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ABSTRACT 

Nitrification inhibition (NI) by climax ecosystems has been suggested for decades, and this 

inhibitory effect seems to be a feature of wild genotypes rather than commercial cultivars. 

Many plants particularly grasses were suggested to have NI activity, and recently Brachiaria 

humidicola (BH) was shown to have promising control on nitrification rates through root 

exudates. In this study effects of different treatments such as N form (NH4
+
 vs NO3

-
) and N 

concentrations (1, 2 and 4 mM N), plant age, light intensity and different collecting mediums 

for root exudates on the NI activity of root washings were investigated. This was done using a 

series of nutrient solution experiments. The results showed that BH root exudates collected in 

distilled water, independent of light intensity, plant age, N-forms, N-concentrations and root 

exudates collection periods, had no significant inhibition on nitrification. However, root 

exudates collected in a 1 mM NH4Cl medium had significant inhibition on nitrification 

process in a soil bioassay. This inhibition was more highlighted when plants were grown in 

presence of ammonium rather than nitrate. In comparison to drying with rotary evaporator, 

freezed dried root exudates indicated significant NI in root exudates of plants which were 

grown in NH4
+
 under low light, while this effect was not seen under higher light intensity or 

nitrate nutrition. Measuring electric conductivity of solutions from root washing also showed 

higher conductivity when ammonium presented in root medium, particularly in root exudates 

collecting medium over extended time (24 instead 6 hours). 
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INTRODUCTION 

Nitrogen management requires sufficient 

knowledge regarding spatial distribution of 

mineral nitrogen. Nitrification is the main 

cause of nitrogen losses in soil profile. 

This process can be retarded by different 

synthetic inhibitors. However, if plants 

could manage nitrification, it would offer 

important economic and environmental 

implications. Identification of such plants 

and related physiological and molecular 

traits can help to introduce such highly 

valuable properties from wild plants to 

crops. This consequently could lead to less 

application of fertilizers and higher N 

recovery rates (Subarrao et al., 2006). 

Plants are immobile in nature, but they 

have the ability to apply different strategies 

to coupe with unfavourable conditions 

surrounding them, and to optimize 

unfriendly conditions for their growth and 

development. Despite physiological and 

morphological changes, exudation of 

primary and secondary metabolites by 

roots as well as emission of chemicals 

through leaves is a well known phenomena 

in this case (Liljeroth & Baath, 1988; Jones 

et al., 2004).  

Brachiaria humidicola Napper plants are 

C4 species and among the most important 

pastures widely adapted to grow in tropical 

and subtropical parts of South America, 

Africa & Asia (CIAT, 1983). Different 

Brachiaria species consist 85% of the total 

planted pasture area in South America 

(Nakamura et al., 2005), and commercially 

an important economic player in the 

tropics, particularly in Brazil. The genus 

Brachiaria contains a wide range of 

species, which are adapted to poor acid 

soils and tolerant to drought and harsh 

environments. Vast diversity in Brachiaria 

plants could be the main reason of their 

adaptation capacity to different edaphic 

and climatic conditions. In comparison to 

other plants, in such conditions, they have 

relatively higher biomass production due to 

the ability to uptake and use nutrients more 

efficiently in poor soils (Nakamura et al., 

2005; Cazetta & Villela, 2004). There is no 

report of growing such plants in Iran, 

however they can be introduced to 

subtropical parts in Southern provinces. 

Observations during field surveys have 

shown that soils of BH generally have low 

levels of N-NO3
-
 (CIAT, 1985; Sylvester-

Bradley et al., 1988). Recently 

experiments show that root exudates of 

Brachiaria plants specially BH (accession 

26159) can efficiently suppress 

nitrification process in laboratory, soil and 

field conditions (Ishikawa et al., 2003; 

Wang et al., 2005; Subbarao et al., 2005 & 

2008). They indicated that only BH 

particularly accession 26159 suppresses 

nitrification in soil, and this inhibition 

occurs under NH4
+
 rather than NO3

-
 

nutrition. Nevertheless, it has been 

suggested that nitrification inhibition 

abilities are a plant's specific reaction to 

stress conditions, especially under low N 

level in the soil (Ishikawa et al., 2003; 

Subbarao et al., 2006).  

