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Abstract 

This review aims to scrutinize the effect of ammonia concentration, temperature, pH, drought and inhibitors on activity 
of AOA and AOB in soil. Ammonia concentration in soil increases during drought due to the reduced soil water content 
and, with desiccation stress or a combination of both factors result in greater inhibition of AOA than AOB during drought. 
AOA were more susceptible to increased desiccation stress than AOB, irrespective of initial soil ammonium 
concentration and AOA cultures were more sensitive than AOB to osmotic stress which represent an additional niche 
differentiating factor between AOA and AOB in soil. Activity and growth of AOA and AOB observed in soil amended with 
high ammonium concentration at different temperature, suggesting that AOA can contribute to nitrification in highly 
fertilized soil. The selective inhibition of AOA by simvastatin in culture and in soil provides evidence for oxidation of 
ammonia by AOB at low ammonium concentration. The findings advance our understanding of the influence of 
ammonium supply, temperature and osmotic stress on soil nitrification and its role in controlling the availability of 
ammonium-based fertilizers for plant uptake. 

Keywords: Inhibition; Ammonia; Drought; Osmotic-stress; Niche 

1. Introduction

Soil nitrification results in high commercial loss of ammonium-based fertilizers in soil (Raun and Johnson, 1999; 
Prosser, 2011; Subbarao et al., 2015), with associated atmospheric and groundwater pollution by nitrous oxide (N2O) 
and nitrate (NO3-), respectively (Wrage et al., 2001; Prosser, 2011; Hink et al., 2016; Kozlowski et al., 2014; 2016c). The 
nitrification process is usually limited by ammonia oxidation to nitrite (Prosser, 2011), which was thought to be driven 
only by ammonia oxidizing bacteria (AOB) (Prosser, 2011). Metagenomic studies (Venter et al., 2004; Treusch et al., 
2005), cultivation of a marine ammonia oxidizing archaea (AOA) (Candidatus. Nitrosopumilus maritimus) (Konneke et 
al., 2005) and the discovery of complete ammonia oxidizers (comammox) (Cа. Nіtrоѕріrа іnоріnаtа) (Daims еt al., 2015, 
van Kessel et al., 2015) suggested a role for AOA and comammox in ammonia oxidation process in soil. The ammonia 
monooxygenase A gene (amoA) abundance of AOA and AOB, quantified determined using molecular method 
(quantitative polymerase chain reaction (qPCR)) indicate that AOA are more abundant, with a potentially greater role 
in soil ammonia oxidation compared to AOB (Leininger, et al., 2006; Prosser and Nicol, 2008). These findings called for 
the reassessment of soil ammonia oxidizer (AO) community ecology and its significance for ammonia oxidation activity 
in soil. This raised questions for physiological features distinguishing between AOA and AOB, indicating their evolution 
and adaptation to certain sets of abiotic and biotic characteristics within the soil (i.e., niche specialisation) and 
consequently diverse patterns of utilizing resources (i.e., niche differentiation) (Erguder, et al., 2009; Valentine, 2007). 
Several main distinguishing characteristics have been suggested: ammonia affinity (Martens-Habbena et al., 2009), 
ammonia inhibition (Di et al., 2009; 2010), ammonia source preference (Stopnišek et al., 2010; Levičnik-Höfferle et al., 
2012), pH growth optimum (Prоѕѕеr, 2011; Nісоl еt al., 2011), optimum growth temperature (Gubry-Rangin et al., 2017; 
Jones and Morita, 1985; Koops and Harms, 1985; Lehtovirta-Morley еt аl., 2016; Jung et al., 2016; Sauder et al., 2017; 
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Tourna et al., 2011), sensitivity to drought (Thion and Prosser, 2014), requirement of salt concentration for growth 
(Koops and Harms, 1985) and inhibitors of ammonia oxidation activity (Martens-Habbena et al., 2009; 2015; Taylor et 
al., 2013; Vajrala et al., 2014; Sauder et al., 2016; Subbarao et al., 2013; Lehtovirta-Morley et al., 2013; Zhau et al., 2019).  

