaluate the 
possible significance of SO2 as nutrient for Chinese cabbage, an important vegetable 
crop in Northern China. 

 
Materials and methods 
 
Seedlings of Chinese cabbage (Brassica pekinensis, cv. Kasumi F1, Nickerson-Zwaan, 
The Netherlands) were grown on a 25% Hoagland nutrient solution in a climate-
controlled room for one week and subsequently transferred to a 25% Hoagland nutrient 
solution with or without 0.5 mM sulfate and acclimated for one day in the cabinets, then 
exposed to various levels of SO2 (0.06-0.18 µl l-1; see for experimental setup De Kok et 
al., 1997). The relative growth rate (RGR) of the plants, sulfate and total S were 
determined after 5 days of exposure (see for methods De Kok et al., 1997; Westerman et 
al., 2000). 

 
Results and discussion 
 
Chinese cabbage was not very susceptible to SO2, since growth was not affected upon 
exposure to 0.06 - 0.18 µl l-1 SO2 for 5 days (Table 1). When Chinese cabbage was grown  
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Table 1. Impact of sulfate nutrition and SO2 exposure on growth of Chinese cabbage. Plants 
were exposed for five days. Relative growth rate (RGR in % day-1; determined over a five-day- 
time interval) and shoot/root ration (S/R) are expressed on a fresh weight basis and represent the 
mean of 3 measurements with 9 plants in each (± SD). 
 

 - Sulfate + Sulfate 
 SO2 (µl l-1) 0.0  0.06  0.12  0.18  0  0.06  0.12 0.18  
 RGR  24 ± 2  30 ± 1  30 ± 2 31± 1 31 ± 1 30 ± 2 30 ± 1 30 ± 2 

 S/R 4.9 ± 0.3 4.7 ± 0.3 5.6 ± 0.3 5.7 ± 0.3 7.5 ± 0.2 7.8 ± 0.2 7.1 ± 0.2 7.9 ± 0.5 
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Fig. 1. Impact of sulfate nutrition and SO2 exposure on total sulfur and sulfate content of shoots. 
Plants were exposed for five days and data are expressed in µmol g-1 fresh weight and represent 
the mean of three measurements (± SD). 
 
 
without sulfate in the nutrient solution, it resulted in a significant reduction in growth, a 
decrease in shoot/root ratio and in rapid development of sulfur deficiency symptoms. The 
young developing leaves already started to yellow after two or three days of sulfate 
deprivation. Sulfate-deprived plants were characterized by a very low content of sulfate 
and total sulfur in both shoots and roots (Fig. 1). When sulfate-deprived plants were 
simultaneously exposed to levels of 0.06-0.18 µl l-1 SO2, the development of sulfur 
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deficiency symptoms was alleviated, growth was retained but shoot/root ratio remained 
lower (Table 1). The content of sulfate and total sulfur in plant tissue slightly increased 
upon exposure to the various levels of atmospheric SO2 both in presence and in absence 
of sulfate in the pedosphere (Fig. 1). 
 The present results demonstrate that in the absence of sulfate in the pedosphere, 
Chinese cabbage was able to utilize foliarly absorbed atmospheric SO2 as the sulfur 
source for growth. The interaction between atmospheric SO2 deposition and pedospheric 
sulfur nutrition will further be studied under both laboratory and field conditions at 
polluted sites in China in the vicinity of Beijing. 
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Chapter 4 
 
Sulfur dioxide – relevance of toxic and nutritional effects for 
Chinese cabbage 
 
 
Abstract 
 
Shoots of Chinese cabbage formed a sink for atmospheric SO2 and there was a linear relation 
between the rate of uptake and the atmospheric SO2 level (0.03 to 1.4 µl l-1).  Chinese cabbage 
appeared to be rather susceptible to the toxic effects of SO2. Shoot biomass production was 
reduced upon prolonged exposure to ≥ 0.1 µl l-1 SO2.  SO2 exposure resulted in an increase in the 
content of SO4

2-, water-soluble non-protein thiols and total S in the shoot with atmospheric 
levels of ≥ 0.1 µl l-1, however, the ratio of organic S to total S remained unaffected. The organic 
N content was not affected by SO2 exposure. The impact of SO2 on Chinese cabbage seemed to 
be ambiguous, since the SO2 taken up by the shoot also could be used as S source for growth and 
was even beneficial when SO4

2- supply to the root was deprived. A 5-day exposure of plants to 
0.06 to 0.18 µl l-1 SO2 resulted in an alleviation of the development of S deficiency symptoms 
upon SO4

2- deprivation. An atmospheric SO2 level as low as 0.06 µl l-1 appeared to be sufficient 
to cover the plants' S requirement for growth. The N/S ratio was much lower in SO4

2-sufficient 
plants than in SO4

2-deprived plants in both shoot and root. Exposure of SO4
2--deprived plants to 

SO2 resulted in a decrease in the N/S ratio of the shoot but did not affect that of the root. The 
N/S ratio of the shoot decreased with increasing SO2 levels as a consequence of the increase in 
total S and SO4

2- content. In contrast, the N/S ratio of shoot and root of SO4
2-sufficient plants 

was not significantly affected upon exposure to 0.06 to 0.18 µl l-1 SO2. SO4
2- deprivation 

resulted in a shift in shoot to root biomass partitioning during growth in favor of root production, 
which was not rapidly alleviated when SO2 was used as S source for growth. Its possible 
consequences for Chinese cabbage growing under field conditions are evaluated.  
 
 
Introduction 
 
In many developing countries, SO2 pollution is still of great significance and is the 
consequence of a rapid economic growth, industrialization and urbanization with 
associated increases in demand for energy and technological limitations on the emissions 
control (Shen et al., 1995; Feng, 2000; Emberson et al., 2001; Yang et al., 2002). For 
example, in the largest industrial city of southwest China, Chongqing, the annual average 
SO2 level during 1995 was 0.13 µl l-1, whereas the maximum daily average SO2 level 
exceeded 0.36 µl l-1. In 1996 the average level of atmospheric SO2 in the cities in China 
ranged from 0.001 to 0.16 µl l-1 (Yang et al., 2002). In 2002, 22.4% of the cities in China 
had a higher annual average SO2 level than 0.024 µl l-1 and in one-third of the monitored 
cities the annual average precipitation pH value was lower than 5.6. In developing 
countries agricultural crop yields are at most risk from current levels of SO2, since they 
are grown close to emission sources. With the rapid development of cities, there is a 
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huge demand for fresh fruits and vegetables in the cities. However, the transportation 
system in the developing countries is relatively poor and therefore most fruit and 
vegetable producing areas are located around the densely populated areas. In developed 
countries, the conditions are quite different and since the 1970s the level of SO2 pollution 
in Europe and North America has been diminished as the consequence of a strict 
regulatory control on SO2 emissions. For instance, in the U.K., the SO2 emission 
decreased from 6.4 x 109 kg in 1970 to 2.8 x 109 kg in 1995. In Western Europe the 
atmospheric S deposition has decreased from 70 kg ha-1 yr-1 in 1970s to less than 10 kg 
ha-1 yr-1 currently (McGrath et al., 2002). The drastic reduction of atmospheric SO2 
deposition appears to be one of the primary causes of widespread S deficiency symptoms 
in crop plants resulting in a loss of crop yield and quality (Schnug and Evans, 1992; 
Ceccotti and Messick, 1997; Zhao et al., 1999; Thomas et al., 2003). In order to prevent 
economic losses, fertilizer practice has to be adjusted and in several agricultural areas 
supplemental S fertilization is needed in order to prevent economic losses. 

Plants form a sink for atmospheric SO2, which can be taken up by the foliage. The 
foliar uptake is determined by its diffusion through the stomata, since the internal 
(mesophyll) resistance to SO2 is low due to its high solubility and rapid dissociation in 
the cell sap. It may either enzymatically or non-enzymatically be oxidized to SO4

2- and 
then transported into the vacuole where it seems to be poorly accessible for 
remobilization (De Kok, 1990; De Kok and Tausz, 2001). The toxicity of SO2 may be 
caused by the negative consequences of acidification of tissue/cells after the dissociation 
of the absorbed SO2 and the reaction of the formed sulfite with cellular components. 
There is a wide inter-specific and intra-specific variation in susceptibility between 
species, however, the physiological basis for the variation in air pollution response is still 
largely unresolved (De Kok, 1990; Verma and Agrawal, 1996; Verma et al., 2000; De 
Kok and Tausz, 2001).  

The impact of SO2 on plant functioning appears to be paradoxical, since in addition to 
its toxicity the absorbed SO2 may also be used as a nutrient (De Kok, 1990; De Kok et al., 
1998, 2000; De Kok and Tausz, 2001; Deepak and Agrawal, 2001). Foliarly absorbed 
SO2 may directly or after its oxidation to SO4

2- enter the S assimilatory pathway and be 
reduced to sulfide, incorporated into cysteine and, subsequently, organic S compounds, 
and utilized as S nutrient (De Kok, 1990; De Kok and Tausz, 2001; Tausz et al., 2003). 
Plants may benefit from SO2 exposure since it may contribute to the plants’ S nutrition, 
and exposure may result in enhanced yields, especially when the SO4

2- supply to the root 
is limited (Ernst, 1993, 1998; Van Der Kooij et al., 1997; De Kok et al., 1997, 2000).  

Chinese cabbage is an important vegetable crop in China, which is grown widely 
throughout the country because of its rapid biomass accumulation, cold resistance and 
short growing period. For instance, the area under cultivation for Chinese cabbage 
reached 14,400 hectares in Beijing in 2001 and 12,000 hectares in Tianjin in 2003 with 
yields of 8×108 kg and 6.3×108 kg, respectively. Most vegetable producing areas are 
located around the big cities and the air pollutant levels are relatively higher than those 
of the outskirts. Usually the growing season for most Chinese cabbage is from autumn to 
the beginning of winter in northern China, though the growing area in spring and 
summer has increased in recent years. Chinese cabbage production may be affected by 
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SO2, since its level is usually much higher in the heating season (October to March) than 
in the unheated season (April to September) (Yang et al., 2002). It remains to be 
questioned to what extent atmospheric SO2 affects Chinese cabbage production under 
intensive farming practice with a general use of low S or even S-free fertilizers. In the 
present paper the impact of different levels of SO2 on Chinese cabbage was studied. The 
interaction between atmospheric SO2 and pedospheric SO4

2- nutrition was studied in 
order to evaluate to what extent SO2 may be considered as toxin or nutrient for Chinese 
cabbage.  

 
 

Materials and methods  
 
Plant material 
 
Seeds of Chinese cabbage (Brassica pekinensis, cv. Kasumi F1, Nickerson-Zwaan, the 
Netherlands and cv. Beijing 3, BVRC, China) were germinated in vermiculite in a 
climate-controlled room for 10 days. Day and night temperatures were 20 and 17 °C, 
respectively, with a relative humidity of 60-70%. The photoperiod was 14 h at a photon 
fluence rate of 275 ± 25 µmol m-2 s-1 (PAR 400-700 nm).  
 
SO2 uptake 
 
Ten-day-old seedlings were transferred to 30 l tanks (60 plants per tank) containing a 
25% Hoagland nutrient solution, pH 6.0, and grown in a climate-controlled room for 1 
week. For SO2 uptake measurements plants were taken from the nutrient solution and 
transferred to 0.1 l plastic pots (3 plants per pot) filled with fine perlite and moistened 
with nutrient solution. The pot and perlite were covered with aluminum foil. The uptake 
of SO2 by shoots was measured in cylindrical 3 l glass cuvettes (temperature at 23°C ± 
2°C), in 4 parallel measurements. The airflow through the cuvette was approximately 135 
l h-1, the relative humidity was about 50 ± 10%, and the photon fluence rate was 190 ± 10 
µmol m-2 s-1 (PAR 400 - 700 nm). SO2 uptake and transpiration were derived from the 
difference in concentration of SO2 and H2O vapor between the inlet and outlet ports of 
the cuvettes, air flow through the cuvette and total shoot fresh weight of the exposed 
plants, and calculated according to De Kok et al. (1991). SO2 uptake at different SO2 
levels was measured after stabilizing for 1 hour at each new level. 
 
SO2 exposure 
 
Plants were exposed to SO2 in cylindrical stainless steel cabinets (65 cm diameter, 185 l 
volume) with polycarbonate tops. Day and night temperatures were 21 and 18 ± 1 °C 
respectively, relative humidity was 40-50% and the photoperiod was 14 hours at a 
photon fluence rate of 325 ± 25 µmol m-2 s-1 (PAR 400-700 nm) at plant height, with a 
Philips HPL(R)N (400W) as light source. Adjusting the cabinet wall temperature 
controlled the air temperature of the cabinets, the air exchange was 40 l min-1 and a 
ventilator stirred the air inside the cabinets continuously. Pressurized SO2 diluted with N2 
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(1 ml l-1) was injected into the incoming air-stream and adjusted to the desired level by 
ASM electronic mass flow controllers (Bilthoven, The Netherlands). SO2 level in the 
cabinets was measured by a SO2 analyzer (model 9850, Lear Siegler Measurement 
Controls Corporation, Englewood, USA).  

For studies on the impact of elevated SO2 on plant growth, 10-day-old seedlings of 
both Chinese cabbage cultivars were grown in 0.8 l pots on soil without nutrient 
limitation (Tulip PROFI No. 4, BOGRO B.V., Lendenberg, Holland) in the climate-
controlled room for 4 days. The plants were then exposed to various levels of SO2 for 10 
days. Before the pots were transferred into the fumigation cabinets, the soil was covered 
with black plastic granules to prevent absorption of the SO2 by the moist soil surface.  

For studies on the interaction between atmospheric SO2 and pedospheric S nutrition, 
10-day-old seedlings of the two Chinese cabbage cultivars were transferred to 25% 
Hoagland nutrient solution with 1.25 mM Ca(NO3)2.4H2O, 0.23 mM KH2PO4, 1.25 mM 
KNO3, 0.5 mM MgSO4. 7H2O, 11.6 µM H3BO3, 2.3 µM MnCl2.4H2O, 0.24 µM 
ZnSO4.7H2O, 0.080 µM CuSO4.5H2O, 0.13 µM Na2MoO4.2H2O, adjusted to pH 6.0 with 
KOH (Westerman et al., 2001) and grown in the climate-controlled room. After 9 days 
plants were transferred to 25% Hoagland nutrient solution with 0 or 0.5 mM SO4

2-  (in 
the 25% Hoagland solution without SO4

2-, MgSO4 was replaced by MgCl2 and all 
micronutrient SO4

2- salts by their Cl- salts), acclimated for 1 day in the fumigation 
cabinets, and then exposed to various levels of SO2 for 5 days.  
 
Plant growth, total S, total N, anions, thiols, amino acids and pigments  
 
Fresh and dry (120 °C overnight) shoot and root weight were measured (for the 
experiments in soil, only the shoot was harvested). Shoot and root biomass production 
was calculated by subtracting the initial weight from the weight at harvest. Analysis of 
the total S content was carried out as described by Durenkamp and De Kok (2002). Total 
N was determined with the Kjeldahl method according to Barneix et al. (1988). The 
anions (SO4

2- and NO3
-) were extracted from dry and powdered shoot material (for the 

experiments in soil) or from frozen shoot and root material (for the experiments in 
nutrient solution) and determined refractrometrically after HPLC separation (Tausz et al., 
1996; Durenkamp and De Kok, 2002).  

Water-soluble non-protein thiols were extracted from fresh material according to 
Stuiver et al. (1992) and the DTNB-reactive compounds were measured as described by 
De Kok et al. (1988). Free amino acids were extracted from frozen material and 
measured after deproteinization (Stuiver et al., 1997) by colorimetric determination of 
the ninhydrin-reactive groups. Chlorophyll and carotenoids were extracted from frozen 
material and determined according to Lichtenthaler (1987). 
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Results 
 
SO2 uptake kinetics  
 
Shoots of Chinese cabbage formed a sink for atmospheric SO2 and there was a linear 
relation between the rates of SO2 uptake by both Chinese cabbage cultivars and the 
atmospheric SO2 levels (Fig. 1). Shoot transpiration rate was hardly affected by SO2. 
There were only very slight differences between two cultivars of Chinese cabbage in the 
rates of SO2 uptake and transpiration (Fig. 1). 
 