(Subbarao et al., 2005, 2006 & 2007 a,b,c) 

mentioned strong inhibition of collected 

root exudates of BH on nitrification, which 

this inhibitory effect was lasting up to 70 

days, which is more efficient than synthetic 

NIs such as N-Serve or DMPP (3,4-
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dimethylpyrazol phosphate). Despite 

recent works, there is still not enough 

knowledge on nitrification inhibitory effect 

of plants root exudates. Therefore, the 

biological inhibition of nitrification by 

crop plants or pasture species particularly 

by BH plants is not well known, and still 

many questions are to be answered. In 

order to investigate whether the inhibitory 

effect of root exudates  would change 

under different growth and physiological 

conditions (N-form, N-concentrations, 

different light intensities, plant age, 

differing collecting medium and collecting 

periods of root exudates), this study was 

conducted using BH plants under 

controlled condition in growth chamber.   

MATERIALS AND METHODS 

Plant Culture 

This study was conducted during 2005-

2007 in the Institute of Plant Nutrition, 

University of Hohenheim, Stuttgart-

Germany. Seeds of Brachiaria humidicola 

(Rendle) accession 26159 germinated at 25 

ºC in fine sand (0.02-0.5 mm) for the first 

experiment. For the next experiments, due 

to long germination period (4 weeks), 

heterogeneous germination, as well as low 

germination rate (15%), vegetative new 

tillers from older plants were used as new 

seedlings. Seedlings more than 10 cm (3-4 

leaves) were cut and transferred to 

treatment condition in nutrient solution 

(2.5 litres in black plastic pots). The 

composition of nutrient solution was 10 

µM H3BO3, 0.5 µM MnSO4, 0.5 µM 

ZnSO4, 0.1 µM CuSO4, 0.01 µM 

Mo7O24(NH4)6, 83 µM Fe-EDTA, 0.7 mM 

K2SO4, 0.5 mM KH2PO4, 1.2 mM MgSO4, 

1.2mM KCl. For ammonium treatments 1 

mM CaCl2 was used (Souri, 2008). 

Treatments were N-form (NH4
+
 or NO3

-
) in 

form of (NH4)2SO4 or Ca(NO3)2, with 1, 2, 

and 4 mM N, depending on experimental 

set up. However, normal N concentration 

was 2 mM N as ammonium sulphate or 

calcium nitrate. Each treatment consisted 

of four replicates. Ammonium treatment 

was applied either at the beginning of 

transferring the seedlings to nutrient 

solution or for short periods, after being 

pretreated in nitrate (2 mM N-NO3
-
 as pre-

culture) for two weeks (Prof. Dr. Volker 

Römheld, personal communication).  

In addition to N status, the effect of 

different variable factors such as light 

intensity and plant age (young three-

weeks-old vs seven-weeks-old plants) on 

production and release of NIs were tested.  

Different light intensity conditions were 

applied using the same growth chamber, in 

which for high light intensity (400 

μmol/m
2
s

-1
), plants were placed at the 

centre of the table in the growth chamber 

with constant light intensity. For 

intermediate light intensity plants were 

placed at the corner of the growth 

chamber, where light intensity was 240 

μmol/m
2
s

-1
. Low light intensity was 

achieved in the same growth chamber by 

locating plants inside a box and under 

different layers of plastic, where they 

received 180 μmol/m
2
s

-1
 light intensity. 

Plants were grown under a light/dark 

regime of 16/8, and a temperature of 28/25 

ºC in nutrient solution culture. Nutrient 

solutions were renewed thoroughly every 3 

days. In treatments with pH control, a 

solution of 3 mM 
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Morpholinoethanesulfonic acid (MES) and 

double daily pH checking and adjusting 

with KOH, Ca(OH)2 and H2SO4 were 

performed.  