2.  Environmental factors affecting AOA and AOB in soil 

2.1. Substrate (ammonia) 

Ammonia oxidation is the major source of energy for AOA and AOB, and the only known energy source under aerobic 
conditions. There are several studies indicating that soil AOA prefer ammonia derived from mineralized organic rather 
than inorganic sources of ammonia. For example, growth of AOA was stimulated by ammonia from the mineralization 
of natural soil organic matter (Gubry-Rangin et al., 2010) and in studies of acidic forest soil samples with high levels of 
nitrification activity, AOA but not AOB were strongly linked to ammonia oxidation activity in the presence of organic 
sources of ammonia (Stopnišek et al., 2010; Levičnik-Höfferle et al., 2012). Only AOA were detected in the soil and 
different levels of inorganic ammonia amendment had no effect on the rates of ammonia oxidation. However, 
nitrification rates were stimulated by addition of the organic nitrogen sources such as glutamate, urea and yeast extract 
(Stopnišek et al., 2010; Levičnik-Höfferle et al., 2012).  

Further evidence suggests that ammonia concentration differentially affects AOA and AOB in soil, as high concentrations 
of ammonium from cow urine and inorganic sources (200 μg NH4+ N g-1 soil) stimulate the growth and ammonia 
oxidation activities of AOB but inhibit AOA, leading to decreases in AOA:AOB, while low ammonia concentration 
stimulates the growth of AOA but not AOB (Prosser, 2011; Nicol et al., 2011). Also, cultivated AOA generally have higher 
affinity for ammonia when compared to AOB (Martens-Habbena et al., 2009; Lehtovirta-Morley et al., 2011). However, 
recent soil experimental studies detected the growth of both AOA and AOB in soil amended with high ammonia 
concentration (Lu et al., 2012; Hink et al., 2016; 2017). Isolated AOA species that belong to the genus Ca. Nitrosocosmicus 
can grow at high ammonia concentrations similar to those tolerated by AOB (Lehtovirta-Morley еt аl., 2016). Moreso, 
the growth of Ca. Nitrosocosmicus is greater when AOB are inhibited under high ammonia concentration which indicates 
that Ca. Nitrosocosmicus is tolerant to high ammonia concentration in soils. This disputes the belief that there is 
inhibition of AOA growth in soil with high ammonia concentration. It also confirms the role of a Ca. Nitrosocosmicus in 
nitrification activity in soil with higher ammonia concentration (Bello et al., 2021). This strongly suggests that not all 
AOA are inhibited by high ammonia concentration and there may be no difference between AOA and AOB in terms of 
ammonia affinity in soil.  

2.2. Soil pH 

рH plays a ѕіgnіfісаnt rоlе іn thе есоlоgісаl distribution оf dіffеrеnt phylotypes оf mісrооrgаnіѕmѕ in the ѕоіl (Fіеrеr аnd 
Jасkѕоn, 2006). Sоіl nitrification асtіvіtу іѕ also ѕtrоnglу lіnkеd wіth рH. рH іѕ a vіtаl еnvіrоnmеntаl fасtоr in thе 
dіѕtrіbutіоn оf AOA аnd AOB through іtѕ effect оn the аvаіlаbіlіtу аnd tоxісіtу оf аmmоnіа. As thе pH dесrеаѕеѕ bу оnе 
unіt, thе ammonia аvаіlаbіlіtу for аmmоnіа оxіdіѕеrѕ is reduced bу one order оf mаgnіtudе as ammonia іѕ соnvеrtеd tо 
ammonium (NH3 tо NH4+; рKа = 9.25) (Nicol et al., 2011; Prоѕѕеr, 2011); Secondly, thе potential toxic еffесt оf frее 
ammonia will reduce wіth decreasing pH. Thіrdlу, nitrite availability will dесrеаѕе аѕ pH dесrеаѕеѕ, a condition that 
favours AOA at the expense of AOB. AOB have been isolated frоm асіdіс soil, but thеіr grоwth and isolation required 
сulturе mеdіum аt nеаr neutral рH (Prosser, 2011; Hауаtѕu еt аl., 2017). Potential mесhаnіѕmѕ that еxрlаіn the growth 
and survival of AOB in low pH аrе existence of high pH microsites, аggrеgаtе or bіоfіlm fоrmаtіоn, surface аttасhmеnt 
and urеоlуtіс асtіvіtу, as indicated by culture-based studies (Prosser, 2011). The еxіѕtеnсе of mісrоѕіtеѕ whісh еnаblе 
асіd-ѕеnѕіtіvе nіtrіfісаtіоn іn thе uрреr lауеr (organic lауеr) of acid ѕоіlѕ аrе аttrіbutеd to the relatively hіgh pH оf rаіn 
wаtеr аnd the рrеѕеnсе оf hot-spots оf mіnеrаlіѕаtіоn. Mісrо-ѕіtеѕ might be аѕ ѕmаll аѕ thе іmmеdіаtе ѕurrоundіngѕ оf 
mineralisers, whеrе аmmоnіа mау dіffuѕе directly into AOB сеllѕ (Dе Bоеr аnd Kowalchuk, 2001). Thіѕ оbѕеrvаtіоn wаѕ 
bаѕеd оn the dеtесtіоn оf nitrification іn acid heathland soil ѕuѕреnѕіоnѕ оnlу uроn thе оnѕеt оf nеt N mineralization, 
еvеn thоugh in the presence оf еxсеѕѕ аmmоnіum (Lеvіčnіk‐Höffеrlе еt al., 2012).  

