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ABSTRACT

Ammonia-oxidation is the first rate-limiting step of the nitrification process performed by ammonia-oxidizing
bacteria (AOB) and archaea (AOA). The response of ammonia oxidizers to agricultural management de-
termines the forms of nitrogen available for plant nutrition and the potential for nitrate leaching, nitrous oxide
emissions, and soil acidification. We investigated the potential nitrification rates (PNR) of AOA and AOB through
the use of a specific inhibitor of bacterial nitrification, and the amoA gene abundance of AOB and AOA under
potato, fallow and eucalyptus land uses in an agricultural system in the Central Andes of Bolivia. AOA dominated
PNR and amoA gene abundance under all land uses. The ratio of AOA to AOB abundance decreased with soil pH,
due to higher AOB abundances under the less acid soils of potato crops. Eucalyptus led to reduced AOB amoA
abundances and PNR of both AOA and AOB, while PNR were highest under potato soils, and the contribution of
AOB to total PNR increased. Specific PNR, as expressed per amoA gene copy numbers, was 12, 14 and 62 times
higher for AOB than for AOA in potato, fallow and eucalyptus soils, respectively. AOB and AOA PNR were
positively related to their respective amoA gene copy numbers, but for AOA the relationship depended on land
use. This study demonstrates the interest for measuring separately nitrification rates of AOA and AOB for a
mechanistic understanding of nitrification in different environments, as well as the importance of measuring

process rates for assessing the environmental consequences of land use management.

1. Introduction

Nitrification is the biological oxidation of ammonia to nitrate fol-
lowed by the oxidation of nitrite to nitrate. Ammonia oxidation is car-
ried out by ammonia-oxidizing archaea (AOA) and bacteria (AOB),
while the recently discovered comammox bacteria are capable of per-
forming both steps [1,2]. When AOB and AOA are involved, ammonia
oxidation is the rate limiting process, and their relative contribution to
nitrate production rates in soils is still under debate. Niche differentia-
tion of ammonia oxidizers was initially attributed to differences in
ammonia affinities, with AOB showing lower affinity and requiring
higher substrate availability [3-5]. For example, Martens-Habbena et al.
[3] demonstrated that AOA are capable of oxidizing ammonia and to
replicate at ammonium concentration below 10 nM, which is 100 times
lower than the minimum concentration required for AOB activity and

replication [6]. AOA were thus considered to be more relevant in
oligotrophic environments, but recent research on their metabolic
characteristics revealed similar affinities between AOA and AOB in soils
[2,7]. Further, pH strongly influences ammonia-oxidizing prokaryotes
through controls on free ammonia, and lower ammonia availability
under acid conditions [8,9] would favor archaea over bacteria. Also
specific metabolic adaptations, such as the vacuole-type ATPases, may
explain growth of Thaumarchaeota in low pH environments [10].
Concomitantly, increased relative abundances of AOB and AOA in
environmental samples through the measurement of the amoA gene
(which encodes for the alpha-subunit of the ammonia-monooxygenase
enzyme) indicated AOA dominance over AOB in numerous environ-
ments [11-13], and specifically under acidic conditions [14-18]. How-
ever, while in some acidic environments potential nitrification rates
(PNR, assessing the activity of autotroph nitrifiers), show strong positive

* Corresponding author. San Simén University, Laboratorio de Suelos y Aguas, Av. Petrolera km 5 '; s/n, 0000, Cochabamba, Bolivia.
** Corresponding author. University of Liege, Laboratory of Plant and Microbial Ecology, InBioS, Botany B22, Chemin de la Vallée, Liege, 4000, Belgium.
E-mail addresses: alejandro.cocasalazar@gmail.com (A. Coca-Salazar), agnes.richaume@univ-lyon1.fr (A. Richaume), alessandro.florio@univ-lyon1.fr (A. Florio),

m.carnol@uliege.be (M. Carnol).

https://doi.org/10.1016/j.ejsobi.2020.103263

Received 30 July 2020; Received in revised form 24 November 2020; Accepted 24 November 2020

1164-5563/© 2020 Elsevier Masson SAS. All rights reserved.