Collection of Root Exudates 

Root exudates were collected 2 hours after 

starting the light period, either for 6 hours 

from 10 am to 4 pm, or for 24 hours from 

10 am to 10 am in the next day. Before 

collection, plant roots were washed for 1-2 

minutes in distilled water. Collecting 

medium generally was 500 ml distilled 

water, however, a solution of 1mM NH4Cl 

was also used as the collection medium. 

After collection, root exudates were 

concentrated at 35 ºC using rotary 

evaporator to a volume of 15 ml, from 

which 2.5 ml was applied per replicate in 

soil incubation bioassay for rapid detection 

of potential nitrification (Kandeler, 1993). 

Four samples (replicates) for incubation as 

well as two samples which were kept under 

freezing conditions for original NO2
-
 

concentrations were used to determine 

potential nitrification inhibitory of root 

exudates. In this study we used two 

controls in our bioassay; first water control 

in which distilled water was applied 

instead of root exudates in soil nitrification 

bioassay, and second 3,4 dimethylpyrazol 

phosphate (DMPP) control as a standard 

synthetic nitrification inhibitor which was 

used in 10 times of its normal 

concentration (1% of N-NH4) in all 

incubations during this study. Plants were 

exposed to 6 or 24 hours root exudates 

collection in 1 mM NH4Cl, and the electric 

conductivity (µS/m) of root washings after 

3 hours collection was determined. 

Excel and SPSS soft wares were used to 

draw and analysis the data. Comparison of 

means was performed at P= 0.05 using 

Duncan test. In figures data are presented 

as average of four replicates ± SD.     

RESULTS 

A) Collecting Root Exudates in Distilled 

Water 

Root exudates of plants which were grown 

in nutrient solution under NO3
-
 and NH4

+
 

or under NH4
+
 but with buffered pH 6 

(Figure 1), and were collected after a 24 

hours period in distilled water, showed no 

significant nitrification inhibition (NI) 

compared to control. Significant changes 

in the pH of nutrient solution were 

occurred for both ammonium and nitrate 

grown plants within only 24 hours where a 

pH of 2 has been also recorded (data not 

presented). Similarly, different effects of 

plant age (Figure 2); collecting periods 

(Figure 3); nitrogen concentrations (Figure 

4); different light intensities (Figure 5), 

when collected in distilled water, showed 

no significant nitrification inhibition 

compared to water or DMPP control. 

DMPP, as a standard synthetic nitrification 

inhibitor, always resulted in very low 

amounts of produced nitrite in all 

nitrification incubation tests, indicating 

high efficiency regarding control of 

nitrification (Figures 1-7).   

Collected root exudates in distilled water 

when dried in freeze drier and extracted 

with methanol and further with DMSO 

(Figure 6), showed significant NI activity 

only in NH4
+
 grown plants under low light 

intensity but not in nitrate or higher light 

intensities. Nevertheless, there was a 
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general trend of nitrification reduction with 

younger plants rather than older plants, 

lower light intensities rather than higher, as 

well as lower concentrations of nitrogen in 

nutrient solution. 

 

Figure 1. Nitrification inhibition effect of root exudates collected in 0.5 l distilled water for 24 hours period. 

Plants were grown with NH4
+, NO3

-, or buffered-NH4
+, with the concentration of 2 mM N. PH of collected root 

exudates was ~ 3.5 for NH4
+ and ~ 7 for NO3

- grown plants. Data are average of four replicates ± SD.  

 

 

Figure 2. Nitrification inhibition effect of root exudates of 3-weeks old (A) and 7-weeks old (B) plants grown 

under 2 mM N-NO3
- or NH4

+. The pH of nutrient solution for both ammonium and nitrate medium was adjusted 

to 5 using MES and H2SO4 or KOH. PH of medium after collection was ~ 3.5 for NH4
+ and ~ 7 for NO3

- treated 

plants. Data are average of four replicates ± SD.  
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Figure 3. Nitrification inhibition effect of root exudates collected in distilled water for 6 or 24 hours. Plants were 

grown in nutrient solution with ammonium or nitrate (without pH adjustment during growing period). PH of 

medium after collection was ~ 3.5 for NH4
+ and ~ 7 for NO3

- plants. Data are the average of four replicates ± SD. 