An alternative explanation fоr асіd-ѕеnѕіtіvе AOB tо bе active іn асіd ѕоіl іѕ bу іntrасеllulаr hуdrоlуѕіѕ оf urea аnd 
ѕubѕеԛuеnt nіtrіfісаtіоn оf thе ammonia rеlеаѕеd (Dе Boer аnd Kоwаlсhuk, 2001). After urеа асtіvаtіоn, Nіtrоѕоѕріrа 
ѕtrаіn AHB1 wаѕ able to continue ammonia oxidation fоr ѕеvеrаl dауѕ in an acid medium (pH 5.0)  соntаіnіng оnlу 
аmmоnіum (Dе Bоеr аnd Lааnbrоеk, 1989). The possession of urеаѕе асtіvіtу ѕееmѕ tо be common аmоng Nіtrоѕоѕріrа 
ѕtrаіnѕ іѕоlаtеd frоm асіd soils (Prоѕѕеr, 2011). Nеvеrthеlеѕѕ, іt іѕ unlikely that AOB’s ability to hydrolyse urea іѕ a 
ѕресіfіс аdарtаtіоn tо асіd еnvіrоnmеntѕ, аѕ strains isolated from ѕеvеrаl other еnvіrоnmеntѕ аlѕо роѕѕеѕѕ thіѕ аbіlіtу 
(Dе Boer and Kоwаlсhuk, 2001)  
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Several studies hаvе suggested thаt aggregation оr biofilm fоrmаtіоn оf AOB еnаblеѕ thеіr асtіvіtу at lоw рH (Dе Boer 
еt al., 1991; Sріесk еt al., 1992). It has also bееn shown that a Nitrosomonas ѕр. wаѕ аblе tо nіtrіfу at lower pH іn bіоfіlmѕ 
thаn іn сеll suspensions (Prosser, 2011). Thеrеfore, aggregates аnd bіоfіlmѕ mау provide the rеquіrеd сеll dеnѕіtу for 
асtіvіtу аt lоw рH. Extrасеllulаr ѕubѕtаnсеѕ іn which thе bасtеrіа арреаr tо be еmbеddеd mау рrоvіdе the ѕuіtаblе 
соndіtіоnѕ for nіtrіfісаtіоn іn асіdіс рH (Prоѕѕеr, 2011). It іѕ, however, nоt уеt clear hоw aggregation оr hіgh сеll 
densities stimulate nіtrіfісаtіоn in acid еnvіrоnmеntѕ (dе Bоеr еt аl., 1991, 1995). Thе mоѕt іntеrеѕtіng problem іѕ hоw 
сеllѕ саn supply thеіr ammonia mоnооxуgеnаѕе wіth NH3. It seems likely thаt thеу роѕѕеѕѕ аn аmmоnіum transport 
system аnd that thеу can kеер their суtорlаѕmіс pH sufficiently high fоr NH3 gеnеrаtіоn (dе Bоеr аnd Kowalchuk, 2001). 
Undеr lоw pH соndіtіоnѕ, nіtrіtе is рrеdоmіnаntlу рrеѕеnt in іtѕ frее-асіd form, nіtrіс асіd, whісh is either tоxіс оr саn 
сrеаtе toxic рrоduсtѕ. Hence, fоr аmmоnіа оxіdаtіоn tо continue at low рH, nitrite must be rеmоvеd bу асіd-tоlеrаnt 
NOB оf the genus Nіtrоbасtеr (dе Bоеr аnd Kowalchuk, 2001). Elесtrоn micrographs of fоrеѕt soil suspensions nіtrіfуіng 
аt low рH (pH 4) hаvе bееn ѕhоwn to contain аggrеgаtеѕ оf Nitrosospira-like сеllѕ ѕurrоundеd by Nitrobacter-like cells. 
Such аn іntіmаtе association bеtwееn thе AOB аnd thе NOB mау fасіlіtаtе thе trаnѕfеr оf nitrite, thus рrеvеntіng thе 
ассumulаtіоn оf toxic соmроundѕ. However, thе close association оf AOB аnd NOB has аlѕо been соnfіrmеd  іn рH-
nеutrаl еnvіrоnmеntѕ, and it remains to bе ѕееn еxасtlу hоw іntеrасtіоnѕ bеtwееn AOB and NOB may соntrіbutе tо 
mісrоbіаl ѕtrаtеgіеѕ fоr nitrification іn асіd еnvіrоnmеntѕ (dе Boer аnd Kоwаlсhuk, 2001). 