mailto:alejandro.cocasalazar@gmail.com
mailto:agnes.richaume@univ-lyon1.fr
mailto:alessandro.florio@univ-lyon1.fr
mailto:m.carnol@uliege.be
www.sciencedirect.com/science/journal/11645563
https://www.elsevier.com/locate/ejsobi
https://doi.org/10.1016/j.ejsobi.2020.103263
https://doi.org/10.1016/j.ejsobi.2020.103263
https://doi.org/10.1016/j.ejsobi.2020.103263
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejsobi.2020.103263&domain=pdf

A. Coca-Salazar et al.

associations with AOA amoA gene copies [16], other studies report weak
or no correlation [19-21]. These discrepancies may be attributed to
higher specific oxidation rates of AOB, as shown in cell cultures [4,5,22],
and evidence that at some sites acid-tolerant AOB may significantly
contribute to nitrification [23,24]. Given that studies linking
ammonia-oxidizer activity and abundance in environmental soil sam-
ples rarely differentiate between the contribution of AOA and AOB to
total PNR, it has been difficult to interpret the ecological relevance of
AOA or AOB amoA gene abundances, and moreover, it is not known
whether the higher specific oxidation rates of AOB compared to AOA
determined under laboratory conditions are also relevant in the envi-
ronment. Evaluation of the relative contribution of archaea and bacteria
to PNR provides evidence of their ecological relevance and the potential
consequences of the changes in the AOA and AOB abundances.

The contribution of AOA and AOB to nitrification can be evaluated
by the use of specific inhibitors, such as 1-octyne and allylthiourea.
Allylthiourea (ATU) is a metabolic inhibitor that selectively chelates the
copper in the active site of the ammonia mono-oxygenase enzyme and
inhibits AOB activity [5,25,26]. ATU concentrations above 80 pM have
been demonstrated to inhibit bacterial ammonia oxidation, while some
AOA are not affected, even at concentrations of 500 pM [5,26,27]. ATU
has been successfully used in kinetics studies of nitrification [5,28] and
studies of waste water treatment [29-31]. Its incorporation in PNR
measurements can thus be used to differentiate the nitrification per-
formed by AOB and AOA, and contribute to the understanding of their
respective role in the environment.

Changes in soil chemistry, especially pH, caused by land use can also
differentially affect the nitrification process and the abundance and
activity of AOB and AOA. For example, a study across different land uses
under the same soil type reported changes in nitrification and amoA
abundance following a pH change through acidification or liming [32].
Similarly, several studies of agricultural land uses reported that soil pH
is the main variable explaining changes in the ammonia oxidizers
community and potential nitrification rates under different fertilization
regimes but with a different effect on AOA and AOB [33-35]. However,
while the central role of soil pH on determining niche differentiation has
been recognized, the relative contribution of AOB and AOA to nitrifi-
cation under different land uses remains poorly understood. Evaluation
of AOB and AOA potential nitrification and abundances is essential to
understand their role in the environment and the potential consequences
of land use change on the N cycle, particularly in agricultural systems
where their activity determines the type of mineral nitrogen available
for plants, but also contributes to nitrate leaching and ground water
contamination [36], nitric and nitrous oxide gas emissions [37], and soil
acidification [32,38].

We studied AOB and AOA PNR in relation to amoA gene abundance
in agricultural areas of the mountainous Andean range of Bolivia char-
acterized by acidic soil pH [39]. These Andean landscapes are domi-
nated by three types of land use: (1) intensively cultivated fields in
which potato constitutes the main crop planted during 2-4 consecutive
growing seasons, followed by secondary crops (Vicia faba and Ordeum
vulgare) after which the cycle is repeated again or fields are left fallow;
(2) agricultural fields that are left fallow for a maximum of 6 years and
are colonized by self-regenerated herbaceous vegetation, aiming at
fertility restoration; (3) introduced Eucalyptus globulus L. plantations
that replaced agricultural areas as an alternative economic income to
farmers.