 

 

Figure 4. Nitrification inhibition of root exudates collected for 24 hours in distilled water. Plants were grown 

with different N concentrations as NO3
- or NH4

+. PH of collected root exudates was ~ 3.5 for NH4
+ and ~ 7 for 

NO3
- plants. Data are average of four replicates ± SD.  
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Figure 5. Nitrification inhibition of root exudates collected in distilled water of 6 hours period (A) or 24 hours 

period (B). Plants were grown in low (LL), middle (ML) and high (HL) light intensities with NH4
+ (2 mM N), 

compared to NO3
- (2 mM N) grown plants in high light intensity. Data are average of four replicates ± SD.  

 

Figure 6. Nitrification inhibitory effects of freeze dried root exudates (collected in distilled water) of plants pre-

treated with NH4
+ or NO3

- in high or low light intensity, which have been extracted finally with 0.6% DMSO (on 

basis of final volume). Data are average of four replicates ±SD. Duncan test was conducted for mean values at 

P= 0.05.  
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B) Collecting Root Exudates in NH4Cl 

Medium  

Effects of collected root exudates in 500 

ml of 1 mM NH4Cl solution for plants 

grown in NH4
+
 or NO3

-
 under different 

collecting periods are presented in (Figure 

7). Significant inhibition of nitrification 

compared to control was seen for NH4
+
 

grown plants, although this was for the 24 

hours collection period rather than the 6 

hours collection period. There was no 

significant inhibitory effect for nitrate 

grown plants. However, root exudates of 

nitrate grown plants showed considerable 

inhibition after the 24 hours collection 

period, which was not statically significant. 

Electric conductivity (EC) of root 

washings (Figure 8) showed higher 

conductivity when ammonium is presents 

particularly in the collecting medium. 

Ammonium grown plants showed higher 

conductivity rather than nitrate grown 

plants.  

Discussion 

It is almost three decades that the role of 

phytosidrophores has been well established 

mainly in iron uptake of plants. Their 

collection procedure is still used for 

collecting root exudates for different 

purposes. In these experiments, plant roots 

were transferred 2 hours after the light 

period to a distilled water medium for 

collection of root exudates (Römheld & 

Marschner 1986). In contrast to (Subbarao 

et al., 2005, 2006a & 2007a) which 

collected root exudates only in 1 mM 

NH4Cl or KNO3, in this study we used 

both 1 mM NH4Cl (or KNO3), and distilled 

water as the collecting medium for root 

exudates. In Figures 1-6, root exudates 

collected in distilled water from plants 

grown under different N forms, N 

concentrations in nutrient solution, plant 

age, light intensities, as well as collecting 

periods showed no significant inhibitory 

effect on nitrification. However, root 

exudates of ammonium grown plants under 

low light intensity which were collected in 

distilled water and dried using freeze drier 

instead of rotary evaporator, showed 

significance differences compared to 

control (Figure 6). This might be due to 

avoiding some degradation of NI 

compounds during routine concentration 

procedure via rotary evaporator. This, in 

turn, indicates that the release procedure of 

natural nitrification inhibitors (NNIs) may 

not be an active process, since collecting in 

distilled water due to the osmotic effect, 

results in higher exudation (Neumann & 

Römheld, 2000). Exposure of plant roots to 

external solutions of very low ionic 

strength is likely to increase exudation 

rates due to an increased transmembrane 

concentration gradient of solutes 

(Neumann & Römheld, 2000). The highest 

inhibitory effect occurred when 1 mM 

NH4Cl was used in the collecting medium 

(Figure 7). This inhibition was a function 

of the collection period and N-form. 

Similar results were obtained by others 

(Subbarao et al., 2005-2008; Ishikawa et 

al., 1999; 2003; Gopalakrishnan et al., 

2007).  