Thе role оf рH аѕ a ѕtrоng environmental fасtоr fоr AO distributions іn ѕоіl іѕ wеll knоwn. Several AO clades рrеfеr 
ѕресіfіс ѕоіl pH whісh rеflесts their еvоlutіоnаrу histories (Nicol еt аl., 2011; Otоn еt al., 2016). Nіtrоѕоѕріrа сluѕtеrs 2, 
3 аnd 4 are соmmоn ѕоіl AOB. Rерrеѕеntаtіvеѕ оf Nitrosospira cluster 2 рrеfеr асіdіс soil bесаuѕе they are thе 
predominant AOB in acidic agricultural soil (pH 4.5), асіdіс grаѕѕlаnd раѕturе ѕоіl and асіdіс forest ѕоіlѕ (Prоѕѕеr, 2011; 
Nісоl еt аl., 2011). The adaptation of Nitrosospira cluster 2 species to low pH may be linked to uerolytic ability (de Boer 
and Laanbroek, 1989), and other mechanisms facilitating growth of Nitrosospira cluster 2 may also exist (Prosser and 
Embley 2002). Nitrosospira сluѕtеr 3 AOB аrе nаturаllу found in neutral pH ѕоіlѕ, while ѕоmе phylotypes аrе рrеѕеnt іn 
асіdіс ѕоіlѕ, whereas thе аbundаnсе оf сluѕtеr 4 іѕ lеѕѕ аffесtеd bу ѕоіl рH (Prоѕѕеr, 2011; Nicol еt аl., 2011). The lоng-
tеrm еffесt of ѕоіl рH іnfluеnсеѕ thе ammonia оxіdаtіоn асtіvіtу оf AOA and AOB. The transcriptional асtіvіtу оf AOA 
dесrеаѕеѕ, while that оf AOB increases wіth іnсrеаѕе іn ѕоіl рH (Nicol еt al., 2011). Lastly, thе іmрасt of soil рH оn the 
distribution and соmmunіtу ѕtruсturе оf AOA has bееn lосаllу, rеgіоnаllу and globally оbѕеrvеd wіth сеrtаіn AOA сlаdеѕ 
ѕhоwіng рrеfеrеnсе tо specific pH (Gubry-Rangin еt al., 2011; Vісо-Otоn еt аl., 2016). 

2.3. Temperature  

Temperature is one of the major ecological factors that affect both the activity and abundance of all soil microorganisms 
and associated geochemical cycles in the ecosystem (Szukics et al., 2010). Ammonia oxidation has been measured at 
high temperatures in hot spring environments (76 to 87 oC) in the USA (de la Torre et al., 2008), China (Zhang et al., 
2008) and Russia (Pearson et al., 2008). Soil nitrification has been measured also at temperatures as low as 2 oC in 
winter soil (Cookson et al., 2002) and nitrification activity has been documented in arctic soils with low temperature 
from 4 to 12 oC (Alves et al., 2013). Optimum nitrification activity in soil occurs between 20 and 35 oC (Nicol et al., 2011; 
Prоѕѕеr, 2011; Gubry-Rangin et al., 2017).  

Nitrification activity and amoA abundance of AO increase while the community structure of AO changes with increase 
in temperature from 10 to 35 oC (Nicol et al., 2011; Prоѕѕеr, 2011). Another line of evidence also linked soil pH to 
temperature response of AOA (amoA abundance) in soil at low ammonia concentration. This is due to the detection of 
different optimum growth temperatures for AOA in acidic soils (pH 3.9 to 4.7) and acido-neutral soils (pH 5.0 to 7.5) 
(20 oC and 30 oC, respectively) (Gubry-Rangin et al., 2017). Soil ammonia oxidation activity and AOA amoA abundance 
decrease at temperatures above 30 oC (Gubry-Rangin et al., 2017). For cultured isolates, AOB growth and nitrite 
production increased from 0 oC (in N. cryotolerans) and 5 oC (in other Nitrosomonas spp.) to 28 oC with optimum growth 
at 28 oC (Jones and Morita, 1985; Koops and Harms, 1985), while Comammox (N. inopinata) grow optimally at 46 oC 
(Daims et al., 2015). Studies also indicate that nitrite production and amoA abundance of AOA isolates (e.g., Ca. N. 
franklandus, Ca. N. oleophilus, Ca. N. exaquare and N. vienniensis) increases with increase in temperature and with optima 
at 40, 30, 33 and 42 oC, respectively (Lehtovirta-Morley еt аl., 2016; Jung et al., 2016; Sauder et al., 2017; Tourna et al., 
2011). However, nitrification by ammonia oxidizersin soil decreases in a near neutral soil after temperature of 30oC 
(Bello et al., 2021). 