Biomass production and metabolite content of soil-grown plants upon SO2 exposure 
 
In order to assess the susceptibility of Chinese cabbage to SO2, seedlings of the two 
cultivars were grown in soil and exposed to various levels of SO2 ranging from 0.1 to 0.8 
µl l-1 for 10 days. The Chinese cultivar Beijing 3 appeared to be more susceptible to SO2 
than the Dutch cultivar Kasumi F1. The shoot biomass production of Kasumi F1 was 
only reduced upon exposure to SO2 levels higher than 0.2 µl l-1, whereas that of Beijing 3 
was already significantly reduced at 0.1 µl l-1. Exposure to 0.1 and 0.2 µl l-1 SO2 resulted 
in a decrease of 26% and 33% in the shoot fresh biomass production of Beijing 3, while 
that of Kasumi F1 remained unaffected. At ≥ 0.4 µl l-1 SO2 the biomass production of 
both cultivars was substantially reduced. SO2 exposure resulted in a decrease in dry 
matter content of the shoot of both cultivars at all atmospheric levels (Table 1).  

SO2 exposure also resulted in an increase in total S content of the shoot of both soil-
grown Chinese cabbage cultivars. This increase was nearly linear with increasing SO2 
level up to two-fold at 0.8 µl l-1 SO2 (Table 1). The increase of total S could be attributed 
to an increase in both the SO4

2- and organic S content (Table 1). In both cultivars the 
proportion of the organic S fraction accounted for 30% of the total S content, which 
remained unaltered upon SO2 exposure (Table 1).  SO2 exposure resulted in an increase 
in the levels of water-soluble non-protein thiol compounds in the shoot. The thiol content 
increased with the SO2 level up to 1.8-fold and 3-fold in Kasumi F1 and Beijing 3 at 0.8 
µl l-1 SO2, respectively (Table 1). 

Total N and NO3
- contents of the shoots of Kasumi F1 and Beijing 3 were not 

significantly affected at 0.1 to 0.8 and 0.1 to 0.2 µl l-1 SO2, respectively (Table 1). 
However, in Beijing 3 there was a slight increase in total N content of the shoot at ≥ 0.4 
µl l-1 SO2, which mainly could be attributed to an increase in the NO3

- content (Table 1). 
The organic N content in both cultivars was not affected by SO2 (Table 1).  

As the consequence of the increase in S content upon SO2 exposure, the N/S ratio 
(total content basis) of the shoot of Kasumi F1 decreased upon exposure to all SO2 levels, 
but that of Beijing 3 remained unaffected upon exposure to 0.1 µl l-1 and it decreased 
upon exposure to 0.2 to 0.8 µl l-1 SO2 (Table 1).  Both in Kasumi F1 and Beijing 3, SO2 
exposure resulted in a decrease in the organic N/S ratio of shoot at levels higher than 0.2 
µl l-1 SO2 due to an increase in the organic S content (Table 1). 
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Table 1. The impact of SO2 on shoot biomass production (g FW), dry matter content (%), 
inorganic and organic S and N compounds (µmol g-1 DW and mmol g-1 DW, respectively) and 
thiols (µmol g-1 FW) of two Chinese cabbage cultivars. 10-day-old seedlings were grown in soil 
without nutrient limitation in a climate-controlled room for 4 days. The plants were then 
exposed to various levels of SO2 for 10 days. Data on shoot fresh biomass production and dry 
matter content represent the mean of 2 experiments with 6 measurements in each (± SD). 
Biomass production was calculated by subtracting the initial weight from the weight at harvest. 
Data on SO4

2-, NO3
-, total S and N content of the shoot represent the mean of 2 experiments with 

3 measurements on 2 plants in each (± SD). Data on total water-soluble non-protein thiols 
content represent the mean of 3 measurements with 2 plants in each (± SD). The organic S and 
N contents were derived by subtracting the SO4

2- and NO3
- content from the total S and N 

content. Different letters indicate significant differences at p ≤ 0.01 between different treatments. 
 
 

 SO2 (µl l-1) 

 0 0.1 0.2 0.4 0.6 0.8 

Kasumi F1 

Biomass  production 6.2±1.0c 6.6±1.7c 6.5±1.0c 4.3±1.0b 4.3±1.3b 2.9±0.9a 
Dry matter content  8.0±0.2c 7.6±0.3b 7.7±0.3b 7.6±0.2b 7.1±0.3a 7.3±0.3a 
SO4

2-  115±4a 137±2b 175±17c 181±10c 277±13d 285±31d 
NO3

- 0.58±0.43a 0.69±0.14a 0.92±0.27a 0.53±0.28a 0.75±0.13a 0.86±0.17a 
Total S  177±5a 205±11b 242±13c 290±4d 395±8e 402±3e 
Total N 4.16±0.04a 4.35±0.07a 4.27±0.01a 4.34±0.03a 4.50±0.04a 4.47±0.04a 
Thiols 0.38±0.04a 0.43±0.03a 0.48±0.02b 0.47±0.04a

b
0.67±0.04c 0.62±0.08b

Organic S 62±8a 68±9a 67±29ab 108±8b 118±7b 116±34b 
Organic N 3.6±0.5a 3.7±0.2a 3.4±0.3a 3.8±0.3a 3.8±0.1a 3.6±0.2a 
Organic S/total S 35±4a 33±3a 27±11a 37±3a 30±2a 29±8a 
N/S ratio (total) 24±1e 21±2d 18±1c 15±0b 11±0a 11±0a 
N/S ratio (organic) 59±14b 55±11b 57±15b 35±3a 32±1a 33±10a 
Beijing 3 

Biomass production 6.5±1.1c 4.8±0.4b 4.4±0.6b 3.1±0.5a 3.3±0.7a 2.8±0.4a 
Dry matter content  7.2±0.1b 6.5±0.3a 6.6±0.3a 6.4±0.2a 6.5±0.4a 6.6±0.2a 
SO4

2-  168±1a 195±6b 255±9c 263±3c 278±3d 308±9e 
NO3

- 0.72±0.32a 1.26±0.16b 0.58±0.35a 1.66±0.12d 1.61±0.03d 1.49±0.01c 
Total S 248±11a 287±14b 360±15c 379±6d 400±14e 458±11f 
Total N 4.00±0.18a 4.27±0.12a 3.82±0.17a 4.72±0.07b 4.54±0.25b 4.60±0.14b 
Thiols  0.29±0.02a 0.29±0.01a 0.44±0.02b 0.47±0.01b 0.66±0.06c 0.80±0.09c 
Organic S 81±10a 92±19ab 105±7b 116±4c 123±12c 150±6d 
Organic N  3.3±0.2a 3.0±0.1a 3.2±0.2a 3.1±0.1a 2.9±0.3a 3.1±0.1a 
Organic S/total S 32±2a 32±5a 29±1a 31±1a 31±2a 33±2a 
N/S ratio (total) 16±1c 15±1c 11±1ab 12±0b 11±1ab 10±1a 
N/S ratio (organic) 41±3d 33±7cd 31±2c 26±2b 24±2b 21±2a 

 



35

 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
0.0

0.2

0.4

0.6

0.8

1.0

1.2

SO2 (µl l-1)

SO
2 

 u
pt

ak
e

(µ
m

ol
 g

-1
 F

W
 h

-1
)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
0

20

40

60

80
Kasumi F1
Beijing 3

SO2 (µl l-1)

Tr
an

sp
ira

tio
n 

ra
te

(m
m

ol
 g

-1
 F

W
 h

-1
)

 
 
Fig. 1. Kinetics of SO2 uptake and transpiration in shoot of Chinese cabbage. 10-day-old 
seedlings were grown on a 25% Hoagland nutrient solution for 1 week and subsequently the SO2 
uptake and transpiration rate were measured at various atmospheric SO2 levels. SO2 uptake and 
transpiration rate are expressed as µmol g-1 FW h-1 and mmol g-1 FW h-1, respectively. Data 
represent the mean of 4 measurements with 3 plants in each (± SD). 
 
 
Development of S deficiency symptoms in plants upon SO4

2- deprivation of the nutrient 
solution  
 
Transfer of plants to a nutrient solution without SO4

2- (SO4
2- deprivation) resulted in a  

strong decrease in the content of total S and SO4
2- in both shoot and root and it resulted 

in a rapid development of S deficiency symptoms in both Chinese cabbage cultivars 
(Tables 2 and 3; Fig. 2). After 6 days of deprivation there was a significant reduction in 
biomass production, a decrease in chlorophyll and carotenoids content, an enhanced dry 
matter content of shoot and a lower dry matter content of the root (Table 2, Table 3). 
Shoot growth was affected more than root growth upon SO4

2- deprivation, resulting in 
decrease in the shoot/root ratio (Table 2, Table 3). SO4

2- deprivation resulted in a 
substantial increase in the amino acids content in the shoot, whereas that of the root was 
slightly increased (Table 2, Fig. 2).  SO4

2- deprivation did not affect total N content of 
shoot and root of Kasumi F1, whereas that of shoots of Beijing 3 was decreased (Fig. 2).  
 
SO2 as S source of SO4

2--deprived plants 
 
A 5-day exposure of SO4

2--sufficient Chinese cabbage to 0.06 (Kasumi F1) and 0.06 to 
0.18 µl l-1 SO2 (Beijing 3) did not affect both shoot and root biomass production, 
whereas the dry matter content was slightly enhanced at levels ≥ 0.12 µl l-1 SO2 (Beijing 
3, Table 3). When SO4

2--deprived plants were simultaneously exposed to SO2, the 
development of S deficiency symptoms was alleviated and shoot biomass production was  
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Table 2. The impact of SO2 and SO4
2- nutrition on biomass production (g FW), dry matter 

content (%), pigments (mg g-1 FW), inorganic S, N and amino acids (µmol g-1 FW) and total S 
and N (µmol g-1 DW and mmol g-1 DW, respectively) of Chinese cabbage cv. Kasumi F1. 10-
day-old seedlings were grown on a 25% Hoagland nutrient solution in a climate-controlled 
room for 9 days. Thereafter, plants were grown on a 25% Hoagland nutrient solution at 0 and 
0.5 mM SO4

2-, acclimated for 1 day in the fumigation cabinets and subsequently exposed to 0 
and 0.06 µl l-1  SO2 for 5 days. Data on biomass production, dry matter content, shoot/root ratio, 
total S and N represent the mean of 3 experiments with 3 measurements on 9 plants in each (± 
SD). Data on chlorophyll and carotenoids content represent the mean of 2 experiments with 3 
measurements on 3 plants in each (± SD). Data on SO4

2-, NO3
- and amino acid content represent 

the mean of 3 experiments and 3 measurements each (± SD). Shoot and root biomass 
production was calculated by subtracting the initial weight from that at the harvest. Different 
letters indicate significant differences at p ≤ 0.01 between different treatments. 
 

  

0 mM SO4
2-

 

 

0.5 mM SO4
2- 

 0 µl l-1 SO2 0.06 µl l-1 SO2 0  µl l-1 SO2 0.06 µl l-1 SO2 
 

Shoot     

Biomass production  2.56 ± 0.21a 3.60 ± 0.56b 5.04 ± 0.97c 4.61 ± 0.64c 
Dry matter content  7.41 ± 0.35b 7.59 ± 0.69b 6.96 ± 0.67ab 6.34 ± 0.62a 
SO4

2-   1.4 ± 0.3a 1.8 ± 0.8a 11.5 ± 1.2b 12.7 ± 1.6b 
NO3

-  114 ± 14b 102 ± 8b 70 ± 16a 80 ± 14a 
Amino acids  34 ± 9c 23 ± 7b 12 ± 3a 12 ± 4a 
Total S  47 ± 4a 56 ± 14a 224 ± 26b 270 ± 24c 
Total N  3.82 ± 0.11a 3.75 ± 0.21a 3.83 ± 0.21a 4.29 ± 0.46a 
N/S ratio 81 ± 4c 67 ± 13b 17± 2a 16 ± 2a 
Chlorophyll  0.51 ± 0.04a 0.65 ± 0.05b 0.61 ± 0.04b 0.66 ± 0.09b 
Carotenoids  0.11 ± 0.01a 0.14 ± 0.03b 0.13 ± 0.03ab 0.15 ± 0.03b 
Root     

Biomass production  0.55 ± 0.08a 0.69 ± 0.16ab 0.76 ± 0.23b 0.58 ± 0.10ab 
Dry matter content  5.31 ± 0.35a 5.53 ± 0.31ab 5.78 ± 0.11b 6.03 ± 0.23c 
SO4

2-    1.4 ± 0.3a 1.6 ± 0.3a 10.9 ± 1.2b 10.8 ± 1.6b 
NO3

-   53 ± 5b 47 ± 7b 23 ± 9a 29 ± 12a 
Amino acids  14 ± 4b 16 ± 3b 9 ± 4a 11 ± 2ab 
Total S  55 ± 7a 55 ± 6a 259 ± 28b 252 ± 30b 
Total N  3.53 ± 0.28a 3.54 ± 0.30a 3.43 ± 30a 3.50 ± 0.23a 
N/S ratio 64 ± 7b 65 ± 5b 14 ± 1a 14 ± 2a 
Plant     

Biomass production  3.11 ± 0.28a 4.29 ± 0.71b 5.80 ± 1.17c 5.19 ± 0.73c 
Shoot/root ratio 4.9 ± 0.4a 5.1 ± 0.5a 6.7 ± 0.8b 7.6 ± 0.4c 
N/S ratio 79 ± 4b 69 ± 12b 17 ± 2a 16 ± 1a 
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largely increased (0.06 µl l-1 SO2, Kasumi F1, Table 2) or the reduction of shoot biomass 
production even completely alleviated (0.06 to 0.18 µl l-1 SO2, Beijing 3, Table 3). The 
content of chlorophyll and carotenoids in the shoot (Kasumi F1) was similar to that of 
SO4

2-sufficient plants (Table 2) and the increase in amino acid content of the shoot upon 
SO4

2--deprivation was largely (0.06 µl l-1 SO2, Kasumi F1, Table 2) or completely 
alleviated upon SO2 exposure (0.06 to 0.18 µl l-1 SO2, Beijing 3, Fig. 2). However, the 
shoot/root ratio of SO4

2--deprived plants remained low upon SO2 exposure (Table 2, 
Table 3). The latter was due to the fact that the root biomass production of SO4

2--
deprived plants was not only significantly enhanced upon SO2 exposure; it was even 
higher than that of plants grown at SO4

2--sufficient conditions both in presence and 
absence of SO2 (Table 3). The dry matter content of the shoot of SO4

2--sufficient Beijing 
3 plants was only slightly increased and that of SO4

2--deprived plants slightly decreased 
only upon SO2 exposure (Table 3). The dry matter content of the root was not affected by 
SO2 exposure and was slightly lower in SO4

2--deprived than in SO4
2--sufficient plants 

(Table 2, Table 3). 
 
Impact of SO2 on metabolite content of SO4

2--sufficient and SO4
2--deprived plants 

 
Exposure of Kasumi F1 and Beijing 3 to SO2 resulted in an increase of the total S and 
SO4

2- content of the shoot, both in SO4
2--deprived and SO4

2--sufficient shoots, but those  
in 
 
 
Table 3. The impact of SO2 and SO4

2- nutrition on biomass production (g FW) and dry matter 
content (%) of Chinese cabbage cv. Beijing 3. 10-day-old seedlings were grown on a 25% 
Hoagland nutrient solution in a climate-controlled room for 9 days. Thereafter, plants were 
transferred to 25% Hoagland nutrient solution at 0 and 0.5 mM SO4

2-, acclimated for 1 day in 
the fumigation cabinets, and then exposed to various levels of SO2 for 5 days. Data on biomass 
production, dry matter content and shoot/root ratio represent the mean of 3 measurements with 9 
plants in each (± SD). Different letters indicate significant differences at p ≤ 0.01 between 
different treatments. 
 