The objective of this study was to determine the relationship be-
tween AOA and AOB abundances and total, AOA and AOB nitrification
rates in response to the three land uses. Given the acidity of the soils we
hypothesized a dominance of AOA activity and abundance under fallow
fields and eucalyptus plantations, but due to organic and mineral
fertilization of cultivated fields, we expect higher activity and abun-
dance of AOB in the potato cultivated fields.
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2. Materials and methods
2.1. Study site

The study was conducted in the fields of the Chullchungani Com-
munity (17°32'30 - 17°33'30” S, 065°20'08"’ - 065°21'36"” W, altitude
range 3100-3400 m), an agricultural community located in the Eastern
branch of the Andes range, characterized by a rainy summer season
(November-March) and a dry winter season (April-October) [40,41],
with a mean annual rainfall of 500.7 mm, and a mean annual temper-
ature of 17.9 °C [42]. The topography is characterized by secondary
mountain ranges of the Andean region, with soils classified as Cambisols
[43].

The potato crops, fallow fields and eucalyptus plantations are
interspersed within the landscape in areas of ca. 0.5-1 ha, defined here
as “plots”. Potato fields are tilled (ca. 20 cm depth) for soil preparation,
and chemical N, P, K inputs as well as chicken manure are added when
sowing. Additional fertilization and irrigation is applied in varying
amounts according to farmers’ personal judgement and harvesting is
conducted manually. Before conversion to fallow, remaining above-
ground biomass is incorporated by tillage and the fields are then left
unmanaged. Fields converted to eucalyptus plantations are not managed
after seedling plantation. Eight plots of each land use type were selected
within an area of ca. 4 km? based on the following criteria: agricultural
plots in which potato had been grown during the last rainy season,
fallow plots (2-6 years old) in which the spontaneously grown vegeta-
tion (grass-shrubland of semiarid high Andes [40]) fully covered the
soil, and Eucalyptus (E. globulus) plantations (minimum 5 years since
plantation).

Soils were sampled in February 2017, at the end of the rainy season.
Within each plot, three randomly selected sampling points were estab-
lished at a minimum distance of 10 m. At each sampling point, one
composite soil sample was taken with a shovel (one central sample and
four individual samples taken 2 m from this central sample; 20 cm
depth). The thin organic layer (<0.5 cm) of the eucalyptus plots was
discarded. Samples were homogenized, sieved (2 mm mesh) under
sterile conditions and stored at 4 °C for potential nitrification mea-
surements. From one randomly selected soil sample per plot, a sub-
sample was freeze-dried and stored for molecular analyses.

2.2. Soil pH and potential nitrification

Soil pHgc) and potential nitrification rates (PNR) were determined on
all three soil samples taken in each plot. Soil pH was determined in KCl
1M (1:2w/v) (HI2550, HANNA instruments) [44]. PNR was determined
using the shaken soil slurry method [45], with and without allylthiourea
(80 pM), a selective inhibitor of bacterial nitrification [25]. Briefly, 15 g
of soil were shaken at 180 rpm in 100 ml nutrient solution (pH 7.2, 1 mM
PO3 ", 1.5 mM NHy) at 20 °C in the dark. After 2, 5, 23 and 26 h of
incubation, 15 ml of homogenized soil slurry was sampled, centrifuged,
filtered (Whatmann 595 %) and stored at —20 °C until analyses. Nitrate
content of the extracts was analyzed colorimetrically with a continuous
flow autoanalyzer (BranLuebbe, SPX Process Equipment, Germany).
PNR were calculated by linear regression of NO3-N concentrations over
time. We were thus able to determine total PNR and AOA-PNR
(allylthiourea treated soil-slurry). The AOB-PNR were calculated as
the difference between total PNR and AOA-PNR. PNR assesses the
maximum nitrification rate of the nitrifier population present in a soil
sample at the time of sampling. The short incubation time, high NH}
concentrations and oxygenation assure the absence of nitrifier’s popu-
lation growth, denitrification and N immobilization during the incuba-
tion, so that net rates are equivalent to gross rates [45]. Further, the
buffer solution is dilute enough so that the final pH of the soil slurry is
close to the soil-water solution [45]. The high ammonium supply might
influence the activity of some species (both AOA and AOB), but not lead
to a selective advantage of one group, as recent studies revealed a
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Table 1

8). Different letters indicate significant differences between

Soil pHgc, potential nitrification rates (PNR), amoA gene copy numbers and amoA-AOA:amoA-AOB ratio under three land uses (mean =+ standard deviation; n

land uses (P-value < 0.05, nested ANOVA and Tukey tests). Values were calculated using the average values of the three samples taken in each plot.

amoA-AOA:amoA-AOB ratio

AOA amoA (gene kg™1)

AOB amoA (gene kg™ 1)

AOB-PNR (mg NO3-N kg~ ' d™1) AOA-PNR (mg NO3-N kg 'd™1)

Total PNR (mg NO3-N kg ' d™1!)