2.4. Drought  

Drought as a natural phenomenon is an abnormal dry weather condition that lasts long enough to cause a reduction in 
water content, changes in biogeochemical cycles mediated by microorganisms in the soil and damage to plants due to 
inability of both microbes and plants to absorb water from soil as a result of the decrease in matric potential (Wilhite 
and Glantz, 1985). It is a major factor which affects microorganisms and biogeochemical processes in the soil. It causes 
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a reduction in the thickness of water films on the surface of the soil particles leading to shortage in supply of substrate 
to microorganisms, reduction in microbial movement, change in structure of the microbial communities and activities 
in the soil including nitrification (Schimel et al., 2007). The decrease in matric potential and osmotic potential increases 
desiccation and osmotic stress. Water potential is defined as the work done in moving one molecule of water from some 
point in the system at a constant temperature and pressure to a pool of pure water at atmospheric pressure and at the 
same temperature as the system (Griffin, 1981; Campbell, 1985). Matric water potential generally applies to water 
interactions at surfaces and interfaces (Potts, 1994). Once water molecules are associated with interfaces such as the 
surfaces of solid particles e.g. soil, proteins, ribosomes, bacteria, and viruses in an aqueous solution, they have less 
affinity to react chemically in solutions or to escape to the surrounding vapour phase. Interfaces thus decrease the 
thermodynamic activity of water, especially near the solid surface (Potts, 1994). Interfaces, together with solutes, lower 
water activity (aw) so that there is an additive effect in solutions which contain solutes and solid particles. The removal 
of a considerable fraction of water from microbial cells through a drying stress is called desiccation, which can be 
achieved either by rapid or slow drying process. One major contrast between matric stress and osmotic systems is that 
under desiccation the surface of microbial cell walls that are exposed to a gas phase, which is referred to as matric stress, 
whereas under osmotic stress microbial cells are constantly covered in an aqueous solution, even though water activity 
is reduced (Potts, 1994).  

A decrease in matric potential reduces the movement of bacteria within the soil matrix (Schimel et al., 2007; Or et al., 
2007). The reduction in the thickness of water films on the surface of the soil particles reduces the supply of substrate, 
such as ammonia for ammonia oxidizers (AO) (Stark and Firestone, 1995). The physiological costs caused by drought 
on soil microorganisms leads to great changes in essential minerals (carbon and nitrogen) distribution in soil. Hence, 
matric potential plays a vital role in structuring the microbial communities and biogeochemical cycles they control in 
the soil (Griffin, 1981; Schimel et al., 2007; Wagner, 2017). A decrease in soil matric potential leads to the acquisition of 
osmolytes and/or production of compatible solutes by microorganisms (Csonka, 1989; Roeßler and Müller, 2001). 

Osmolytes are organic solutes or ions that are used by microorganisms to maintain cell volume and balance the 
cytoplasmic concentration with the outer environment to prevent cell lysis (microorganism) or plasmolysis (plant). 
Osmolytes are accumulated through the production of organic solute (compatible solutes) or the absorption of ions 
from the surrounding solutions (osmo-protectant) to maintain cellular integrity (Roeßler and Müller, 2001; Schimel et 
al., 2007; Or et al., 2007). Microbial response to a decrease in matric potential varies from one organism to the other. 
However, the preservation of stability of the entire microbial community is connected to the stimulation of protective 
or adaptive survival mechanisms (Schimel et al., 2007; Roeßler and Müller, 2001; Allison and Martiny, 2008). The 
process by which microorganisms accumulate osmolytes for maintenance of cellular integrity during drought requires 
high energy, which may be detrimental to the activities of the intracellular enzymes, due to the inhibition of their 
activities by high concentration of solutes which decrease the water potential within the cell (Griffin, 1981; Roeßler and 
Müller, 2001). 