 SO4
2- (mM) SO2 (µl l-1) 

  0.00 0.06 0.12 0.18 

Shoot      
Biomass production  
 

0  
0.5  

2.65±0.23a 
4.59±0.54b 

3.92±0.76ab 
4.70±0.33b 

4.12±0.55b 
4.12±0.34b 

3.93±0.27b 
4.58±0.62b 

Dry matter content 
 

0  
0.5  

7.01±0.20d 
5.86±0.08a 

6.35±0.04c 
5.81±0.17ab 

6.42±0.25bc 
6.39±0.17bc 

5.95±0.28ab 
6.17±0.04b 

Root      
Biomass production  
 

0  
0.5 

0.49±0.03a 
0.52±010ab 

0.78±0.15b 
0.57±0.09ab 

0.78±0.10b 
0.59±0.04ab 

0.60±0.05ab 
0.54±0.08ab 

Dry matter content 
 

0  
0.5  

5.31±0.07a 
5.59±0.01b 

5.65±0.17a 
5.92±0.24bc 

5.37±0.12a 
6.04±0.12bc 

5.43±0.12a 
6.13±0.02c 

Shoot/root ratio      
 0  

0.5  
5.8±0.2a 
8.2±0.4c 

5.4±0.5a 
7.9±0.5c 

5.5±0.3a 
6.8±0.3b 

6.6±0.5b 
8.0±0.2c 
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in the root remained unaltered (Table 2, Fig. 2). The total N and NO3
- contents of SO4

2-
deprived and SO4

2--sufficient Kasumi F1 plants were not affected upon exposure to 0.06 
µl l-1 SO2  (Table 2). Likewise, the contents of total N and NO3

- of both root and shoot of 
SO4

2--sufficient Beijing 3 were hardly affected by 0.06 to 0.18 µl l-1 SO2 (Fig. 2), except 
that here the decrease in total N content of the shoot upon SO4

2--deprivation was 
alleviated at all SO2 levels (Fig. 2) and the NO3

- content of the root of SO4
2--sufficient 

plants was slightly lower upon SO2 exposure (Fig. 2). In addition to the alleviation of 
amino acid accumulation in SO4

2-deprived shoots, SO2 exposure resulted in an increased 
level of amino acids in the root of both SO4

2-deprived and SO4
2--sufficient Beijing 3 

plants (Fig. 2). 
The N/S ratio of SO4

2-sufficient plants was much lower than that of SO4
2-deprived 

plants, for both shoot and root of Kasumi F1 and Beijing 3 (Table 2, Fig. 2). Exposure of 
SO4

2--deprived Kasumi F1 and Beijing 3 to SO2 resulted in a decrease of the N/S ratio in 
the shoot but did not affect that of the root. The N/S ratio of the shoot decreased with 
increasing SO2 levels as a consequence of the increase in total S and SO4

2- content (Table 
2, Fig. 2). The N/S ratio of shoot and root of SO4

2-sufficient plants was not significantly 
affected upon exposure to 0.06 to 0.18 µl l-1 SO2 (Fig. 2). 
 
 
Discussion 
 
Shoots of Chinese cabbage formed a sink for atmospheric SO2 similar to observations 
with other plant species (De Kok, 1990; Van Der Kooij et al., 1997; Van Der Kooij and 
De Kok, 1998). A linear relation was observed between the rate of SO2 uptake and the 
atmospheric SO2 level for both Chinese cabbage cultivars. It strongly supported the 
suggestion that the deposition of SO2 is largely determined by physical/chemical factors, 
the high solubility and the rapid hydration of absorbed SO2 in the apoplastic water (De 
Kok, 1990; Van Der Kooij and De Kok, 1998). The absorbed SO2 was either oxidized to 
sulfate or metabolized into organic S. The proportion of the organic S fraction accounted 
for 30% of the total S content and remained unaltered upon SO2 exposure to levels of 0.1 
to 0.8 µl l-1. 
  
 
 
_____________________________________________________________________________ 
 

Fig. 2. The impact of SO2 exposure and SO4
2-nutrition on the S and N metabolite content of 

Chinese cabbage cv. Beijing 3. 10-day old seedlings were grown on a 25% Hoagland solution 
for 9 days in a climate-controlled room. Thereafter, plants were transferred to 25% Hoagland 
solution containing 0 (white bars) or 0.5 mM SO4

2- (grey bars), acclimated for 1 day in the 
fumigation cabinets, and then exposed to various levels of SO2 for 5 days. Data on SO4

2-, NO3
- 

and amino acids content (µmol g-1 FW) represent the mean of 3 measurements (± SD). Total S 
and total N content (µmol g-1 DW and mmol g-1 DW, respectively) represent the mean of 3 
measurements with 9 plants in each (± SD). Different letters indicate significant differences at p 
≤ 0.01 between different treatments. 
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 SO2 is potentially phytotoxic and may affect plant growth at relatively low 
atmospheric levels. However, there is a wide variety in the susceptibility between species 
and cultivars (De Kok, 1990; De Kok and Tausz, 2001). From the present study it was 
evident that Chinese cabbage was rather susceptible to SO2. A 10-day exposure of 
Beijing 3 to ≥ 0.1 µl l-1 SO2 levels, which regularly occur as peak levels in highly 
polluted areas in China, already resulted in a reduction of biomass production. Similar to 
previous observations with other Brassica cultivars with H2S (De Kok et al., 1997, 2000; 
Stuiver et al., 1997; Buchner et al., 2004), Chinese cabbage was also able to use foliarly 
absorbed SO2 as S source for growth. SO2 appeared even to be beneficial when the root 
was deprived of SO4

2-. 
 From calculations on the plants’ S requirement for growth, which may be defined as 
the rate of S uptake and its assimilation necessary per gram plant biomass produced with 
time (Durenkamp and De Kok, 2004), Kasumi F1 and Beijing 3 had a sulfur requirement 
of 5.1 and 4.7 µmol g-1 fresh weight day-1 respectively. On the basis of a 14-hour 
photoperiod, the organic S requirement for structural growth and the SO2 uptake kinetics, 
it can be estimated that an atmospheric SO2 level of approximately 0.1 µl l-1 should be 
sufficient to cover the S requirement if Chinese cabbage were able to transfer from 
pedospheric SO4

2- to SO2 as S source for growth. From the present data it is obvious that 
upon SO4

2- deprivation the development of S deficiency symptoms was already 
alleviated at atmospheric levels as low as 0.06 µl l-1 SO2. This SO2 level was apparently 
already sufficient to cover the plants’ S requirement to maintain structural growth, since  
biomass production at this level was nearly similar to that of the control plants growing  
at SO4

2--sufficient conditions without SO2.  
Exposure of plants to SO2 generally results in enhanced levels of SO4

2-, water-soluble 
non-protein thiols and total S in the shoot (Dodd and Doley, 1998; Tausz et al., 2003; De 
Kok, 1990; De Kok et al., 1997). A similar increase in the level of the different S 
compounds was observed in the shoots of the two cultivars of Chinese cabbage upon 
exposure to ≥ 0.2 µl l-1 SO2.  However, at 0.06 to 0.18 µl l-1 SO2, the SO4

2- and total S 
contents of the shoot of SO4

2--deprived plants remained lower than those of the SO4
2--

sufficient plants, whereas the total N content was hardly affected at all. Regardless of 
some minor differences in changes in metabolic pools, viz. amino acid content, both 
cultivars of Chinese cabbage responded in a quite similar way to both SO4

2--deprivation 
and SO2.  

In both cultivars of Chinese cabbage there was a shift in shoot to root biomass 
partitioning upon SO4

2- deprivation, in favor of that of the root resulting in a decreased 
shoot/root ratio. Similar to observations with H2S (De Kok et al., 1997, 2000; Stuiver et 
al., 1997; Buchner et al., 2004), the low shoot/root ratio response to SO4

2- deprivation 
was not rapidly alleviated when pedospheric SO4

2- was replaced by atmospheric SO2 as S 
source for growth.  SO4

2--deprived Arabidopsis plants showed a similar increase in root 
growth upon SO4

2- deprivation, which could be ascribed to an increased lateral root 
density close to the root tip (López-Bucio et al., 2003). To what extent such a change of 
root-system architecture occurs in SO4

2--deprived Chinese cabbage needs further 
evaluation. It remains to be questioned which signal determines the change in shoot to 
root partitioning upon SO4

2- deprivation, even in the presence of sufficient atmospheric 
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SO2 to maintain growth, though the actual SO4
2- level in the root environment might be a 

good candidate. Similar to previous observations upon H2S exposure, there is apparently 
no strict and direct shoot to root signaling (e.g. via reduced S compounds) in the tuning 
of the factors involved in the SO4

2--uptake by the root (viz. SO4
2- uptake capacity, 

expression of the SO4
2- transporters or root development; Buchner et al., 2004). Under 

field conditions foliar S fertilization of soil S-deficient plants could be beneficial because 
of the relatively higher investment in root growth, and hence a greater capacity for soil 
exploration. This might profoundly affect the capacity of plants to take up nutrients and 
water, especially under stress conditions such as limited available nutrient resources 
and/or drought.  

The atmospheric SO2 concentrations in the Beijing area have substantially decreased 
during recent years, because of the great effort to decrease air pollution levels (Yang et 
al., 2005). During recent years, S deficiency has become a major problem in agricultural 
crops throughout China, due to an imbalance of S in relation to N, P and K in the 
fertilizers. One-fourth of a total of more than 18,000 soil samples from China appeared 
to be S deficient (Yang et al., 2005). The area under cultivation for Chinese cabbage in 
the Beijing and Tianjin areas was around 26,000 ha y-1 in recent years. A survey of the 
nutrient content of the soils in these areas showed that about 30% of the farmland area 
was S deficient (Yang et al., 2005; Zhou et al., 2005). Pot experiments in the Beijing area 
showed that shoot biomass production of the Chinese cultivar Beijing 3 was increased by 
50% over a period of 28 days when 30 kg S ha-1 was applied to the soil. In these 
experiments higher levels of sulfur fertilization had no further effect (Yang et al., 2005). 
Field trials in the Tianjin area over 3 growing seasons showed that NPK fertilization with 
60 to 120 kg S ha-1, compared with the farmers’ routine treatment of only NP, increased 
Chinese cabbage yield by 16.9 to 26.4%. Additional experiments showed differences in 
response to sulfur fertilization between cabbage cultivars. Applying 60 kg S ha-1 
increased the yield of Beijing 3 by 10.6% only (Zhou et al., 2005). The annual economic 
loss in the S deficient Beijing and Tianjin areas (7,800 ha), might account up to 283 US$ 
ha-1, and up to 2.2 million $ for the S-deficient area in total (Yang, L. and Zhou, Y., 
personal communication). Comparison of the results obtained in pot experiments (Yang 
et al., 2005) with those of the field trials with the same cultivar of Chinese cabbage 
(Zhou et al., 2005) showed that pot experiments might clearly give an indication that 
fertilizer recommendation has to be reconsidered. However, further field trials are 
necessary to fully establish the amount of fertilizer needed for a full growing season, as 
shown in Zhou et al. (2005). 

The economic loss due to S deficiency might be considerable. The present data 
showed that exposure to 0.1 µl l-1 SO2 under laboratory conditions resulted in a decrease 
in shoot fresh biomass production in the cultivar Beijing 3. Since average SO2 levels can 
be higher than 0.1 µl l-1 in polluted areas in China (Yang et al., 2002) economic losses 
can be expected. At present no data is available on the economic loss of Chinese cabbage 
by SO2 pollution. Data on economic losses of crops in general by acid deposition and 
SO2 pollution indicated that in 11 provinces in the south of China the area suffering from 
acid deposition was 12.89 × 106 ha, and annual economic losses due to atmospheric SO2 
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pollution and acid deposition were 0.5 × 109 US$ (38.9 US$ ha-1; Feng, 2000). Therefore, 
clean air acts should come into force all over China. 

In conclusion, the present results demonstrated that atmospheric SO2 could be utilized 
as S source for Chinese cabbage, especially when grown in S deficient soils as found in 
the Beijing and Tianjin areas. In other regions in China S fertilizer recommendations 
have to be adjusted to the level of the local atmospheric S deposition. 
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Chapter 5 
 
Impact of sulfate nutrition on the utilization of atmospheric 
SO2 as sulfur source for Chinese cabbage 
 
 
Abstract 
 
The ability of Chinese cabbage (Brassica pekinensis) to utilize SO2 as sulfur source in relation to 
the sulfur status of the plant was investigated by subjecting seedlings to various treatments of 
sulfate deprivation and (re)-supply. If seedlings of Chinese cabbage were transferred to a 
sulfate-deprived nutrient solution directly after germination, plants became rapidly sulfur 
deficient, and plant development was impaired. Plant biomass production was decreased, dry 
matter content of the shoot increased and the shoot to root biomass ratio decreased. Sulfate 
deprivation resulted in a substantial decrease in the total S, sulfate, organic S and water-soluble 
non-protein thiol contents and in an increase in amino acid content of both shoot and root. The 
sulfate uptake capacity of the root was strongly increased whereas the nitrate uptake was 
decreased. Upon re-supply of sulfate the onset of sulfur deficiency symptoms was prevented and 
growth was restored, whereas the uptake of both sulfate and nitrate were quite similar to those of 
the sulfate-sufficient plants. A 6-day exposure to 0.12 µl l-1 SO2 of sulfate-sufficient plants did 
not affect plant biomass production, dry matter content, shoot to root ratio, leaf development, the 
sulfur and nitrogen metabolite contents of shoot and root, or sulfate and nitrate uptake by the 
root. Exposure of sulfate-deprived plants to SO2 resulted in enhanced total S, organic S and 
water-soluble non-protein thiol contents of the shoot. The contribution of SO2 as sulfur source 
for these plants was rather limited. Apparently only the leaves, which were already present at the 
start of the exposure, benefited from the utilization of atmospheric SO2 as sulfur source; 
exposure to SO2 did not enhance leaf formation and sulfate uptake capacity was increased even 
more. If seedlings were first grown on a sulfate-containing nutrient solution for 7 days and 
subsequently transferred to a sulfate-deprived nutrient solution for 6 days and simultaneously 
exposed to SO2, the plants benefited optimally from the foliarly absorbed sulfur. The 
development of sulfur deficiency symptoms was prevented and the number of formed leaves and 
plant biomass production was quite similar to that of sulfate-sufficient plants, whereas the root 
biomass production upon SO2 exposure was even higher than that of sulfate-sufficient plants. 
However, the sulfate uptake capacity was still enhanced. This demonstrated that there is a poor 
interaction between the metabolism of SO2 by the shoot and uptake and metabolism of sulfate 
taken up by the root. Evidently there was no strict and direct shoot to root signaling in tuning the 
sulfate uptake by the root and its transport to the shoot to the need for growth, via down-
regulation of the sulfate uptake capacity and normalizing shoot to root biomass partitioning. 
 
 
Introduction 
 
Throughout the world sulfur deficiency of soils has become a major problem in 
agricultural crops due to an imbalance of sulfur in relation to N, P and K in most 
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commonly used fertilizers (Ceccotti and Messick, 1997; Schnug and Haneklaus, 1998). 
For instance, a recent survey in China revealed that one-fourth of a total of more than 
18,000 soil samples from all over China appeared to be S deficient (Yang et al., 2005). 
Chinese cabbage (Brassica pekinensis) is a common and widely grown vegetable crop in 
China, with a high yield, a relatively short growing period and a high sulfur requirement 
for growth. In recent years around 26,000 ha y-1 was used for cultivation of Chinese 
cabbage in the Beijing and Tianjin areas. It appeared that 30% of these soils were S 
deficient (Yang et al., 2005; Zhou et al., 2005). Pot experiments in the Beijing area 
showed that shoot biomass production of Chinese cabbage was increased by 50% when 
sulfur fertilization was optimized by applying 30 kg S ha-1 (Yang et al., 2005).  