Soil pHxal

19.94 + 1361 b

5.9 x 10'°+3.0 x 10'%a

3.7 x 10°+2.3 x 10° a

0.18 £ 0.07 a

0.11 £ 0.07 a
0.03 + 0.03 b

43+03a 0.29+0.11a

Potato

124.46 + 148.88 ab
140.71 £ 118.21 a

9.4 x 10'°45.2 x 10'%a

1.3 x 10°+7.0 x 10% a

0.13+0.05a

43+03a 0.16 + 0.07 b

Fallow

4.3 x 10'°44.9 x 10° a

4.9 x 108£7.5 x 10 b

0.00 + 0.01 b 0.04 + 0.03 b

0.03 +£0.03 ¢

40+03a

Eucalyptus
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similar range of ammonia affinities between AOA and AOB from soils [2,
71.

2.3. amoA gene abundance

DNA was extracted from 0.25 g freeze-dried soil samples using the
DNeasy PowerSoil Pro kit (QIAGEN) according the manufacturer’s
protocol on one randomly selected sample per plot. The DNA concen-
tration and quality were measured using a Qubit™ fluorometer (Invi-
trogen). Archaeal and bacterial nitrifier abundances were determined by
quantitative PCR targeting the amoA gene sequences of each domain.
The gene primers amoA_1F and amoA_2R were used for bacteria [46],
and the primers CrenamoA23f and CrenamoA616r for archaea [47]. A
reaction mix containing 0.5 pM of each bacterial amoA primer or 0.75
pM of CrenamoA616r and 1 pM of CrenamoA23f primers, 2% bovine
serum albumin (BSA), 1X of QuantiTect SybrGreen PCR Master Mix
(Qiagen, Courtaboeuf, France) and 10 ng of soil DNA where run in
duplicate on Lightcycler 480 (Roche Diagnostics, Meylan, France). The
gPCR efficiency for the bacteria amoA was 88.8%, and for the archaea
amoA was 79.2%. For Archaea, the highest qPCR efficiency and the best
melting curve quality with the LightCycler (Roche Molecular Bio-
chemicals) were obtained using different concentrations for forward and
reverse primers. Such asymmetric amplification had been shown to
improve the gqPCR efficiency and melting curve quality using the
LightCycler [48]. Run details are given in Simonin et al. [49]. We
calculated the amoA gene abundance for AOA (AOA amoA) and AOB
(AOB amoA), and the amoA-AOA:amoA-AOB ratio. PNR per unit amoA
gene copies for AOA and AOB were calculated by dividing their PNR by
their respective number of amoA copies.

2.4. Statistical analyses

Differences in soil pHgc and PNR between land uses were assessed
by linear mixed effects models (data for three samples per plot) for AOA
and AOB, followed by post hoc Tukey test for linear mixed models [50,
51]. The models included “plot” as random factor to account for the
non-independence of the three soil samples taken in each plot [50].

Differences in amoA gene copy numbers, amoA-AOA: amoA-AOB,
and PNR per unit amoA for AOB and AOA between land uses were tested
with one-way ANOVA and post hoc Tukey tests (data from one sample
per plot). The data of amoA gene copy numbers and amoA-AOA: amoA-
AOB were log-transformed to meet normality and homoscedasticity
assumptions.