Archaea and bacteria both respond to changes in the soil matric potential by producing osmolytes and/or acquiring 
compatible solutes. Archaeal compatible solutes are different from their bacterial counterparts. Archaea produce 
polyhydric alcohol phosphodiesters and the majority of archaeal osmolytes have carboxylate, phosphate or sulphate 
groups and are thus negatively charged ions (Roeßler and Müller, 2001). The negatively-charged ion helps to counteract 
the high intracellular concentration of common cation (K+) found in archaea. The potassium ion (K+) found in archaea 
is used for the maintenance of internal protein folding and hydrophobicity. By contrast, bacterial osmolytes mainly 
comprise of α-amino acids and their derivatives such as proline, alpha-glutamic acid and betaine (Roeßler and Müller, 
2001).  

Climate change, due to anthropogenic activity, has led to an increase in drought periods in many soils that were 
previously not affected by drought (IPCC, 2007). Several studies indicate that the nitrification activity in soil decreases 
during drought (Stark and Firestone, 1995; Gleeson et al., 2010; Vasileiadis et al., 2012; Thion and Prosser, 2014). 
Studies have also shown that AOA and AOB respond differently to changes in soil water potential. AOB amoA abundance 
increases while AOA amoA abundance decreases in the soil when soil water-filled pore spaces (WFPS) changes from 
dry to wet (Gleeson et al., 2010). Other studies by Thion and Prosser, (2014) indicate that AOB are less sensitive to 
drought than AOA, and AOB are more resilient than AOA after rewetting. The sensitivity of AOA in the soil subjected to 
drought has been linked to the inhibition by high ammonium concentration observed after rewetting (Thion and 
Prosser, 2014). In contrast, there is evidence that a decrease in soil matric potential inhibits AOB but not AOA amoA 
transcriptional activity (Vasileiadis et al., 2012). Comparison of amoA abundance dynamics and nitrite production 
suggests that AOA were more susceptible to reduced matric potential than AOB, irrespective of ammonia concentration 
in soil and culture, respectively (Bello et al., 2019. These results provide evidence for greater sensitivity of AOA than 
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AOB to both components of water stress, matric and osmotic potential, which represents an additional niche 
differentiation between these two essential groups of ammonia oxidizers. 

2.5. Salt concentration 

Studies have linked the salt (NaCl) requirements by AOA and AOB for growth to the conditions in the natural 
environment of the organisms (Koops and Harms, 1985). For example, AOB isolated from marine and brackish waters 
have an obligate requirement for NaCl for growth with optimum NaCl requirement between 300 and 400 mM, while 
other species of AOB do not require NaCl for growth but can tolerate NaCl concentrations between 0 and 100 mM. 
However, AOB strains isolated from eutrophic environments generally tolerate higher levels of NaCl (between 400 and 
500 mM) than species from other environments. AOB isolated from soil and freshwater environments only tolerate NaCl 
concentrations between 200 and 300 mM (Koop and Harms, 1985). Experimental studies of AOB (N. europaea NCIMB 
11850) indicate that growth is stimulated in liquid culture by addition of ≤100 mM NaCl and further increase in NaCl 
concentration reduces its growth rate (Wood and SÖrensen, 1998). The recent study on the AOA, Ca. Nitrosotenuis 
cloacae shows that it has a low salt tolerance (≤ 0.27 mM) and its growth rate is reduced with increasing NaCl 
concentration (Li et al., 2016). Other evidence indicates that some AOA are better adapted to a lower salinity 
environment (Mosier et al., 2012) except for the marine AOA isolate Ca. N. maritimus which requires a high 
concentration of about 445 mM NaCl for optimum growth (Konneke et al., 2005; Mosier and Francis, 2008).  

2.6. Nitrification inhibitors  

Table 1 Examples and characteristics of general and selective NIs  

Nitrification inhibitors Mechanisms of actions Examples of 
organisms tested  

References 

Acetylene (C2H2) It irreversibly inhibits AOA 
and AOB amo, (both in pure 
cultures and soil). It forms a 
covalent bond with the 
enzyme by blocking the 
binding of ammonia 

N. europaea, N. 
multiformis, N. 
maritimus, Ca. N. 
devanaterra 

Hyman and Wood, 1983; 
Hynes and Knowles, 1978; 
Lehtovirta-Morley et al., 
2011; Tourna et al., 2011; 
Offre et al., 2009 

1-octyne It inhibits AOB amo, (both in 
pure cultures and soil) by 
blocking the binding of 
ammonia 

N. europaea, N. 
multiformis, N. 
maritimus 

Taylor et al., 2013; Hink et 
al., 2016 

Cycloheximide It inhibits protein synthesis 
in eukaryotes and AOA. 