In addition to sulfur deficiency, crops in China are at risk from air pollution, since 
vegetable producing areas are located around densely populated areas. High SO2 
pollutant levels are the consequence of the rapid increase in energy use for economic 
growth and industrialization and an insufficient emission control (Emberson et al., 2001; 
Yang et al., 2002; Wang et al., 2004). For instance, in 2002, 22.4% of the cities in China 
had a higher annual average SO2 level than 0.024 µl l-1. In these areas the level of sulfur 
fertilization might have to be adjusted to the level of local atmospheric sulfur deposition 
(Yang et al., 2005), since foliarly absorbed sulfur gases, viz. SO2 and H2S, contribute to 
the plants’ sulfur nutrition, despite their potential phytotoxicity. They may even replace 
sulfate taken up by the root as sulfur source for growth (De Kok, 1990; De Kok et al., 
1997, 1998, 2002a; Stuiver et al., 1997; De Kok and Tausz, 2001; Durenkamp and De 
Kok, 2002, 2004; Haneklaus et al., 2003; Yang et al., 2003). Exposure of plants to 
atmospheric sulfur gases may reduce the uptake and transport of sulfate taken up by the 
root and its reduction and assimilation in the shoot (Herschbach et al., 1995a,b; Tausz et 
al., 1996, 2003; De Kok et al., 1998; Westerman et al., 2000a,b, 2001a,b).  

The shoot of seedlings of a Dutch Chinese cabbage (Brassica pekinensis, cv Kasumi 
F1) formed a sink for atmospheric SO2. The foliarly absorbed SO2 was used as S source 
for growth, and exposure to levels of SO2 up to 0.18 µl l-1 resulted in an increase in SO4

2- 
and total S contents in the shoot (Yang et al., 2003). SO2 was even beneficial when 
sulfate supply to the root was limited and an atmospheric level as low as 0.06 µl l-1 
appeared to be sufficient to cover the plants’ sulfur requirement for growth (Yang et al., 
2003). Similar to observations on H2S with other species (De Kok et al., 1997, 2000; 
Buchner et al., 2004), the decrease in shoot to root ratio of Chinese cabbage upon sulfate 
deprivation was not rapidly alleviated when SO2 was used as sulfur source for growth 
(Yang et al., 2003).  

The aim of the present paper was to investigate the ability of a local cultivar of 
Chinese cabbage (Brassica pekinensis cv. Beijing 3), which has a higher sulfur 
requirement for growth than the Dutch cultivar Kasumi F1 (Yang et al., 2005), to utilize 
SO2 as sulfur source for growth in relation to the sulfur status of the plant. The sulfur 
status of the plant was manipulated by subjecting seedlings to various treatments of 
sulfate deprivation at two developmental stages, directly after germination and one week 
after growth on sulfate, in combination with subsequent sulfate (re)-supply and exposure 
to SO2. The interaction between atmospheric SO2 utilization and the uptake and 
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metabolism of pedospheric sulfate in Chinese cabbage is discussed in relation to plant 
development and root to shoot partitioning.  
 
 
Materials and methods  
 
Plant material and growth conditions 
 
Seeds of Chinese cabbage (Brassica pekinensis, cv. Beijing 3, BVRC, China) were 
germinated in vermiculite in a climate-controlled room for 10 days. Day and night 
temperatures were 19 and 16 °C, respectively, with a relative humidity of 60-70%. The 
photoperiod was 14 h at a photon fluence rate of 400 ± 50 µmol m-2 s-1 (PAR 400-700 
nm). 10-day-old seedlings were transferred to 30-l tanks (60 plants per tank) containing a 
25% Hoagland nutrient solution with 0 (sulfate-deprived) or 0.5 mM sulfate (sulfate-
sufficient) for one week in the climate-controlled room. At 0 mM sulfate, MgCl2 
replaced MgSO4, and their respective Cl- salts replaced all micronutrient SO4

2- salts. 
Subsequently the sulfate-deprived and sulfate-sufficient plants were transferred to 12-l 
stainless steel containers (30 plants per tank) filled with freshly prepared 25% Hoagland 
nutrient solution containing 0 or 0.5 mM sulfate (see above), and simultaneously 
exposed to SO2.  
 
SO2 exposure 
 
Plants were exposed to SO2 in cylindrical stainless steel cabinets (65 cm diameter, 185 l 
volume) with polycarbonate tops. Day and night temperatures were 21 and 18 ± 1°C 
respectively, relative humidity was 40-50% and the photoperiod was 14 h at a photon 
fluence rate of 325 ± 25 µmol m-2 s-1 (PAR 400-700 nm) at plant height, with a Philips 
HPL(R)N (400W) as light source. Adjusting the cabinet wall temperature controlled the 
air temperature of the cabinets, the air exchange was 40 l min-1 and a ventilator stirred 
the air inside the cabinets continuously. Pressurized SO2 diluted with N2 (1 ml l-1) was 
injected into the incoming air-stream and adjusted to the desired level by ASM electronic 
mass flow controllers (Bilthoven, The Netherlands). SO2 level in the cabinets was 
measured by a SO2 analyzer (model 9850, Lear Siegler Measurement Controls 
Corporation, Englewood, USA).  
 
Analyses of plant growth, metabolite contents and the uptake of sulfate and nitrate  
 
Plants were harvested, shoot and root separated, weighted and analyzed (water-soluble 
non-protein thiols) or freeze-dried (Heto LyolaB 300 freeze dryer (Heto-Holten A/S, 
Allerød, Denmark). Fresh shoot and root biomass production was calculated by 
subtracting pre-exposure weight from that after exposure.  RGR of plant (% day-1) was 
calculated on a fresh weight basis and determined from the exposure time interval using 
the ln-transformed plant fresh weight as described by Hunt (1982).   

Powdered freeze-dried material was used for total S, total N, sulfate, nitrate and amino 
acids assays. Total S was determined with the barium sulfate precipitation method after 
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Durenkamp and De Kok (2002), and total N with the Kjeldahl method according to 
Barneix et al. (1988). Sulfate and nitrate were determined refractrometrically after HPLC 
separation (Tausz et al., 1996; Durenkamp and De Kok, 2002). The organic S content 
was derived by subtracting the sulfate content from the total S content. Free amino acids 
were measured by colorimetric determination of the ninhydrin-reactive groups (Stuiver 
et al., 1997). Water-soluble non-protein thiols were extracted from fresh material 
according to Stuiver et al. (1992) and the DTNB-reactive compounds were measured as 
described by De Kok et al. (1988). 

For measurement of the sulfate uptake capacity and nitrate uptake rate, 3 or 4 sets of 
plants (3 plants per set) per treatment were transferred to beakers with 1 l 25% Hoagland 
solution (containing 0.5 mM sulfate). After 24 h, the nutrient solution was adjusted to its 
initial volume by weighing. Aliquots were taken from the nutrient solution and the 
sulfate and nitrate contents were determined by HPLC as described above. Sulfate and 
nitrate uptake was calculated from the differences in ion content (µmol) of the nutrient 
solution at the start and after 24 h, and expressed on a fresh weight basis (µmol g-1 FW 
24 h-1).  
 Statistical analysis was performed with an unpaired Student’s t-test. 
 
 
Results 
 
Impact of sulfate deprivation on growth, sulfur and nitrogen metabolites 
 
Seedlings of Chinese cabbage, transferred to sulfate-deprived nutrient solution directly 
after germination, became rapidly sulfur deficient. Shoot biomass production was 
strongly reduced (by 40% and 82% upon 7 and 13 days of exposure, respectively; Table 
1, Fig. 1). RGR of the plant and shoot biomass production were reduced (Fig. 1). Shoot 
development was affected as well, since less new leaves were formed and leaves became 
slightly yellow due to a loss of pigments (Fig. 2). Shoot biomass production was more 
rapidly affected than that of the root upon sulfate deprivation, as reflected by a 
substantial decrease in shoot to root ratio, which decreased from 5.8 for sulfate-sufficient 
to 3.2 for sulfate-deprived plants upon a 7-day exposure (Table 1). Sulfate deprivation 
resulted in increased dry matter content of the shoot but did not affect that of the root 
(Table 1; Fig. 1). Furthermore, sulfate deprivation resulted in a substantial decrease in 
the total S, sulfate, organic S and water-soluble non-protein thiol contents of both shoot 
and root (Table 1, Fig. 3). Prolonged sulfate deprivation (-S-S) resulted in a strong 
decrease in nitrate content of the shoot, whereas that of the root was slightly increased. 
The amino acid content was strongly increased in both shoot and root upon prolonged 
sulfate deprivation (Fig. 3).  
 If seedlings after germination were first grown on a sulfate-containing nutrient 
solution for 7 days and subsequently transferred to a sulfate-deprived nutrient solution 
for 6 days (+S-S), the sulfur deficiency symptoms started to appear but were less 
pronounced than in 13-day sulfate-deprived plants (Fig. 1, 2 and 3). The shoot biomass 
production was reduced by 32% (Fig. 1), though the number of developed leaves was 
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similar to that of sulfate-sufficient leaves (Fig. 2). The plant’s RGR was decreased but 
root biomass production was not yet affected, resulting in a decrease in shoot to root 
ratio upon sulfate deprivation (Fig. 1). Changes in all metabolites in shoot and root were 
quite similar to those observed after prolonged sulfate deprivation (13 days), but to a 
lesser extent (Fig. 3). 
 
 
Table 1. Effect of sulfate deprivation on growth and sulfur metabolites contents of Chinese 
cabbage. 10-day-old seedlings were grown on a 25% Hoagland nutrient solution with and 
without sulfate for 7 days. The data of biomass production and dry matter content represent the 
mean of 30 measurements with 3 plants in each (± SD). The shoot /root ratio of 7-day sulfate-
deprived and sulfate-sufficient plants was 3.2 ± 0.4 and 5.8 ± 0.9, respectively. Total S and 
sulfate content represent the mean of 6 measurements with 15 shoots in each and 3 
measurements with 30 roots in each (± SD). The total water-soluble non-protein thiol content 
represents the mean of 5 measurements with 3 plants in each (± SD). Different letters indicate 
significant differences at p ≤ 0.01 between different treatments. 
  

Shoot Root  

-Sulfate +Sulfate -Sulfate +Sulfate 

Biomass production (g) 0.32 ± 0.06a 0.67 ± 0.13b 0.10 ± 0.02a 0.11 ± 0.02a 

Dry matter content (%) 13.4 ± 0.2b 10.3 ± 0.5a 6.7 ± 0.5a 7.7 ± 1.0a 

Total S  (µmol g-1 DW) 50 ± 3a 367 ± 8b 91 ± 2a 318 ± 34b 

Sulfate (µmol g-1 DW) 9 ± 1a 259 ± 25b 18 ± 1a 140 ± 24b 

Organic S (µmol g-1 DW) 42 ± 1a 107 ± 16b 73 ± 4a 178 ± 26b 

Thiols (µmol g-1 FW) 0.06 ± 0.01a 0.56 ± 0.04b 0.15 ± 0.02a 1.03 ± 0.12b 

 
 
 
Impact of sulfate re-supply on growth, sulfur and nitrogen metabolites   
 
If 7-day sulfate-deprived plants were transferred to sulfate-containing nutrient solution 
for 6 days (-S+S), plant biomass production, dry matter content, shoot to root ratio and 
leaf formation were quite similar to those of plants grown at sulfate-sufficient conditions 
for 13 days (Fig. 1; Fig. 2). The 7-days sulfate-deprived plants were characterized by low 
contents of total S, sulfate, organic S and water-soluble non-protein water-soluble non-
protein thiols in both shoot and root (Table 1). However, upon 6-days sulfate re-supply (-
S+S), the shoot contained a substantially higher total sulfur content than plants grown at 
sulfate-sufficient conditions for 13 days (Fig. 3). This was primary due to the strongly 
increased shoot sulfate content. The contents of the other metabolites in sulfate re-
supplied plants were similar to those of sulfate-sufficient plants (Fig. 3). Clearly, upon 
re-supply of sulfate the onset of sulfur deficiency symptoms was prevented and growth 
was restored. 
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Fig. 1. Effect of sulfate deprivation, sulfate re-supply and SO2 exposure on growth of Chinese 
cabbage. 10-day-old seedlings were grown on a 25% Hoagland nutrient solution with and 
without sulfate for 7 days and subsequently transferred to fresh nutrient solution with and 
without sulfate and exposed to 0 (white bars) and 0.12 µl l-1 (grey bars) SO2 for 6 days. +S+S, 
plants were grown on a nutrient solution with sulfate for 13 days; -S-S, plants were grown 
without sulfate for 13 days;  +S-S, plants were grown with sulfate for 7 days and then without 
sulfate for 6 days; -S+S, plants were grown without sulfate for 7 days  and then with sulfate for 6 
days. Data on biomass production of shoot and root (g) represent the mean of 2 experiments 
with 3 measurements and 6 plants in each (± SD). RGR of plant (% day-1) was calculated on a 
fresh weight basis and was determined over the 6-day time exposure. Different letters indicate 
significant differences at p ≤ 0.01 between different treatments.  
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Fig. 2. Effect of sulfate deprivation, sulfate re-supply and SO2 exposure on shoot growth and 
leaf development of Chinese cabbage. 10-day-old seedlings, which were grown on a 25% 
Hoagland nutrient solution with and without sulfate for 7 days in the climate-controlled room 
(pre-exposure) had developed 3 leaves. Subsequently, plants were transferred to fresh nutrient 
solution with and without sulfate and exposed to 0 and 0.12 µl l-1 SO2 for 6 days. For further 
details see legend Fig. 1. 
 
 
Impact of SO2 exposure on growth, sulfur and nitrogen metabolites as affected by 
sulfate nutrition 
 
Exposure of sulfate-sufficient plants (+S+S) or plants which were sulfate deprived for 7 
days, subsequently transferred to sulfate-containing nutrient solution for 6 days (-S+S), 
to 0.12 µl l-1 SO2 for 6 days neither affected plant biomass production, dry matter content, 
shoot to root ratio, leaf development nor sulfur and nitrogen metabolites content of shoot 
and root (Fig. 1, 2 and 3). Upon the latter treatment (-S+S), SO2 exposure had a minor 
effect on nitrate content. In the shoot it was slightly reduced and in the root slightly 
increased (Fig. 3). Evidently, a short-term 6-day exposure of sulfate-sufficient plants to 
0.12 µl l-1 SO2 affected neither plant growth nor sulfur and nitrogen metabolism 
substantially.  
 Exposure of prolonged sulfate-deprived plants (-S-S) to SO2 resulted in a slightly 
increased shoot biomass production and RGR of the plant, whereas root growth and 
shoot to root ratio were hardly affected (Fig. 1). SO2 exposure did not enhance leaf 
formation, since the number of leaves of exposed plants remained less than that of 
sulfate-sufficient plants (Fig. 2). SO2 exposure did affect dry matter content of the shoot, 
which was decreased (Fig. 1). The amino acid content of the shoot, which was strongly 
enhanced upon sulfate deprivation, was substantially decreased by SO2 (Fig. 3). 
Evidently, the contribution of SO2 as sulfur source was rather limited for plants subjected  
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to prolonged sulfate deprivation. Apparently only the leaves, which were already present 
at the start of the exposure to SO2 benefited from the atmospheric sulfur source. 
 If seedlings were first grown on a sulfate-containing nutrient solution for 7 days and 
subsequently transferred to a sulfate-deprived nutrient solution for 6 days (+S-S) and 
simultaneously exposed to SO2, then both shoot and root biomass production were 
enhanced (Fig. 1), whereas the number of formed leaves was similar to that of sulfate-
sufficient plants (+S+S). The dry matter content of the shoot decreased (Fig. 1) and the 
amino acid content of the shoot, which was enhanced upon sulfate-deprivation, was 
decreased upon SO2 exposure (Fig. 3). Upon SO2 exposure the root biomass production 
was even higher than that of sulfate-sufficient plants (+S+S). The shoot to root ratio was 
hardly affected by SO2 and was still substantially lower than that of plants at sulfate-
sufficient conditions. Apparently, the foliarly absorbed SO2 was able to replace sulfate 
taken up by the root as sulfur source for the synthesis of essential sulfur compounds 
necessary for growth. Upon SO2 exposure the shoot of these plants (+S-S) contained a 
higher total sulfur content, due to an enhanced sulfate content, and an enhanced water-
soluble non-protein thiol content (Fig. 3). 
 