In the current study there was always a 

negative correlation between nitrogen 

concentrations in nutrient solution and NI 

activity of root exudates or shoot 

homogenates independent of N-forms (data 
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not presented). However, Subbarao et al., 

(2005-2008) showed that amount of NNI 

production and release is a function of 

nitrogen status of plant, as well as NH4
+
 

rather than NO3
-
 nutrition, in which higher 

nitrogen content of plants leads to more 

production of NI compounds. In contrast, 

our data support the idea that nitrogen 

stress (deficiency) could be the main factor 

behind the evolution of NNIs as an 

adaptive mechanism, and they are 

expressed under N limitation (Ishikawa et 

al., 2003; Lata et al., 2004; Subbarao et al., 

2007b). Subbarao et al., (2007c) released a 

patent indicating some isomers of 

unsaturated linolenic and linoleic fatty 

acids show strong NI activity. 

Nevertheless, active exudation of fatty 

acids specially unsaturated long chain 

isomers of linolenic acid is not possible 

(Neumann & Römheld, 2000). This could 

be possible only through root damage or 

passive exclusion of root debris. In 

addition, no significant NI activity was 

indicated when root exudates were 

collected in distilled water, while 

significant inhibition effects when 

collected in ammonium chloride, indicates 

no active release of NNIs. This is further 

supported by low pH as an indirect effect 

of NH4
+
 uptake in collecting medium, 

which can damage the root cells 

membrane, and consequently leaching of 

NNIs could occur as a passive 

phenomenon (Figure  8).   

The inhibitory effect of exudates when 

collected in 1mM NH4Cl, might be a 

secondary response of BH to salt or 

osmotic conditions in collection medium. 

Mergulhao et al., (2002) showed that BH is 

relatively sensitive to salinity particularly 

to chloride in growth medium, with a 

succulent effect on leaves and roots which 

is more pronounced on roots (Mergulhao et 

al., 2002; Cazetta and Villela, 2004). The 

same succulent effect was observed in our 

pot plants in greenhouse (data not 

presented). Therefore, the presence of Cl in 

collecting medium may trigger release of 

phytoalexins which could have an 

inhibitory effect on nitrification, which 

further studies are necessary in order to be 

clarified. Based on their capabilities, plants 

can change their biochemical, 

physiological and morphological 

characteristics in response to 

environmental variations. The nature of 

these changes usually determines a species 

ability to succeed under temporary or 

permanent environmental stress. It is quite 

important that interactions among stress 

factors that occur parallel in infertile acidic 

soils must always be considered (Wenzl et 

al., 2003). Nevertheless, the ability of 

plants to inhibit nitrification is also 

presented in this work (Figure 7), and as 

our results showed, under specific 

conditions plants can have NI activity in 

their root exudates. However, our findings 

can not support the idea that BH plants 

release controlled root exudates which 

strongly and efficiently suppress 

nitrification.  

Conclusion 

There was no detection of NI in root 

washings, independent of plant age, light 

intensity, collection period, N-form and N 

concentrations, except for the ammonium 

chloride collecting medium. Therefore, 
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under proper collection conditions for root 

exudates, (avoiding membrane damage and 

potential degradation or chemical 

modification of exudates compounds due 

to extended collection times in distilled 

water), there was no evidence for a 

controlled release of NI compounds from 

Brachiaria roots, independent of plant age, 

amount and form of N supply, pH of the 

growth medium and light intensity during 

the culture period.  

However, NI activity was detectable in 

root washings when plants were exposed to 

extended collection times (24 h) in 

combination with NH4
+ 

supply (Figure 7), 

but not with NO3
-
 in the collection solution 

or after short-term collection (6 h). This 

observation is consistent with the findings 

of (Subbarao et al., (2005, 2006, 2007 & 

2008) but also strongly suggests that the 

observed release of NI compounds was 

rather a consequence of membrane damage 

due to inadequate collection conditions 

(Figure 8), rather than mediated by 

controlled exudation from undamaged 

roots. Supplying only ammonium (1 mM) 

in distilled water as root washing medium 

over extended time periods (24 h) will lead 

to rapid ammonium uptake and medium 

acidification associated with the risk of K
+
 

and Ca
2+

-leaching, as an important element 

required for membrane stabilisation. 

Accordingly, (Cakmak & Marschner, 

1988) reported detrimental effects on 

membrane stability in roots of cotton 

seedlings due to the lack of Ca
2+

 in the 

washing medium of roots, which was 

detectable already after an incubation 

period of only six hours.  

