
2'-O-sulfated glycoside and a 2'-O-linked glu-

curonic acid containing disaccharide, were de-

tected in the red beet culture.
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Abstract: Nitri®cation inhibitory activity of halo-

methyl-1,3,5-triazines was determined by measur-

ing the inhibitory activities on ammonia-oxidation

to nitrate (NO3
ÿ-N) in an upland soil and on

ammonia-oxidation to nitrite (NO2
ÿ-N) by

Nitrosomonas europaea ATCC 25978 (ATCC) and

Nitrosomonas sp TK 794 (TK).

Within the chlorinated trimethyl-1,3,5-triazines,

those bearing at least one trichloromethyl group

inhibited nitri®cation more strongly, both in soil and

in cell suspension of ATCC, than other mono- or

dichlorinated methyl-1,3,5-triazines. Introduction

of an amino group to 2,4,6-tris(trichloromethyl)-

1,3,5-triazine gave 10- and 100-fold increases of

nitri®cation inhibitory activity in soil and ATCC

cell culture, respectively. Within the trihalomethyl-

1,3,5-triazines, those having tribromomethyl

group(s) exhibited rather weaker nitri®cation in-

hibition in soil than the corresponding trichloro-

methyl-1,3,5-triazines, although they showed a

strong inhibition in cell suspension.

Ammonium oxidation in ATCC was inhibited

more strongly than that in TK. In QSAR studies,

the optimum log P values were calculated as c4.30.

By using this value it will become possible to design

highly active trichloromethyl-1,3,5-triazine nitri®-

cation inhibitors.

Keywords: halomethyl-1,3,5-triazines; trichloro-
methyl-1,3,5-triazines; nitri®cation inhibitors; Nitro-
somonas europaea ATCC 25978; Nitrosomonas sp TK
794; quantitative structure±activity relationship

1 INTRODUCTION
It is known that trichloromethyl-1,3,5-triazines are

highly active nitri®cation inhibitors in upland soil,

possibly by controlling ammonia-oxidizing, but not

nitrite-oxidizing, bacteria.1±4 In a quantitative struc-

ture±activity relationship (QSAR) study, the hydro-

phobic parameter, log P, was found to be an important

parameter affecting inhibitory activity by these 1,3,5-

triazines.3 A mode-of-action study of these inhibitors

for ammonia-oxidizing bacteria has been presented

elsewhere.5 In this summary, the nitri®cation-inhibit-

ing activity of halomethyl-1,3,5-triazines, including

trichloromethyl-1,3,5-triazines, was assayed in soil

and in cell cultures of ammonia-oxidizing bacteria.

2 MATERIALS AND METHODS
Most of the halomethyl-1,3,5-triazines were syn-

thesized by (co-)trimerization of nitriles, condensation

of N-(haloacetimidoyl)haloacetamidine with acid

anhydride or halogenation of methyl-1,3,5-tri-

azines.1,6,7 2-Amino-4-halomethyl-1,3,5-triazines

were prepared by nucleophilic amination reaction of

corresponding 2-trichloromethyl-4-halomethyl-1,3,5-

triazines.1±3 Nitri®cation inhibitory activity of the

1,3,5-triazines was determined through measurement

of the inhibitory activities on ammonia-oxidation to

nitrate (NO3
ÿ-N) in an upland soil and on ammonia-

oxidation to nitrite (NO2
ÿ-N) by Nitrosomonas euro-

paea Winogr. ATCC 25978 (ATCC) and Nitrosomo-
nas sp TK 794 (TK). The nitri®cation inhibitory

indices in soil, cell culture of ATCC and TK were

presented as pI50 (soil), pI50 (ATCC) and pI50 (TK),

which indicated the logarithm of the reciprocal molar

concentration for 50% nitri®cation inhibition by the

compound tested.

3 RESULTS AND DISCUSSION
Within the chlorinated trimethyl-1,3,5-triazines, those

bearing at least one trichloromethyl group inhibited

nitri®cation more strongly, both in soil and in cell

suspension of ATCC, than other mono- or dichlori-

nated methyl-1,3,5-triazines. This fact indicated that

the trichloromethyl group(s) may be essential for high

activity in 1,3,5-triazine nitri®cation inhibitors. Intro-

duction of an amino group to the 2,4,6-tris(trichloro-

methyl)-1,3,5-triazine resulted in 10- and 100-fold
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increases of nitri®cation inhibitory activity in soil and

ATCC cell culture, respectively, (Table 1). Within the

trihalomethyl-1,3,5-triazines, the 1,3,5-triazines

having tribromomethyl group(s) exhibited rather

weaker nitri®cation inhibition than the trichloromethyl

analogues in soil although they showed a strong

inhibition in cell suspension. This difference in activity

may be related to a difference in susceptibility between

ATCC and the nitrifying bacteria in soil, a different

metabolic detoxi®cation of the 1,3,5-triazine in the soil

used or a different adsorption of 1,3,5-triazine com-

pounds in soil.1

Ammonium oxidation of ATCC was inhibited more

strongly than that of TK, as shown in eqn (1).

pI50�ATCC� � 0:757��0:106�pI50�TK�
� 1:969��0:569� �1�

(n=28, r=0.945, s=0.187, F1,26=215.87)

This higher sensitivity of ATCC to the 1,3,5-triazine

inhibitors compared with TK may be explained by the

thick lamellar structure of the cell membrane of TK

which prevents penetration of the inhibitors into cells.

Also, the susceptibility of ammonia monooxygenase

(AMO), which is considered as the target enzyme of

the inhibitors, may differ between the two strains of

Nitrosomonas.
In QSAR studies, two equations (2) and (3) were

obtained using pI50 (ATCC) and pI50 (TK).

pI50�ATCC� � ÿ0:071��0:015��log P�2
� 0:618��0:194� log P
� 4:930��0:598� �2�

(n=44, r=0.931, s=0.306, F2,41=133.10)

pI50�TK� � ÿ0:096��0:022��log P�2
� 0:831��0:241� log P � 3:890��0:630�

�3�
(n=34, r=0.909, s=0.277, F2,31=73.45)

Equations (2) and (3) indicate that logP plays a

signi®cant role in determining the nitri®cation activi-

ties in cell culture. The optimum logP values in eqns

(2) and (3) were calculated as 4.35 and 4.33,

respectively. By using this value it should become

possible to design highly active trichloromethyl-1,3,5-

trazine nitri®cation inhibitors. This ®nding also

indicates that the nitri®cation inhibitory activity of

trichloromethyl-1,3,5-triazines relates to permeability

into the cell membrane or so-called hydrophobic

binding of the inhibitors to the target site.
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Table 1. pI50 (soil) and pI50 (ATCC) values of trihalomethyl-1,3,5-triazines

Group A Group B Group C Group D

R pI50 (soil) pI50 (ATCC) pI50 (soil) pI50 (ATCC) pI50 (soil) pI50 (ATCC) pI50 (soil) pI50 (ATCC)

CH3 <3.00 <3.00 4.30 6.15 5.17 5.31 <3.00 <3.00

CF3 <3.00 <3.00 4.19 4.50 4.02 5.73 4.05 4.19

CCl3 4.48 4.60 4.48 4.60 5.31 6.72 4.64 5.15

CBr3 4.49 5.91 4.32 6.10 4.17 7.12 3.79 6.30
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