Effect of sulfate deprivation, sulfate re-supply and SO2 on sulfate and nitrate uptake 
 
Sulfate deprivation of Chinese cabbage (-S-S, +S-S) resulted in an increased sulfate 
uptake capacity expressed on a root basis (up to 2-fold). The increase was even more 
pronounced when expressed on a plant basis (up to 3-fold; Fig. 4). The latter was due to 
an increase in the actual sulfate uptake capacity of the root itself, in combination with a 
change in shoot to root ratio in favor of that of the root, which explains the more 
pronounced increase in sulfate uptake when expressed on a plant basis. There was no 
direct relation between the uptake of sulfate and nitrate, since the latter was depressed 
upon sulfate-deprivation (Fig. 4). The sulfate uptake capacity of plants, which were 
sulfate deprived for 7 days and subsequently transferred to sulfate-containing nutrient 
solution for 6 days (-S+S), was still slightly higher and the nitrate uptake was still 
slightly lower than that of sulfate-sufficient plants (+S+S; Fig. 4). 

Exposure to 0.12 µl l-1 SO2 of sulfate-sufficient plants (+S+S) or plants which were 
sulfate-deprived for 7 days and subsequently transferred to sulfate-containing nutrient 
solution for 6 days (-S+S), did neither substantially affect the sulfate uptake capacity nor 
the nitrate uptake by the root (Fig. 4). If plants were sulfate deprived for 13 days (-S-S) 
and simultaneously exposed to 0.12 µl l-1 SO2 for the last 6 days, it resulted in a further 
fur 
__________________________________________________________________________ 
 

Fig. 3. Effect of sulfate deprivation, sulfate re-supply and SO2 exposure on sulfur and nitrogen 
metabolites contents of Chinese cabbage. For details see legend Fig. 1. Data on the total S, 
sulfate, nitrate and amino acids represent the mean of 2 experiments 3 measurements with 3 to 6 
plants in each (± SD). Data on total water-soluble non-protein thiol content represent the mean 
of 3 measurements with 3 plants in each (± SD). Different letters indicate significant differences 
at p ≤ 0.01 between different treatments. Undoubtedly, part of the foliarly absorbed SO2 was 
metabolized, as illustrated by the enhanced total S, organic S and water-soluble non-protein thiol 
contents of the shoot of the sulfate-deprived plants upon SO2 exposure. 
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increment of the sulfate uptake capacity and in an increase in nitrate uptake on both root 
and plant basis. This might be explained by the beneficial effect of SO2, which is used as 
sulfur source for growth to a low extent  (see above), resulting in a slight recovery of 
severe sulfur deficiency upon prolonged sulfate deprivation. It likely resulted in a 
healthier root system and sulfate and nitrate uptake rates comparable to those of plants 
moderately suffering from sulfur deficiency (+S-S). However, exposure of these plants 
(+S-S) to SO2 did not further affect the sulfate uptake, whereas the nitrate uptake was 
increased (Fig. 4). 

 
 

Discussion 
 
Plants generally utilize sulfate as primary sulfur source for growth. Sulfate is taken up 
with high affinity by the root, subsequently loaded into the xylem and transported to the 
shoot by the transpiration stream, where it is reduced in the chloroplast prior to its 
metabolism into organic sulfur compounds (Hell, 1997; Leustek and Saito, 1999; De 
Kok et al., 2002b, 2005). The remaining sulfate in plant tissue appears to be 
predominantly present in the vacuole. Under normal conditions the uptake and 
assimilation of sulfur is in tune with the actual plant’s sulfur requirement for growth, and 
the uptake of sulfate by the root and its transport to the shoot appear to be major sites of 
regulation (Hawkesford and Wray, 2000; De Kok et al., 2002b, 2005). The root and 
shoot of Brassica contain distinct sulfate transporter proteins, which mediate the uptake, 
transport and subcellular distribution of sulfate. According to their cellular and 
subcellular expression, and possible functioning, the sulfate transporter gene family has 
been classified in different groups (Buchner et al., 2004). Generally sulfate deprivation 
of plants induces multiple responses that increase the efficiency of sulfate uptake on a 
plant basis. Initially there is a rapid increase in expression of genes encoding sulfate 
transporters in the roots and in the rest of the plant, which is accompanied by an 
enhanced sulfate uptake capacity of the root (Hawkesford, 2000, 2003; Hawkesford and 
Wray, 2000; Buchner et al., 2004). Secondly, upon more prolonged sulfate deprivation 
there is a change in shoot to root biomass partitioning in favor of that of root (Stuiver et 
al., 1997; Westerman et al. 2000a; Yang et al., 2003; Buchner et al., 2004).  
 Similar to other observations upon sulfate deprivation there were changes in sulfur 
and nitrogen metabolite contents of Chinese cabbage, which are characteristic for the 
onset of sulfur deficiency, e.g. a strongly decreased sulfate, thiol and organic sulfur 
content and an increased amino acid content, in general more pronounced in the shoot 
than in the root (Stuiver et al., 1997; Westerman et al., 2000a; Yang et al., 2003, Buchner 
et al., 2004). In addition, sulfate-deprived plants had a higher sulfate uptake capacity, 
whereas the nitrate uptake was substantially decreased. The latter could be related to the 
decrease in plant growth upon sulfate deprivation, since the net nitrate uptake is closely 
linked to the growth rate (Muller et al., 1995, Ter Steege et al., 1999; Westerman et al., 
2000a).  Similar to previous observations, root growth of Chinese cabbage was less 
affected upon sulfate deprivation that of the shoot, resulting in a decrease in shoot to root 
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ratio (Stuiver et al., 1997; Westerman et al., 2000a; Yang et al., 2003; Buchner et al., 
2004) 
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Fig. 4. Effect of sulfate deprivation, sulfate re-supply and SO2 exposure on sulfate and nitrate 
uptake by Chinese cabbage. For details see legend Fig. 1. After the 6 day-fumigation exposure, 
plants were transferred to a fresh 25% Hoagland nutrient solution containing 0.5 mM SO4

2- 

exposed to 0 and 0.12 µl l-1 SO2. The uptake of sulfate and nitrate calculated on plant and root 
fresh weight basis was measured over a 24-h period. Data represent the mean of 2 experiments 
with 4 measurements on 3 plants in each (± SD). Different letters indicate significant differences 
at p ≤ 0.01 between different treatments.  
 

 
Evidently, Chinese cabbage was able to transfer from sulfate taken up by the root to 

SO2 absorbed by the shoot as sulfur source for growth under sulfate deprivation (Yang et 
al., 2003). However, from the present results it is obvious that the ability of Chinese 
cabbage to utilize SO2 as sulfur source strongly depends on the sulfur status and/or 
developmental stage of the plant. For example, prolonged sulfate-deprived plants 
benefited only little from SO2 exposure, even though previous experiments with Chinese 
cabbage showed that atmospheric levels as low as 0.06 µl l-1 SO2 are in principle 
sufficient to cover the sulfur requirement for growth (Yang et al., 2003). From the 
changes in the sulfur and nitrogen metabolites upon exposure to SO2, it was clear that the 
absorbed SO2 was metabolized and sulfur-deficiency symptoms in sulfate-deprived 
plants were partly alleviated, viz. a slightly restored shoot growth, an increase in organic 
sulfur and thiol content and a decrease in amino acid content of the shoot. However, SO2 
exposure of the sulfate-deprived plants did not support development of new leaves. 
Solely leaves, which had been formed prior to the exposure benefited from the absorbed 
SO2. Apparently there was hardly any redistribution of sulfur from the older to the 
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developing new leaves. The latter completely relied on the supply of sulfur taken up as 
sulfate by the roots, since upon re-supply of sulfate to sulfate-deprived plants, leaf 
development of Chinese cabbage in presence and absence of SO2, was quite similar to 
that of sulfur-sufficient plants. Moreover, Chinese cabbage, which was first grown under 
sulfate-sufficient conditions for 7 days and was then sulfate deprived for 6 days, fully 
benefited from the absorbed sulfur. Upon SO2 exposure, shoot growth and development 
were quite similar to those of sulfate-sufficient plants and root biomass production was 
even substantially higher than that of sulfur-sufficient plants. Apparently, the level of 
sulfate present in the plant prior to the deprivation was sufficient to fully support the 
development of new leaves to such extent that all leaves were able to benefit optimally 
from the absorbed atmospheric sulfur as sulfur source. The data are in agreement with 
observations of Anderson and co-workers (Anderson and Fitzgerald, 2003) that the 
distribution of sulfate taken up by the roots and the redistribution of sulfur between 
leaves strongly depends on the developmental stage of plant and the degree of leaf 
expansion. 

In curly kale (Brassica oleracea L.) there was a direct interaction between foliar H2S 
deposition and the uptake and metabolism of pedospheric sulfate. The total sulfur content 
and the total N/S ratio of both shoot and root were hardly affected upon prolonged H2S 
exposure and atmospheric levels, which exceeded the sulfur requirement of this species 
(De Kok et al., 2002a; Westerman et al., 2000a,b, 2001a). H2S exposure resulted in a 
negative feedback regulation of the uptake and assimilation of pedospheric sulfate and it 
induced a reduction of sulfate uptake by the roots (Westerman et al. 2000a,b, 2001a), and 
a substantial decrease in the activity of APS reductase, the rate-limiting enzyme in the 
sulfate reduction pathway in shoot (Westerman et al., 2001b). Peculiarly, the strong 
increase in the sulfate uptake capacity of root and the decrease in shoot to root biomass 
ratio of curly kale upon sulfate deprivation were hardly affected by H2S exposure 
(Westerman et al., 2000a; Buchner et al., 2004). 

Despite the ability of Chinese cabbage to utilize absorbed SO2 as sulfur source, SO2 
did not affect the sulfate uptake of sulfate-sufficient plants. Neither the sulfate uptake of 
sulfate-sufficient nor the enhanced sulfate uptake capacity upon sulfate deprivation was 
decreased upon SO2 exposure. Upon prolonged sulfate deprivation, the sulfate uptake 
capacity was even more enhanced. In addition, the shoot to root partitioning in favor of 
roots was unaffected upon SO2 exposure. Even after a 6-day sulfate re-supply of 
previously sulfate-deprived plants, the sulfate uptake capacity was still higher and the 
shoot to root ratio lower than those of sulfate-sufficient plants, both in absence and 
presence of SO2. Apparently, the increased sulfate uptake capacity on a whole plant basis 
is the cause of the extremely high sulfate content of their shoot upon the sulfate re-supply. 
The present results with Chinese cabbage exposed to SO2 support the conclusions based 
on previous observations with curly kale exposed to H2S, that there is apparently no strict 
and direct shoot to root signaling in the tuning of the sulfate uptake by the root and its 
transport to the shoot in relation to the need for growth via down-regulation of the sulfate 
uptake capacity, and normalizing the shoot to root biomass partitioning (Buchner et al., 
2004).  
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Chapter 6 
 
Sulfur status of Chinese soils and response of Chinese  
cabbage to sulfur fertilization in the Beijing area 
 
 
Abstract 
 
During recent years sulfur deficiency has become a major problem in agricultural crops 
throughout China, due to an imbalance of sulfur in relation to N, P and K in the fertilizers. One-
fourth of the tested Chinese soils appeared to be sulfur deficient. Pot experiments at locations in 
the Beijing area showed that shoot biomass production of Chinese cabbage was significantly 
enhanced upon sulfur fertilization of the soil. A level of fertilization of 15 to 30 kg S ha-1 was 
sufficient to get optimum yield. However, the level of fertilization in other regions in China 
might have to be adjusted to the level of local atmospheric sulfur deposition. 
 
 
Introduction 
 
Sulfur is the fourth major nutrient after N, P and K for agricultural crops and is essential 
for growth and physiological functioning of plants. Sulfur is needed for the synthesis of 
the amino acids cysteine and methionine, which are of great significance in the structure, 
conformation and function of proteins and enzymes. Furthermore, it is incorporated into 
several other metabolites, as thiols (glutathione), sulfolipids and secondary sulfur 
compounds (alliins, glucosinolates, phytochelatins), which play an important role in the 
physiology of plants and in the protection and adaptation of plants against stress and 
pests (De Kok et al., this issue). Sulfur fertilization is not always optimal, which might 
negatively affect both crop yield and quality. It has been recognized that currently sulfur 
deficiency is one of the major plant nutrient stresses in crops throughout the world 
(Schnug, 1991; McGrath and Zhao, 1996; Schnug and Haneklaus, 1998; Zhao et al., 
1999). In China sulfur deficiency has also become apparent and now occurs frequently 
(Wang et al., 2001; Cui and Wang, 2003; Zhao et al., 2003; Li and Liu, 2004; Meng et al., 
2004). The use of high yielding varieties, increased cultivation intensity, and an overall 
improvement of cultural management practices has resulted in a sustained increase in 
crop production in the last decades. This had led to increased removal of nutrients from 
agricultural ecosystems. The sulfur input to soil has decreased due to the use of low 
sulfur-containing fertilizers. In the past fertilizers such as ammonium sulfate, single 
superphosphate, potassium sulfate and farmyard manure were used. At present these 
fertilizers are often replaced by low sulfur or sulfur-free fertilizers such as complex 
fertilizers (like N15P15K15), DAP (diammonium phosphate) and urea. For example, the 
share of ammonium sulfate production in the total nitrogen fertilizers production in 
China dropped from 100% in the 1950s to 44.9% in the 1960s, 6% in the 1970s and 
0.7% in the 1990s. The N/S ratio in the fertilizers used in China increased from 1.0 in 
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1960 to 8.8 in 1990 (Liu, 1995). Recently, China has improved the balance of N, P and K 
in fertilizers, however, the importance of S and other micronutrients is often ignored. As 
a consequence in several regions, sulfur has become a limiting factor for optimal yield 
and quality of crops. In order to get insight into the sulfur status of Chinese agricultural 
soils, more than 18,000 samples from all over the country and about 900 samples from 
the Beijing and Tianjin areas were analyzed. 

Chinese cabbage is a common and widely grown vegetable throughout the country, 
especially in northern China, since it has a high yield and relatively short growing period. 
For instance, winter Chinese cabbage usually has a yield of 100-120 ton ha-1 in the 
Beijing and Tianjin areas. With the current high production levels, an adequate supply of 
nutrients must be available for optimum plant growth and production. However, Chinese 
farmers tend to apply more nitrogen fertilizer than is needed for optimal yield, whereas 
often insufficient phosphate and potassium are applied. In addition, the significance of 
the secondary nutrients and micronutrients are ignored, resulting in loss of potential yield 
and income from production of this vegetable. Responses to sulfur fertilization were 
reported for some leaf vegetables and Chinese cabbage in China (Chen et al., 2000; Liu 
et al., 2003).  

In general, Chinese cabbage is grown in the vicinity of cities and here yield and 
quality might be negatively affected by air pollution (Zheng et al., 1996). Coal is still the 
principal source of energy in China and its combustion results in high levels of the air 
pollutants SO2, NOx, and acid rain. The impact of acid deposition on agricultural crops 
and forests in southern China has been reviewed by Feng (2000). Despite the potential 
toxicity of sulfurous air pollutants they also may contribute to the plants´ sulfur 
fertilization. For instance, one of the primary causes of sulfur deficiency in North 
America and Western Europe is attributed to the ongoing reduction of atmospheric sulfur 
deposits as the consequence of strict regulations on industrial sulfur emissions (Schnug, 
1991; McGrath et al., 1996). This is supported by laboratory experiments, which have 
shown that dependent on the atmospheric level and the pedospheric sulfur supply of 
plants, SO2 may act as both toxin and nutrient (De Kok et al., 1998, 2000; De Kok and 
Tausz, 2001; Yang et al., 2003). It remains to be questioned to what extent SO2 pollution 
in the vicinity of Chinese cities is toxic or contributes to sulfur fertilization of Chinese 
cabbage. The current paper presents results of pilot experiments with two cultivars of 
Chinese cabbage, which were grown in pots with local soil with and without additional 
sulfur fertilization at two sites in the Beijing area. 
 