 

 

Figure 7. Nitrification inhibition effect of root exudates collected in distilled water containing 1 mM NH4Cl (6 

hours versus 24 hours collection). Plants were grown in nutrient solution with 2mM N-NH4
+ or NO3

-. The pH 

value for ammonium was ~4 and ~3 for 6 and 24 hours, and pH value for nitrate was ~5 and ~4 respectively. 

Data are average of four replicates ± SD. Duncan test was conducted for mean values at P= 0.05. 
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Figure 8. Electric conductivity (µS/m) of root washings collected for the 3 hours period in distilled water, just 

after collection of their root exudates for 6 or 24 hours period in 1 mM NH4Cl. Plants were grown with 

ammonium, (NH4)2SO4 or with nitrate, Ca(NO3)2. Data are average of four replicates ± SD. Duncan test was 

conducted for mean values at P= 0.05.  
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 چكيده

ّای ٍحطی ایي اثرات هواًعت کٌٌذگی یک ٍیصگی شًَتیپ. تاضذّای طثیعی چٌذیي دِّ است کِ هطرح هیهواًعت از ًیتریفیکاسیَى در اکَسیستن

ّا ًطاى دادُ ضذُ اًذ کِ دارای ایي خاصیت هواًعت از ًیتریفیکاسیَى ّستٌذ ٍ اخیراً ترخی تسیاری از گیاّاى هخصَصاً گراض. تاضذ تا ارقام تجاریهی

ّا در کاّص هیساى ًیتریفیکاسیَى در خاک از طریق را تِ سثة ًقص آىتَجِ زیادی  humidicola Brachiaria هخصَصاً Brachiariaّای شًَتیپ

در ایي هطالعِ طی یک سری آزهایطات کطت ّیذرٍپًَیک ًطاى دادُ ضذ کِ ٍقتی ترضحات ریطِ ای ایي گیاُ در . ترضحات ریطِ ای جلة ًوَدُ است

ٍ طَل هذت جوع آٍری ترضحات ریطِ، ترضحات ریطِ ایي گیاُ ّیچ اثر  آب هقطر جوع آٍری گردیذ، جذا از فرم ٍ غلظت ًیترٍشى، ضذت ًَر، سي گیاُ

تِ  ، آىهیلی هَل کلریذ آهًَین جوع آٍری گردیذ یکتِ ّر حال ٍقتی ترضحات ریطِ در هحیطی حاٍی . هعٌی داری تر فرایٌذ ًیتریفیکاسیَى ًذاضت

ًوًَِ  .تا ًیترات تَد رضذ یافتِتا آهًَین تیطتر از گیاّاى  رضذ یافتِی در گیاّاى ٍ ایي اثر هواًعت کٌٌذگ ًوَدطَر هعٌی داری از ًیتریفیکاسیَى هواًعت 

رایط ّای جوع آٍری ضذُ ترضحات ریطِ ٍفتی لیَفیالیس ضذًذ، عصارُ استخراج ضذُ ترضحات ریطِ ای گیاّاى رٍئیذُ تا آهًَین ٍ آى ّن تٌْا تحت ش

از جوع  تعذ)ترضحات ریطِ در آب هقطر ّذایت الکتریکی اًذازُ گیری  .ًیتریفکاسیَى را تاعث گردیذ، هواًعت از (ٍ ًِ ًَر هتَسط یا زیاد)ضذت ًَر کن 

ّذایت الکتریکی تیطتر تحت ضرایطی تَد کِ آهًَین در هحیط ریطِ، تیاى کٌٌذُ ( آٍری ترضحات ریطِ در هحلَل یک هیلی هَل کلریذ آهًَین

 . ٍجَد داضت( ساعت 6ساعت تجای  24)رای هذت طَالًی هخصَصاً طی هرحلِ جوع آٍری ترضحات ریطِ ای، ب

 ، ّذایت الکتریکی، ترضحات ریطِ، آهًَین، ًیتراتBrachiaria humidicola :كليدی كلمات

 