N. maritimus and N. 
europaea 

Vajrala et al., 2014; 
Hayatsu et al., 2008; De 
Boer and Kowalchuk, 
2001 

2-phenyl-4,4,5,5-
tetramethylimidazoline-1-
oxide-3-oxyl (PTIO)  

Nitric oxide (NO) scavengers, 
it reacts with other nitrogen 
oxide compounds such as 
NO, NO2 and HNO. It inhibits 
AOA in pure cultures only 

N. maritimus, N. 
viennensis, N. europaea, 
N. briensis, N. 
multiformis, N. 
cryotolerans, N. ureae, N. 
oligotropha, N. oceani 

Yan et al., 2012; Goldstein 
et al., 2003; Ellis et al., 
2001; Walker et al., 2010; 
Shen et al., 2013; Jung et 
al., 2014; Martens-
Habbena et al., 2015 

Trolox, Methylene blue 
hydrate, Caffeic acid and 
Curcumin 

nitric oxide scavengers, it 
inhibits AOA in pure cultures 
only 

N. europaea, N. 
maritimus, AOA-G6 and 
AOA-6f 

Sauder et al., 2016 

Dicyandiamide It prevents ammonia uptake, 
utilisation and act as a 
copper chelator in AOA 

Ca. N. devanaterra Subbarao et al., 2013; 
Lehtovirta-Morley et al., 
2013 

Nitrapyrin (2-chloro-6-
(trichloromethyl) 

pyridine) 

It chelates copper in AOA 
amo 

Ca. N. devanaterra Subbarao et al., 2013; 
Lehtovirta-Morley et al., 
2013 
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Allylthiourea (ATU) It chelates copper in AOA 
amo 

Ca. N. devanaterra and 
N. viennensis 

Martens-Habbena et al., 
2015; Lehtovirta-Morley 
et al., 2013 

Simvastatin It irreversibly inhibits AOA 
but stimulates AOB in culture 
and soil 

N. europaea, N. 
multiformis, N. 
maritimus, Ca. N. 
devanaterra 

Bello et al., 2020 

Nitrification іnhіbіtоrѕ (NIs) аrе ѕubѕtаnсеѕ thаt рrеvеnt аmmоnіа оxіdаtіоn to nitrite by AO. NIs рrеvеnt nіtrоgеn lоѕѕ 
in thе soil аnd thuѕ help promote рlаnt grоwth. Thеrе аrе twо mаіn tуреѕ of NI nаmеlу bіоlоgісаl аnd сhеmісаl or 
ѕуnthеtіс nitrification inhibitors. Bіоlоgісаl nitrification іnhіbіtіоn (BNI) rеfеrѕ tо thе nаturаl аbіlіtу оf сеrtаіn рlаnts or 
other ѕресіеѕ of microorganisms to рrоduсе аnd rеlеаѕе NIs to suppress thе activity оf nіtrіfуіng mісrооrgаnіѕmѕ and 
rеduсe оr prevent nitrification аnd nitrous оxіdе еmіѕѕіоn in soil (Subbarao еt аl., 2013). Common examples of рlаntѕ 
with роtеnt BNIs are Brасhіаrіа ѕр., Pennisetum mаxіmum аnd fееd-grаіn сrорѕ ѕuсh аѕ sorghum (Subbarao et al., 2010). 
Numеrоuѕ BNIs that belong tо dіffеrеnt сhеmісаl grоuрѕ have been isolated, identified аnd рurіfіеd from рlаnt tіѕѕuеѕ 
оr root еxudаtеѕ (Subbarao еt аl., 2013). Cоmроundѕ with NI асtіvіtу іn thе rооt аnd ѕhооt ѕуѕtеms оf B. humіdісоlа 
include Brасhіаlасtоnе, unsaturated frее fatty асіdѕ (FFA), lіnоlеіс acid аnd аlрhа-lіnоlеnіс асіd (Subbarao еt аl., 2010). 
Brасhіаlасtоnе, lіnоlеіс асіd and аlрhа-lіnоlеnіс асіd іnhіbіt nitrification activity іn bоth AOA аnd AOB bу bіndіng tо the 
асtіvе ѕіtеs of the two еnzуmеѕ thаt are іnvоlvеd іn the оxіdаtіоn оf аmmоnіа to hydroxylamine аnd thе соnvеrѕіоn оf 
hуdrоxуlаmіnе to nіtrіtе (AMO and HDH) in N. europaea (Subbarao et аl., 2010).  