 
Material and methods 
 
Soil testing 
 
ASI Soil Analysis Methods (PPI/PPIC Beijing Office, 1992; Portch and Hunter, 2003) 
for available soil sulfur test was adopted. Available soil sulfur was extracted by 0.08 M 
calcium phosphate and measured by the turbidimetric procedure for SO4

2--S in the PPIC-
CAAS Corporative Soil and Plant Analysis Laboratory. If the level of available soil 



63

 

sulfur is lower than 12 mg l-1, the soils are considered to be sulfur deficient. Soils 
containing sulfur levels ranging from 12 to 24 mg l-1 are potentially sulfur deficient. At 
these soil sulfur levels supplemental sulfur fertilization is required to obtain optimal crop 
yield and quality. If available sulfur is higher than 24 mg l-1, the soils are considered to 
be sulfur sufficient.  
 
Response of Chinese cabbage to sulfur fertilization at two sites in the Beijing area 
 
Two experimental sites were selected; one at central Beijing inside the 3rd Ring Road 
(site A) and one at the outskirts of Beijing outside the 6th Ring Road (site B). The data of 
atmospheric SO2 concentrations in Beijing were provided by the Beijing Environmental 
Protection Bureau and were also measured by the national standard method (GB/T 15262: 
Ambient air – Determination of sulfur dioxide – Formaldehyde absorbing – 
Pararosaniline spectrophotometry). 

For the experiments a fluviogenic soil was taken from Changping County, Beijing; it 
is the main soil type in the Beijing and Tianjin areas. The soil was air-dried for a few 
days and sieved through a 2 mm screen. Available nutrients and adsorption 
characteristics were determined by ASI Soil Analysis Methods. From the obtained data it 
was evident that the soil had a high pH, high levels of plant available Ca, Mg and Cu and 
low levels of plant available N, P, K, S, Fe, Mn and Zn (Table 1). Two cultivars of 
Chinese cabbage (Brassica pekinensis, cv. Kasumi F1, Nickerson-Zwaan, the 
Netherlands and cv. Beijing 3, China) were used in the experiments. 

In the summer of 2002 the response of Chinese cabbage to sulfur fertilization was 
tested at the two experimental sites. Plants were fertilized with nutrients at levels more 
than adequate for maximum growth but much less than those considered to be toxic or 
out of balance with other plant nutrients and conditions. The levels of the various 
nutrients were added to the soil according to “a Systematic Approach to Soil Fertility 
Evaluation and Improvement”, and were based on soil test results and sorption studies 
(data not shown). The nutrients were added as follows: 50 mg N l-1 soil, 234 mg K l-1 soil, 
55 mg P l-1 soil, 0.4 mg B l-1 soil, 20 mg Fe l-1 soil, 28 mg Mn l-1 soil, 5 mg Zn l-1 soil and 
66 mg S l-1 soil. The latter represents an equivalent to a level of sulfur fertilization of 
approx. 130 kg ha-1 and is referred to in the Fig. 3 as +S. In part of the pots no sulfur was 
added; referred to as -S. The nutrients were added as a solution and mixed thoroughly 
with the soil. The soil was watered to field capacity and 15-20 seeds were sown in each 
pot (with 800 ml air-dried soil), and then thinned to 4 plants per pot after emergence. All 
treatments were irrigated by a system of capillary irrigation (1.5 g NH4NO3 per 5 liters of 
de-ionized water) at the bottom of the pot in order to maintain a soil moist content close 
to field capacity. The plants in pots were placed under a plastic transparent foil in order 
to provide protection against heavy rainfall in summer. After 20 days the first harvest of 
the plants was carried out and two plants in the diagonal corner in each pot were 
harvested. The second harvest was carried out after 28 days.  

In the summer of 2003 the response of Chinese cabbage to various levels of sulfur 
fertilization was tested at one of the experimental sites (site A). The same cultivars of 
Chinese cabbage were used. The same soil as used in the first experiment and the basal 
nutrients at the optimum levels were added, except S (see above). Sulfur was applied as 
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K2SO4 at levels of 0, 15, 30, 60, 90 and 120 kg S ha-1 which was calculated by 20 cm 
cultivated layer and 1.2 g cm-3 soil bulk density of this soil (so the applied rate was 0.0, 
6.3 12.5, 25.0, 37.5, 50.0 mg S kg-1 soil in the pot experiments). The soil was watered to 
field capacity and 20 seeds were sown in each pot (containing 1 kg air-dried soil) and 
thinned to 2 plants per pot after emergence. During the experiment period all pots were 
watered with the same amount (50-100 ml) of NH4NO3 solution (2.0 g NH4NO3 per 5 
liters of deionized water) every day. There were 5 replicates in each treatment of the 6 
fertilization levels of sulfur. The pots were put under a plastic shed, which provided the 
plants protection against heavy rainfall in summer. The plants were harvested after 28 
days. 
 
 
Table 1. Levels of available nutrients in fluviogenic soil from Changping County, Beijing, China 
and the critical levels for the different nutrients. 
 

 pH 
Organic  
matter 

(%) 
Nutrients (mg l-1) 

   Ca Mg K N P S B Cu Fe Mn Zn 

 Soil test results 8.1 1.09 2204 244 53 12 15 0.5 0.46 2.5 8.0 4.1 1.7 
 Critical levels   400 121 78 50 12 12 0.20 1.0 10 5.0 2.0 
 
 

The fresh and dry (80 °C, 24 hours) weight of shoots was measured after harvest. 
Total nitrogen was determined with the Kjeldahl method according to Barneix et al. 
(1988). Analysis of the total S content was carried out as described by Durenkamp and 
De Kok (2002). Sulfate was determined after HPLC separation according to Tausz et al. 
(1996). The content of P, K, Zn, Mn, Fe, Ca and Mg of the shoots were determined after 
H2SO4-H2O2 digestion (Lu, 1999).  
 
 
Results and discussion 
 
The status of available soil sulfur  
 

During recent years a total of 18,183 soil samples from China (and 923 samples from 
Beijing and Tianjin) were analyzed. From the data on available soil sulfur it is obvious 
that 24% (27% in Beijing and Tianjin) of the soils tested were S deficient, with available 
sulfur levels less than 12 mg l-1 (the critical level), while 18% (14% in Beijing and 
Tianjin) of the soils contained available sulfur levels ranging from 12 to 24 mg l-1, which 
might be considered to be potentially sulfur deficient (Table 2). The data demonstrated 
that sulfur deficiency of soils is a widespread problem in China and that in these areas 
additional sulfur fertilization is required for optimal crop yield and quality. 
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Table 2. The status of available sulfur (mg l-1) in the selected soil. 
 

 Min. Mean Max. <12 12-24 24-48 >48 Number of 
samples 

    % of total selected samples  

China 0 40 820 24 18 28 30 18,183 
Beijing and Tianjin 0 55 262 27 14 16 43      923 

 
 
SO2 pollution levels in Beijing  
 

The atmospheric SO2 concentration in Beijing has substantially decreased during 
recent years. This can be ascribed to the great effort to reduce air pollution levels in the 
city. The change in use of coal to natural gas as energy source and a stricter regulation of 
pollutant emissions have resulted in a strong decrease of SO2 emission over the period of 
1998 to 2002 (Fig. 1). The natural gas supply in the city was more than 1.8 billion m3 in 
2002, which was about 6 times higher than in 1998. The use of high quality and lower-
sulfur coals was 8 million ton in 2002, which was 4-fold higher than in 1998. SO2 annual 
mean concentration has decreased from 120 µg m-3 in 1998 to 67 µg m-3 in 2002. During 
2002 and 2003, the atmospheric SO2 levels were monitored at the experimental sites 
during the experimental period and the daily mean concentrations in Beijing are shown 
in Table 3 and Fig. 2. SO2 concentrations in Beijing in the summer time were about 20 
µg m-3. 
 
 
Table 3. SO2 concentrations at two experimental sites in the Beijing area in 2002. SO2 
concentration was measured every day at site A and twice a week at site B during the 
experiment period (for information on sites see Material and methods). 
 

  SO2 (µg m-3) 
  Mean Range 
Site A 17 2-34 
Site B 17 9-32 

 
 
Impact of sulfur fertilization on Chinese cabbage 
 
Sulfur fertilization of the fluviogenic soil from the Beijing and Tianjin areas had a 
substantial impact on Chinese cabbage and resulted in a significant increase of the shoot 
fresh weight production of two cultivars of Chinese cabbage (Fig. 3). The fresh weight of 
the shoot of Beijing 3 was significantly higher upon sulfur fertilization at both harvests. 
However, an increase in shoot weight of Kasumi F1 upon sulfur fertilization was only 
observed at day 28.  This indicated that the local cultivar Beijing 3 had a higher sulfur 
demand than Kasumi F1 (Fig. 3). There were no differences in plant growth within the 
same treatment for either harvesting day or experimental site. 
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Sulfur fertilization resulted in an increase of the total sulfur, which was mainly due to 
a higher sulfate content of the plants (Fig. 3). The organic sulfur content was also 
increased upon sulfur fertilization for both harvests at the different sites. 
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Fig. 1. Energy supply and SO2 concentration change in recent years. Data from Beijing 
Environment Monitoring Station. 
 
 

 
 

Fig. 2. SO2 concentrations (daily mean) in Beijing during the experimental period. Data from 
Beijing Environment Monitoring Station. 
 
 

Sulfur fertilization only slightly increased total nitrogen content of Beijing 3 for both 
harvests, whereas that of Kasumi F1 was hardly affected (Fig. 3). The N/S ratio in non-
sulfur fertilized plants was much higher than that of the sulfur-fertilized plants in both 
cultivars especially after 28 days when shoot growth was reduced (Fig. 3). The ratio of 
N/S was between 15 to 20 in the sulfur-fertilized plants. 

Upon 28 days of sulfur fertilization the levels of other plant nutrients in shoots were 
also affected (Table 4). The levels of P, K, Fe, Mg, Zn, Ca and Mn in shoots of Chinese 
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cabbage cv. Kasumi F1 were slightly enhanced upon sulfur fertilization. In cv. Beijing 3 
sulfur fertilization only resulted in an enhancement of the levels of K, Zn, Mn. 

 
 

Table 4. Effect of sulfur fertilization on P, K, Ca, Mg, Fe, Zn and Mn content of shoots of two 
cultivars of Chinese cabbage. Plants were grown at site A for 28 days. Data represent the mean 
of 3 measurements with 8 plants in each  (± SD). Different letters (a, b) indicate significant 
differences at p ≤ 0.05 between different treatments. 

 

 P K Ca Mg Fe  Zn   Mn   
 (%) (%) (%) (%) (mg kg-1) (mg kg-1) (mg kg-1) 

Beijing 3      -S 0.42±0.04a 2.67±0.22a 2.9 ±0.2a  0.33±0.0a 294±53a 47 ±7a 51± 4a 
                    +S 0.39±0.06a 3.81±0.5b 2.5 ±0.2a 0.34±0.0a 302±21a 64±13b 72±13b 
Kasumi F1  -S 0.42±0.01a 2.48±0.05a 2.8 ±0.1a 0.32±0.0a 293±53a 40± 6a 45± 8a 
                    +S 0.53±0.05b 3.32±0.1b 3.2 ±0.2b 0.38±0.0b 376±60b 65±10b 65± 6b 

 
 
 
Optimizing of sulfur fertilization for Chinese cabbage 
 
It was evident from the previous results that the levels of sulfur in the fluviogenic soil 
from Beijing and Tianjin were not sufficient for optimal growth of Chinese cabbage. In 
order to assess optimal sulfur fertilization plants were grown on soil fertilized with 0, 30, 
60, 90 and 120 kg S ha-1 (Fig. 4). The shoot fresh weight increased by 50% when 30 kg S 
ha-1 sulfur fertilizer was applied for Beijing 3 and was not further affected at higher 
levels of sulfur fertilization. There were no differences in shoot biomass production at 30, 
60, 90 and 120 kg S ha-1. For Kasumi F1, sulfur fertilization at 15 kg ha-1 was sufficient 
for optimal shoot biomass production. 

Sulfur fertilization resulted in a slight increase of the total S content in both cultivars 
of Chinese cabbage and an increase of the total N content in Beijing 3 (Fig. 4). As a 
consequence the N/S ratio of shoots of Kasumi F1 decreased from 38 in the non-
fertilized to 29 in the fertilized plants (Fig. 4). Likewise, the N/S ratio of Beijing 3 
decreased from 29 to 24. It has been suggested that the N/S ratio could be used as a 
diagnostic tool to determine plant sulfur deficiency, based on an assumed direct 
interaction between nitrogen and sulfur assimilation in plants (Zhao et al., 1996; Thomas 
et al., 2000; Blake-Kalff et al., 2002; Randall et al., 2003). However, one should be 
cautious in the use of the N/S ratio for sulfur diagnosis, since it may also be strongly 
affected by the level of nitrogen fertilization. A high N/S ratio could be due to the 
oversupply of nitrogen even though sulfur was sufficient. For instance, the two 
experiments showed different N/S ratios in sulfur-sufficient plants. It was 15-20 for both 
cultivars in the first year, while it was 24-25 for Beijing 3 and 29 for Kasumi F1 in the 
second year, since the level of nitrogen fertilization was somewhat higher.  
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Fig. 3. Response of growth, sulfur and nitrogen metabolites of two cultivars of Chinese cabbage 
to sulfur fertilization at two sites in the Beijing area. Plants were grown in the fluviogenic soil 
for 20 and 28 days at site A (open bars) and site B (dotted bar, see Material and methods). 
Without sulfur fertilization (-S) and with 66 mg SO4

2--S l-1 soil (+S). The fresh weight of shoots 
(g) represents the mean of 12 measurements with 2 plants in each (± SD). Total S, total N, and 
sulfate content (µmol g-1 DW) of the shoot represent the mean of 3 measurements with 8 plants  
in each (±SD) at day 20 and the mean of 4 measurements with 6 plants in each (± SD) at day 28. 
The organic sulfur content was derived by subtracting the sulfate content from that of the total S 
content. Different letters indicate significant differences at p ≤ 0.05 between (+S) and (-S) 
treatments. 
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Fig. 4. Effect of different levels of sulfur fertilization on growth, total S, total N and N/S ratio of 
two cultivars of Chinese cabbage. Sulfur was applied as K2SO4 at levels of 0, 15, 30, 60, 90 and 
120 kg S ha-1 which was calculated by 20 cm cultivated layer and 1.2 g cm-3 soil bulk density of 
this soil (so the applied rate was 0.0, 6.3 12.5, 25.0, 37.5, 50.0 mg S kg-1 soil in the pot 
experiments, see Material and methods). Data of the fresh weight of shoot represent the mean of 
5 measurements with 2 plants in each (± SD). Total S and total N content of the shoot represent 
the mean of 3 measurements with 2 plants in each (± SD). Different letters indicate significant 
differences at p ≤ 0.05 between different treatments. 
 
 

The total S and total N contents of non-sulfur fertilized plants were higher in the 
second year (Fig. 4) than in the first year (Fig. 3). This may be ascribed to the different 
irrigating regimes of the pots. During the first year plants in pots were irrigated by a 
system of capillary irrigation (irrigation water contained 1.5 g NH4NO3 per 5 liters of de-
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ionized water) and the water content of the soil was maintained close to “field capacity”. 
During the second year pots were watered daily with 50-100 ml irrigation water 
containing 2.0 g NH4NO3 per 5 liters of de-ionized water. As a consequence there was 
more variation in the soil water content. There is no doubt that plants are able to utilize 
foliarly absorbed sulfurous air pollutants as a sulfur source for growth (De Kok et al., 
1998, 2000; De Kok and Tausz, 2001; Yang et al., 2003). It has been demonstrated that 
levels of ≥ 0.06 µl l-1 SO2 (≅150 µg m-3 SO2) are sufficient to cover the sulfur need of 
Chinese cabbage for growth (Yang et al., 2003). It remains to be questioned to what 
extent atmospheric SO2 deposition has contributed to the sulfur fertilization of Chinese 
cabbage at the different sites in the Beijing area, although the ambient SO2 levels were 
relatively low (Table 3). 
 
 
Conclusions 
 
Sulfur fertilization of soils is necessary to obtain optimal yield in various areas in China. 
For instance the present data showed that in the Beijing area a level of sulfur fertilization 
of 15-30 kg S ha-1 was needed to get optimal biomass production of Chinese cabbage. 
However, the level of fertilization in other regions in China might have to be adjusted to 
the level of local atmospheric sulfur deposition. 
 
 
References 
 
Barneix, A.J., Cooper, H.D., Stulen, I. and Lambers, H. 1988. Metabolism and translocation of 

nitrogen in two Lolium perenne populations with contrasting rates of mature leaf respiration 
and yield. Physiol. Plant. 72: 631-636. 

Blake-Kalff, M.M.A., Hawkesford, M.J., Zhao, F.J. and McGrath, S.P. 2000. Diagnosing sulfur 
deficiency in field-grown oilseed rape (Brassica napus L.) and wheat (Triticum aestivum L). 
Plant Soil 225: 95-107. 

Chen, J., Zhang, F., Beaton, J.D. and Henderson, A. 2000. Study on the effect of NPK 
compound and sulfur fertilizers on leave vegetables. Guangdong Agr. Sci. 1: 34-36, 46 (in 
Chinese). 

Cui, Y. and Wang, Q. 2003. Effect of sulfur fertilization on yield production and sulfur content 
of crops and pasture in north China. Chinese J. Appl. Ecol. 14: 1261-1264 (in Chinese). 

De Kok, L.J., Stuiver, C.E.E. and Stulen, I. 1998. Impact of atmospheric H2S on plants. In: De 
Kok, L.J. and Stulen, I. (eds.), Responses of Plant Metabolism to Air Pollution and Global 
Change. Backhuys Publishers, Dordrecht, pp. 51-63. 

De Kok, L.J., Westerman, S., Stuiver, C.E.E. and Stulen, I. 2000. Atmospheric H2S as plant 
sulfur source: interaction with pedospheric sulfur nutrition – a case study with Brassica 
oleracea L. In: Brunold, C., Rennenberg, H., De Kok, L.J., Stulen, I. and Davidian, J.-C. 
(eds.), Sulfur Nutrition and Sulfur Assimilation in Higher Plants; Molecular, Biochemical and 
Physiological Aspects. Paul Haupt, Bern, pp. 41-56. 

De Kok, L.J. and Tausz, M. 2001. The role of glutathione in plant reaction and adaptation to air 
pollutants. In: Grill, D., Tausz, M. and De Kok, L.J. (eds.), Significance of Glutathione to 
Plant Adaptation to the Environment. Kluwer Academic Publishers, Dordrecht, pp 185-201. 



71

 

Durenkamp, M. and De Kok, L.J. 2002. The impact of atmospheric H2S on growth and sulfur 
metabolism of Allium cepa L. Phyton 42(3): 55-63. 

Feng, Z. 2000. Ecological effects and control strategies of acid deposition on ecosystems in 
China. Yunnan Environ. Sci. 19: 1-6 (in Chinese). 

Li, Y. and Liu, S. 2004. Effect of sulfur on the yield and quality of spring wheat. Soil Fert. 1: 
14-15 (in Chinese). 

Liu, C. 1995. Status of available soil sulfur and sulfur need in South China. Phosphate 
Compound Fert. 3: 14-18 (in Chinese). 

Liu, Q., Wang, H., Zhong, L. and Song, L. 2003. A experiment of sulfur fertilizer effect on 
Chinese cabbage. Tianjin Agr. Forest Sci-tech. 4: 8-9 (in Chinese). 

Lu, R. 1999. Agriculture Chemical Analysis Methods of Soil. Chinese Agriculture Technology 
Press, Beijing  (in Chinese). 

McGrath, S.P. and Zhao, F.J. 1996. Sulphur uptake, yield responses and the interactions between 
nitrogen and sulphur in winter oilseed rape (Brassica napus). J. Agr. Sci. 126: 53-62. 

McGrath, S.P., Zhao, F.J. and Withers, P.J.A. 1996. Development of sulphur deficiency in crops 
and its treatment. Proceedings of the Fertiliser Society No. 379. International Fertiliser 
Society, York, U.K. 

Meng, C., Lu, X., Cao, Z. and Hu, Z. 2004. Effect of sulfur fertilizer on yields of rice and oil 
rape and the critical values of soil available sulfur. Plant Nutr. Fert. Sci. 10: 218-220 (in 
Chinese). 

PPI/PPIC Beijing Office 1992. Systematic Approach for Soil Nutrient Evaluation. China 
Agricultural Scientechnology Press, Beijing, pp. 54-70 (in Chinese) 

Portch, S. and Hunter, A. 2003. A Systematic Approach to Soil Fertility Evaluation and 
Improvement. Modern Agriculture & Fertilizers - PPI/PPIC China Program Special 
Publication No. 5.. 

Randall, P.J., Freney, J.R. and Spencer, K. 2003. Diagnosing sulfur deficiency in rice by grain. 
Nutr. Cycl. Agro Ecosys. 65: 211-219. 

Schnug, E. 1991. Sulphur nutritional status of European crops and consequences for agriculture. 
Sulphur in Agriculture 15: 7-12. 

Schnug, E. and Haneklaus, S. 1998. Diagnosis of sulphur nutrition. In: Schnug, E. (ed.) Sulphur 
in Agroecosystems. Kluwer Academic Publishers, Dordrecht, pp. 1-38. 

Tausz, M., De Kok, L.J., Stulen, I. and Grill, D. 1996. Physiological responses of Norway 
spruce trees to elevated CO2 and SO2. J. Plant Physiol 148: 362-367. 

Thomas, S.G., Bilsborrow, P.E., Hocking, T.J. and Bennett, J. 2000. Effect of sulphur deficiency 
on the growth and metabolism of sugar beet (Beta vulgaris cv. Druid). J. Sci. Food Agr. 80: 
2057-2062. 

Wang, S.P., Wang, Y.F., Chen, Z.Z., Schnug, E. and Haneklaus, S. 2001. Sulphur status of soils 
and plants selected in Inner Mongolia steppe. Acta Phytoecologica Sinica 25: 465-471.  

Yang, L., Stulen, I. and De Kok, L.J. 2003. Interaction between atmospheric sulfur dioxide 
deposition and pedospheric sulfate nutrition in Chinese cabbage. In: Davidian J.-C., Grill, D., 
De Kok, L.J., Stulen, I., Hawkesford, M.J., Schnug, E. and Rennenberg, H. (eds.), Sulfur 
Transport and Assimilation in Plants: Regulation, Interaction, Signaling. Backhuys Publishers, 
Leiden, pp. 363-365. 

Zhao, F.J., Hawkesford, M.J., Warrilow, A.G.S., McGrath, S.P. and Clarkson, D.T. 1996. 
Responses of two wheat varieties of sulfur addition and diagnosis of sulfur deficiency. Plant 
Soil 181: 317-327. 

Zhao, F.J., Hawkesford, M.J. and McGrath, S.P. 1999. Sulphur assimilation and effects on yield 
and quality of wheat. J. Cereal Sci. 30: 1–17. 



72

 

Zhao, S., Hu, S., Li, W. and Du, J. 2003. Effect of sulfur on grain protein content and storage 
protein content in spring wheat with different quality. Acta Agron. Sinica 29: 847-852 (in 
Chinese). 

Zheng, Y., Last, F.T., Xu, Y. and Meng, M. 1996. The effects of air pollution climate in 
Chongqing on four species of vegetable. Chongqing Environ. Sci. 18: 29-32 (in Chinese). 



73

 

Chapter 7 
 
General Discussion 
 
 
The impact of SO2 on crops is ambiguous and complicates sulfur 
fertilization recommendations 
 
Since the 1950's, the impact of SO2 on plant metabolism has been studied in detail, 
however, the basis for differences in susceptibility between plant species and cultivars is 
still largely obscure (De Kok, 1990; De Kok and Tausz, 2001). Despite several studies, it 
remains unclear to what extent the observed changes in metabolism upon SO2 exposure 
are the primary cause or the consequence of an already disturbed physiology or acute 
(pre-injury) effects. Furthermore, Thomas and co-workers established already more than 
60 years ago that despite its potential phytotoxicity SO2, upon its foliar absorption, might 
be metabolized (see ref. Thomas, 1951) and used as sulfur source for growth (Chapter 3, 
4 and 5; De Kok, 1990; De Kok et al., 1998; De Kok and Tausz, 2001). The paradoxical 
effects of SO2 on plants complicate the establishment of clear cause-effect relationships.  

It has become evident that foliar deposition of atmospheric sulfur gases substantially 
contributes to sulfur nutrition of agro-ecosystems, since modern fertilizers are low in 
sulfur and supplemental sulfur fertilization is needed to prevent economic losses 
(Chapter 5 and 6; Schnug and Evans, 1992; Ceccotti and Messick, 1997; Zhao et al., 
1999; Thomas et al., 2003). Also in China an imbalance of sulfur in relation to nitrogen, 
phosphorus and potassium in the fertilizers has resulted in a widespread sulfur deficiency 
of soils (Chapter 5 and 6). Even in the Beijing and Tianjin areas in China, which are 
highly industrialized, about 30% of the farmland appeared to be sulfur deficient. In these 
regions, Chinese cabbage is produced under intensive farming practice with a general use 
of low S or even S-free fertilizers, and additional sulfur fertilization was needed for 
optimal production (Chapter 6). 

Most vegetable producing areas are located around the big cities, where the air 
pollutant levels are relatively high (Chapter 2). For instance, in the largest industrial city 
of southwest China, Chongqing, the annual average SO2 level during 1995 was 0.13 µl   
l-1, whereas the maximum daily average SO2 level exceeded 0.36 µl l-1. In 1996 the 
average level of SO2 in the cities in China ranged from 0.001 to 0.16 µl l-1 and in 2002, 
22.4% of the cities had a higher annual average SO2 concentration than 0.024 µl l-1 
(Chapter 4). These concentrations are close to the minimal effective concentration of SO2 
for plants, which minimum levels range from 0.01 to 0.03 µl l-1 (Posthumus 1998) and 
exceed the maximum allowable concentration standards for crop protection in China 
(Table 1). For comparison, in Europe (EC) an annual mean of 0.008 µl l-1 (20 µg m-3) has 
been set for SO2 (http://europa.eu.int/comm/environment/air/), as air quality standard for 
ecosystems. In the USA, there are both short- and long-term National Ambient Air 
Quality Standards for SO2 (http://www.epa.gov/air/airtrends/sulfur2.html). The short-
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term (24 h) standard of 0.14 µl l-1 (365 µg m-3) is not to be exceeded more than once per 
year and the long-term standard specifies an annual arithmetic mean which may not 
exceed 0.030 µl l-1 (80 µg m-3).  
 
 
Table 1. Susceptibility of crop species and maximum allowable SO2 concentration for crop 
protection in China (Derived from the "Environmental Standards" in "State Environmental 
Protection Administration of China" (www.sepa.gov.cn/) 
 
Susceptibility to SO2 Average 

concentration 
during growing 

season 
 

Average daily 
concentration 

Peak 
concentration 

 µg m-3 (µl l-1) µg m-3 (µl l-1) µg m-3 (µl l-1) 
 

High 
alfalfa, apple, barley, buckwheat, cabbage, 
clover, cucumber, grape, lettuce, pear, potato, 
pumpkin, ryegrass, sesame, soybean, spinach, 
sugar beet, wheat 

 
        50 (0.02) 

 

 
150 (0.06) 

 
500 (0.19) 

Medium   
apricot, carrot, cherry, corn, cotton, eggplant, 
oat, orange, peach, plum, rice, sorghum, 
tobacco, tomato   

 
         80 (0.03) 

 
250 (0.10) 

 
700 (0.27) 

Low 
broccoli, horse bean, rape, strawberry, 
sunflower, taro 

 
       120 (0.05) 

 
300 (0.12) 

 
800 (0.31) 

 
 

In northern China, the growing season of Chinese cabbage is from autumn to the 
beginning of winter, during the heating season, when atmospheric SO2 levels are the 
highest (Chapter 2 and 4). It is evident that at chronic atmospheric SO2 levels of 0.06 µl 
l-1 and higher (levels which may arise in polluted areas in China, see above) Chinese 
cabbage may also suffer from the negative impact of chronic atmospheric SO2, and levels  
as low as 0.06 µl l-1 might already negatively affect growth (Fig. 1). On the contrary, 
these SO2 levels may contribute substantially to the sulfur nutrition of Chinese cabbage, 
at least if the soil is not severely sulfate deficient (Fig. 1; Chapter 3, 4 and 5). These 
ambiguous effects of SO2 complicate the establishment of cause-effect relationships for 
its phytotoxic effects on Chinese cabbage grown under field conditions, and the sulfur 
fertilizer recommendations for optimal production of this crop. Evidently, the latter 
needs not solely to be adapted to the local soil sulfur status but also adjusted to the local 
levels of SO2 pollution. 
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There is hardly interaction between atmospheric and pedospheric sulfur 
nutrition 
 
Similar to other Brassica species, Chinese cabbage is characterized by a high sulfur 
requirement for growth. Kasumi F1 (Dutch cultivar) and Beijing 3 (Chinese cultivar) had 
an estimated sulfur requirement of 5.1 and 4.7 µmol g-1 plant fresh weight day-1, 
respectively, at the given experimental (sub-optimal) growth conditions (Chapter 4).  
However, the greater proportion of the sulfur taken up by the roots was not directly 
assimilated and was present as sulfate in both roots and shoots (Fig. 2; Chapter 3, 4, 5 
and 6; Blake-Kalff et al., 1998; Castro et al., 2003). Still it needs to be established 
whether the concept of sulfur requirement for growth needs to be re-defined as the sulfur 
requirement for structural growth, wherein the organic sulfur content would be the 
parameter in the calculation of sulfur requirement. At present it is unknown to what 
extent, the bulk fraction of the accumulated sulfate (present in the vacuole; De Kok et al., 
2002, 2005), during further development of the plant is redistributed/remobilized and 
used as sulfur source for growth.  
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Fig. 1. SO2 - nutrient of toxin for Chinese cabbage (Brassica pekinensis, cv. Beijing 3): Impact 
of SO2 exposure and sulfate deprivation on growth. Ten-day-old seedlings were grown in a 25% 
Hoagland nutrient solution with or without sulfate and simultaneously exposed to of 0.06 µl l-1 
SO2 for two weeks. For experimental conditions, see Chapter 4 and 5. Data on shoot and root 
fresh weight represents the mean of 2 experiments with 10 measurements in each (± SD). 
Relative growth rate (RGR) of the plant was calculated on a fresh weight basis and was 
determined over the exposure period. S/R ratio, shoot to root ratio. Different letters indicate 
significant differences at p ≤ 0.01 between different treatments. 
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Fig. 2. SO2 - nutrient of toxin for Chinese cabbage (Brassica pekinensis, cv. Beijing 3): 
Common effects of SO2 exposure and sulfate deprivation on sulfur metabolite content. Ten-day-
old seedlings of Chinese cabbage (Brassica pekinensis, cv. Beijing 3) were grown in a 25% 
Hoagland nutrient solution with or without sulfate and simultaneously exposed to of 0.06 µl l-1 
SO2 for two weeks. Data on total S and sulfate content of shoot and root (measured in freeze-
dried material) represents the mean of 5 measurements with 9-12 plants in each (± SD). For 
analytical methods, see Chapter 4 and 5. Data on total water-soluble non-protein thiol content 
(µmol g-1 FW) in shoot and root represents the mean of 3 measurements with 3 plants in each (± 
SD). Different letters indicate significant differences at p ≤ 0.01 between different treatments. 
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 The shoot of Chinese cabbage formed a sink for SO2 and similar to observations with 
other species there was a linear relation between the rate of uptake and the atmospheric 
SO2 level (0.03 to 1.4 µl l-1; Chapter 4; De Kok, 1990; Van Der Kooij and De Kok, 1998; 
De Kok and Tausz, 2001). SO2 exposure resulted in an increase in the content of water-
soluble non-protein thiols and total sulfur in the shoot. The latter increase could largely 
be ascribed to an accumulation of sulfate, whereas that of the root remained unaffected 
(Fig. 2; Chapter 3, 4 and 5). The increased content of thiols presumably reflected a slight 
overload of the sulfur supply to the shoots. Glutathione is usually the most abundant thiol 
compound present in plant tissue. However, if the regulation of the uptake of sulfate by 
the roots is by-passed and sulfur is directly supplied to foliar tissue in either oxidized or 
reduced form viz. SO2 or H2S, then not only the size but also the composition of the thiol 
pool changes and in addition to glutathione, high levels of cysteine and other thiols may 
occur (De Kok, 1990; De Kok et al., 1998; De Kok et al., 2002).  