A рhеnуl рrораnоіd root exudate from ѕоrghum, methyl 3-(4-hydroxyphenyl) propionate (MHPP), is also a potent 
biological nіtrіfісаtіоn іnhіbіtоr. MHPP inhibits nitrification bу blосkіng thе асtіvе ѕіtе оf AMO, but іt hаѕ nо inhibitory 
еffесt оn HAO. BNIs such аѕ ѕоrgоlеоnе, a р-bеnzоquіnоnе exudate from rооt оf sorghum рlаnt, are also сараblе оf 
inhibiting AOB. Sоrgоlеоnе соntrіbutеѕ іmmеnѕеlу tо thе biological nіtrіfісаtіоn іnhіbіtіоn capacity in ѕоrghum рlаnt 
(Subbarao et аl., 2013). Other BNIs, ѕuсh аѕ methyl ferulate аnd mеthуl-р-соumаrаtе fоund іn thе rооt tissues оf B. 
humіdісоla, also іnhіbіt nitrification асtіvіtу in the ѕоіl (Subbarao еt аl., 2013). Chemical nitrification inhibitors (CNIs) 
have been used as metabolic blockers in several ecological studies (Prosser, 2011). Nitrification inhibitors were 
important to understand the type of interactions between AO and NOB and, after the discovery of AOA in 2005, to 
differentiate the relative contributions of AOA and AOB to nitrification in different ecosystems where AOA and AOB 
coexist (Taylor et al., 2013). In summary, selective inhibitors are an important tool in studying nitrification, in addition 
to the possible application for increasing the efficiency of nitrogen-based fertilizers. Examples and characteristics of 
general and selective CNIs that have been used in studying nitrification activity and archaea inhibition are listed in Table 
1. Simvastatin (8–100μM) selectively inhibits AOA in culture and in soil under low and high ammonia concentrations 
but stimulates AOB in both acidic (pH 4.5) and near-neutral (pH 6.5) soils (Bello et al., 2020). This suggest simvastatin 
as a selective AOA inhibitor which can be used to investigate kinetic characteristics of AOB in soils and to study the 
competition between AOA and AOB in soil.  

2.7. Potential future studies  

This review reports several research on the effect of ammonium-based fertilizer application in commercial agricultural 
practice on soil nitrification. Several studies have been conducted to determine the effect of ammonia concentration on 
ammonia oxidation and nitrification rate in soil. Additional investigation of this would further our knowledge in 
understanding the effect of different ammonia concentrations on the rate of nitrification in soil. Simvastatin has been 
identified as a potent inhibitor of ammonia oxidation in AOA. Simvastatin is a general archaeal inhibitor, application of 
simvastatin with ammonium-based fertilizer will inhibit all archaea in soil with unknown ecological consequences. 
Therefore, further studies of ecological effect of simvastatin in soil is recommended before commercial use. This study 
also provided evidence that acidophilic and neutrophilic AOA respond differently to simvastatin in terms of the 
inhibitory concentrations. However, it is understood that few AOA and AOB representatives have been used to 
investigate ammonia oxidation inhibition by simvastatin. Therefore, additional screening of other AOA and AOB activity 
inhibition by simvastatin is recommended for further studies in order to generalize the recent findings. Also, evaluation 
of contributions of comammox to ammonia oxidation activity in soil is recommended for future studies 

3. Conclusion 

The discovery of AOA initiated research for important environmental factors causing niche differentiation between AOA 
and AOB. This review exploited the synergy of culture-dependent and soil microcosm techniques to determine and 
separate the effects of major environmental factors (i.e., drought, ammonia concentration, temperature and inhibitor of 
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ammonia oxidation) distinguishing AOB and AOA in soil ecosystems. Using both (culture-dependent and soil 
microcosms) approaches, it was demonstrated by the studies reported in this review, that the inhibition of growth and 
ammonia oxidation activity in AOA during drought had no link with the concentration of ammonia in soil during this 
period. Also, both AOA and AOB are able to oxidize ammonia and grow, irrespective of the ammonia concentration in 
soil. Hence, this fact that AOA and AOB oxidized ammonia at low and high ammonia concentrations disproves previous 
assumptions of niche separation of AOA and AOB by different ammonia concentrations. Therefore, the combination of 
the different approaches was more beneficial in advancing the knowledge of nitrification in soil ecology compared to a 
single approach. 
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