Based on the sulfur requirement to maintain structural growth and the SO2 uptake 
kinetics, it could be estimated that an atmospheric SO2 level of approximately 0.1 µl l-1 
should be sufficient to cover the sulfur requirement if Chinese cabbage were able to 
transfer from pedospheric sulfate to SO2 as sulfur source for growth (Chapter 4). Upon 
sulfate deprivation it became evident that a level as low as 0.06 µl l-1 SO2 was already 
sufficient to cover the sulfur requirement for growth of Chinese cabbage (Chapter 3, 4 
and 5). However, it became obvious that the ability of Chinese cabbage to utilize SO2 as 
sulfur source strongly depended on the sulfur status, duration of the exposure and/or 
developmental stage of the plant (Chapter 5). Upon a prolonged period of sulfate-
deprivation, Chinese cabbage benefited from SO2 exposure to a limited extent (Fig. 1; 
Chapter 5) and solely leaves, which had been formed prior to the exposure, benefited 
from the absorbed SO2. There was hardly any redistribution of the absorbed and 
assimilated SO2 from the older to the developing new leaves. Apparently, new 
developing leaves relied directly on sulfur supplied by the root. It is often assumed that 
sulfate is solely reduced in the shoot, in the chloroplast. However, the root contains all 
enzymes of the sulfate assimilatory pathway, which are present in the plastids (Heiss et 
al., 1999; Lappartient et al., 1999; Lee and Leustek, 1999; Yonekura-Sakakibara et al., 
2000). Their activity and expression, e.g. that of ATP sulfurylase and APS reductase 
responded to the sulfate supply (Lappartient et al. 1999) and sulfate reduction most likely 
occurs in the plastids of the root. Moreover, four decades ago Pate (1965) already 
demonstrated that roots were able to reduce sulfur, some of which was transported as 
methionine and to a lesser extent as cysteine and glutathione to the shoot. It needs to be 
assessed to what extent new developing leaves rely on sulfate or reduced sulfur 
compounds, e.g. methionine, assimilated in the root. 

At a whole plant level, the uptake of sulfate by the root and its transport and 
assimilation in the shoot will be coordinated by and balanced with the actual sulfur 
requirement for growth (De Kok et al. 2002). Sulfate deprivation induced multiple 
responses facilitating increased sulfate uptake efficiency on a whole plant basis. In 
addition to a general fast induction of expression of the sulfate transporters (Buchner et 
al. 2004), and sulfate uptake capacity by the roots (Chapter 5; Buchner et al. 2004), more 
prolonged sulfate deprivation generally results in changes in plants' biomass partitioning 
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in favor of that of root production resulting in a decreased shoot/root ratio (Chapter 3, 4 
and 5; Stuiver et al., 1997; Buchner et al., 2004). However, both the enhanced sulfate 
uptake capacity (Chapter 5) and the decreased shoot/root ratio in response to sulfate 
deprivation were not rapidly alleviated when the absorbed SO2 by the shoot replaced 
sulfate taken up by the root as sulfur source for growth (Chapter 3, 4 and 5). Root 
biomass production upon SO2 exposure was even higher than that of plants grown under 
sulfate-sufficient conditions (Chapter 4 and 5). Similar to the observations on the impact 
of H2S on curly kale, another Brassica species (Buchner et al., 2004), there was a poor 
shoot to root signaling in the regulation of sulfate uptake and shoot to root biomass 
partitioning upon sulfate deprivation. If indeed sulfate is reduced and assimilated in the 
root, the level of sulfate and/or products or metabolites involved in sulfate reduction viz. 
cysteine, glutathione or O-acetylserine, formed in the root, might directly be involved in 
root to shoot signaling in response to changes in the pedospheric sulfate supply in order 
to facilitate optimal sulfate uptake efficiency at a whole plant level. 
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Summary 
 
 
Chinese cabbage (Brassica pekinensis) is one of the most important high-yield vegetable 
crops in China, and is often cultivated around big cities. Atmospheric SO2 pollution may 
affect Chinese cabbage, which is usually produced under intensive farming practice with 
low-sulfur or even sulfur-free fertilizers. In this thesis, the interaction between 
atmospheric SO2 and sulfate nutrition of the root was studied in order to evaluate whether 
SO2 may be considered as toxin or nutrient for Chinese cabbage and to what extent sulfur 
fertilization in the field needs to be adjusted to the level of atmospheric SO2 pollution. 

In Chapter 2, SO2, NOX and acid deposition problems in China and their impact on 
agriculture are summarized. China has experienced an unprecedented period of rapid 
economic growth resulting in a high demand for energy. The enhanced energy 
consumption has resulted in high levels of air pollution viz. SO2, NOx, particulates and in 
acid rain. As a consequence of the increase in air pollution, visible injury and growth and 
yield reductions have been observed in and around several industrialized areas in China. 
Vegetables, fruit trees and agricultural/horticultural crops appear most at risk, since most 
of them are grown close to the densely populated areas.   

In Chapter 3, the interaction between atmospheric SO2 exposure (0.06 to 0.18 µl l-1) 
and sulfate nutrition of the root was investigated with a Dutch cultivar of Chinese 
cabbage (Brassica pekinensis, cv. Kasumi F1). The results demonstrated that in the 
absence of sulfate in the root environment, Chinese cabbage was able to utilize 
atmospheric SO2 absorbed by the shoot as sulfur source for growth.  

Chapter 4 describes the impact of various SO2 concentrations on growth, sulfur and 
nitrogen metabolism and the relevance of toxic and nutritional effects of SO2 in two 
cultivars of Chinese cabbage, a Dutch cultivar (Brassica pekinensis, cv. Kasumi F1) and 
a local Chinese cultivar (Brassica pekinensis, cv. Beijing 3). In both cultivars, there was 
a linear relation between the uptake of SO2 and atmospheric SO2 over a wide 
concentration range. The impact of SO2 on Chinese cabbage seemed to be paradoxical. 
On the one hand, SO2 taken up by the shoot was beneficial when sulfate was absent in 
the root environment, since an atmospheric SO2 level as low as 0.06 µl l-1 appeared to be 
sufficient to cover the plants’ sulfur requirement for growth. On the other hand, Chinese 
cabbage appeared to be rather susceptible to SO2. Shoot biomass production was reduced 
upon prolonged exposure to ≥ 0.1µl l-1. Furthermore, SO2 exposure resulted in an 
increased level of sulfur metabolites (sulfate, thiols and total sulfur) in the shoot with the 
atmospheric concentration. The absence of sulfate in the root environment resulted in a 
shift in shoot to root biomass partitioning during growth in favor of that of the root, 
which was not alleviated when SO2 was used as sulfur source for growth. The possible 
consequence of a change in shoot to root partitioning for Chinese cabbage growing under 
field conditions is discussed. 

In Chapter 5, the ability of Chinese cabbage to utilize SO2 as sulfur source in relation 
to the sulfur status of the plant was investigated in more detail by exposing seedlings at 
different developmental stages and levels of root sulfate nutrition. If seedlings of Chinese 
cabbage were transferred to a nutrient solution without sulfate directly after germination, 
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plants became rapidly sulfur deficient, and plant development was impaired. Plant 
biomass production was decreased, dry matter content of the shoot increased and the 
shoot to root biomass ratio decreased. The sulfate uptake capacity of the root was 
strongly increased. In the absence of sulfate in the root environment only leaves, which 
were already present at the start of the exposure, benefited from the utilization of the 
absorbed SO2. Furthermore, SO2 exposure did not affect sulfate uptake by the roots. 

In Chapter 6, the sulfur status of Chinese soils and the response of Chinese cabbage 
to sulfur fertilization in field experiments in the Beijing area are presented. During recent 
years, sulfur deficiency has become a major problem in agricultural crops throughout 
China, due to an imbalance of sulfur in relation to N, P and K in the fertilizers applied. 
One-fourth of the tested Chinese soils appeared to be sulfur deficient. Pot experiments in 
the field in the Beijing area showed that shoot biomass production of Chinese cabbage 
was significantly enhanced upon sulfur fertilization of the soil. A level of fertilization of 
15 to 30 kg S ha-1 was sufficient to optimize yield. Still, the level of fertilization in other 
regions in China might have to be adjusted to the level of local atmospheric sulfur 
deposition.  

In Chapter 7, the relevance of toxicity versus metabolism of SO2 for Chinese cabbage 
and the significance of shoot to root signaling in sulfur uptake and assimilation are 
discussed. The impact of atmospheric SO2 on crops is ambiguous and complicates sulfur 
fertilization recommendations, since it may act as both toxin and nutrient. Despite the 
fact that SO2 absorbed by the shoot can be used as sulfur source for growth, there was a 
poor shoot to root signaling in the uptake of sulfate by the root upon SO2 exposure. 
Furthermore, SO2 hardly affected the shift in shoot to root biomass partitioning, which 
occurred in the absence of sulfate in the root environment.  
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Samenvatting 
 
 
Chinese kool (Brassica pekinensis) is één van de belangrijkste hoogproductieve 
groentegewassen in China, en wordt vooral gekweekt rond de grote steden met gebruik 
van laag zwavelhoudende of zelfs zwavelvrije meststoffen. Luchtverontreiniging door 
SO2 kan de opbrengst van Chinese kool beïnvloeden, aangezien het enerzijds toxisch kan 
zijn en anderzijds als zwavelmeststof door de plant kan worden gebruikt. In dit 
proefschrift werd de interactie tussen de opname van SO2 uit de lucht door de bladeren 
(spruit) en de zwavelvoeding van de wortel onderzocht. Verder werd nagegaan of de 
gangbare bemestingsadviezen voor Chinese kool aangepast zouden moeten worden aan 
het niveau van de SO2 concentratie in de lucht. 

Hoofdstuk 2 geeft een samenvatting van de door SO2, NOX and zure regen 
veroorzaakte problemen in China. De sterk gestegen economische groei in China heeft 
geleid tot een sterk verhoogde energiebehoefte, waardoor de luchtverontreiniging 
aanmerkelijk is toegenomen, vooral als gevolg van de uitstoot van SO2, NOx en fijn stof. 
Hierdoor treedt er in en rond geïndustrialiseerde gebieden in China vermindering van 
opbrengst en zichtbare schade aan land- en tuinbouwgewassen en fruitbomen op.  

In Hoofdstuk 3 werd de relatie tussen blootstelling aan SO2 (van 0.06 tot 0.18 µl l-1)  
en zwavelvoeding (in de vorm van sulfaat) van de wortel onderzocht aan een Nederlands 
ras van Chinese kool (Brassica pekinensis, cv. Kasumi F1). De resultaten toonden aan 
dat Chinese kool SO2 uit de lucht kan gebruiken als voedingsstof voor groei als de wortel 
geen sulfaat kreeg toegediend.  

Hoofdstuk 4 beschrijft de invloed van verschillende SO2 concentraties op groei, en 
zwavel- en stikstofmetabolisme van twee Chinese koolrassen, één uit Nederland 
(Brassica pekinensis, cv. Kasumi F1) en een ander uit China (Brassica pekinensis, cv. 
Beijing 3). In beide rassen werd een lineair verband gevonden tussen de opname van SO2 
en de concentratie in de lucht. Het effect van SO2 op Chinese kool was tweeledig. 
Enerzijds was de door de spruit opgenomen SO2 voordelig voor de plant, aangezien een 
lage SO2 concentratie (0.06 µl l-1) al voldoende bleek om aan de zwavelbehoefte van de 
plant te voldoen wanneer er geen sulfaat in het wortelmilieu aanwezig was. Anderzijds 
bleek Chinese kool vrij gevoelig te zijn voor de toxische effecten van SO2 en de groei 
werd al negatief beïnvloed bij concentraties ≥ 0.1 µl l-1. In afwezigheid van sulfaat in het 
wortelmilieu trad er een verschuiving op in de verdeling van spruit- en wortelbiomassa, 
ten gunste van de wortel. Deze verdeling (verlaging in spruit/wortelverhouding) 
veranderde niet wanneer SO2 als zwavelbron voor de groei werd gebruikt. Het mogelijke 
gevolg van een verandering in spruit/wortel verhouding van Chinese kool, indien 
gekweekt onder veldomstandigheden, wordt besproken. 

In Hoofdstuk 5 werd de mogelijkheid van Chinese kool om SO2 te gebruiken als 
zwavelbron verder onderzocht door kiemplanten in verschillende ontwikkelingsstadia 
opgekweekt met of zonder sulfaat in het wortelmilieu bloot te stellen aan SO2. Wanneer 
kiemplanten van Chinese kool direct na de kieming overgezet werden op een 
voedingsoplossing zonder sulfaat, werden de planten snel zwaveldeficiënt, en werd de 
ontwikkeling van de plant belemmerd. De biomassaproductie van plant was lager, het 
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drogestofgehalte nam toe en de spruit/wortel verhouding nam af. Tevens nam de 
sulfaatopnamecapaciteit van de wortel sterk toe. Bij gebrek aan sulfaat in het 
wortelmilieu profiteerden alleen de bladeren die al aanwezig waren bij het begin van de 
blootstelling aan SO2 van het geabsorbeerde SO2 als zwavelbron. Voorts werd de 
sulfaatopname door de wortel niet beïnvloed bij blootstelling aan SO2. 

In Hoofdstuk 6 worden de zwavelgehaltes van grondmonsters uit diverse gebieden in 
China, en de respons van Chinese kool op zwavelbemesting in veldexperimenten rondom 
Beijing beschreven. Tijdens de laatste jaren is zwaveldeficiëntie een belangrijk probleem 
voor landbouwgewassen geworden in heel China, als gevolg van een ongebalanceerde 
verhouding van de hoeveelheid zwavel in de gebruikte meststoffen ten opzichte van de 
andere mineralen (N, P en K). Eén vierde van de onderzochte grondmonsters bleek 
onvoldoende zwavel te bevatten. Potexperimenten, uitgevoerd rond Peking, toonden aan 
dat de opbrengst van Chinese kool aanzienlijk verbeterd werd door zwavelbemesting. 
Een hoeveelheid van 15 tot 30 kg S ha-1 was voldoende voor een optimale opbrengst. 
Geconcludeerd werd dat de zwavelbemesting in andere gebieden in China mogelijk 
afgestemd moet worden op de lokale atmosferische SO2 depositie. 

In Hoofdstuk 7 wordt nader ingegaan op het tweeledige effect van SO2  aangezien het 
zowel giftig is als als nutriënt kan worden gebruikt, wat bemestingsadviezen voor zwavel 
kan bemoeilijken. Tevens bestaat er nagenoeg geen interactie tussen zwavelbemesting 
vanuit de atmosfeer via de spruit en zwavelbemesting via de wortel. Indien SO2 als 
zwavelbron voor groei werd gebruikt had dit geen invloed op de opname van sulfaat 
door de wortel. Voorts beïnvloedde SO2 de verschuiving in verdeling van biomassa 
tussen spruit en wortel, die optreedt bij zwavelgebrek in het wortelmilieu, nauwelijks.  
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