We assessed the relationships of PNR with soil pHgcj, AOA amoA and
AOB amoA by fitting linear mixed effects models that allowed for
random intercepts and slopes [52]. The marginal r-square RZLMM(m)
(variance explained by fixed effects of the model) were calculated ac-
cording to Jaeger et al. [53], and separate models for each land use were
used to calculate individual regression coefficients (R?). To determine if
slopes differed between land uses, we compared the models fitted with
and without random slopes. A model with Akaike information criterion
(AIC) lower by 2 units is considered to represent a better fit. The rela-
tionship of amoA-AOA:amoA-AOB with soil pHgc) was assessed by fitting
a simple non-linear model.

All statistical analyses were conducted with R software [54] using
the packages car [55], nlme [56], nltoosl [57], r2glmm [58], and
TukeyC [51].

3. Results

3.1. Effects of land use on soil pH and potential nitrification rates
Average soil pHgc was 4.3 for soils in potato and fallow plots, and

4.0 for soils under eucalyptus without significant differences between

land uses (Table 1). Total PNR ranged from 0.00 to 0.51 mg NO3-N kg !
d~! with significantly higher rates under potato, and lower rates under
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Fig. 1. Relationships of AOB and AOA amoA gene copy numbers with their PNR (A and B, respectively). The thick lines were fitted for all data points (n = 24) and
thin lines were fitted for each land use separately (n = 8), points represent soils under potato (@), fallow (o) and eucalyptus (a) land use. In A the fitted lines of potato
and fallow overlap and in B the fitted line for fallow overlaps with the general regression line.

eucalyptus plantations. The AOB-PNR ranged from 0.00 to 0.24 mg
NO3-N kg™! d~! with significantly higher values in potato crops
compared to eucalyptus and fallow, whereas AOA-PNR ranged from
0.01 to 0.35 mg NO3-N kg ! d~! with significantly higher rates in potato
crops and in fallow fields. Archaeal contribution to total nitrification
rates ranged from 39 to 100% and, on average, AOA accounted for 64,
82 and 96% of total nitrification in potato, fallow and eucalyptus soils,
respectively (Fig. A1 of Appendix A).

3.2. Abundance of AOA and AOB amoA gene copies under the three land
uses

The AOB amoA abundance ranged from 1.1 x 107 to 8.1 x 10° gene
copies per kg of dry soil with significantly lower values under eucalyptus
plantations compared to potato and fallow soils (Table 1). AOA amoA
abundance ranged from 1.5 x 10° to 1.8 x 10'! gene copies per kg of dry
soil without significant differences between land uses. The proportion of
AOA amoA to the total amoA gene copies ranged between 86 and 100%,
and on average accounted for 93% of total amoA copies under potato,
and for 98% under fallow and eucalyptus land uses (Fig. A1 of Appen-
dix). Except for one extreme value under eucalyptus (6777), anoA-AOA:
amoA-AOB ratios ranged from 6 to 468. The mean amoA-AOA:amoA-
AOB ratios were significantly higher under eucalyptus plantations,
compared to potato land use (Table 1).

7e‘1 1— ® AOB
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©
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Fig. 2. Specific potential nitrification rates per land use. AOA and AOB specific
potential nitrification rates (potential nitrification per unit of amoA gene
copies) were no significantly different between land uses (P-value > 0.05,
ANOVA and Tukey tests). Letters indicate significant differences between AOA
and AOB for each land use (P-value < 0.05, Tukey tests).

3.3. Relationships between nitrification potential, amoA gene abundance
and pH

Total PNR showed a positive relationship with both AOB amoA
(RZLMM(m) =0.39) and AOA amoA (RZLMM(m) =0.61) gene abundances at
landscape level (Fig. A2 of Appendix). At land use level total PNR was
positively correlated with AOA amoA under potato and fallow (R? =
0.64 and 0.69, respectively), and with AOB amoA under eucalyptus (R
= 0.94, Table A1 of Appendix). AOB-PNR and AOA-PNR had positive
relationships with their respective amoA gene copy numbers, with
marginal r-squares RZLMM(m) of 0.50 for AOA, and 0.43 for AOB (Fig. 1).
For AOA, the random slope model performed better than the fixed slope
model (Apc = 3.7, P-value = 0.02), but not for AOB (Aajc = 4, P-value
= 0.98). The individual relationships between AOA-PNR and AOA amoA
within each land use were positive, with regression coefficients of 0.50,
0.86, 0.23 for potato, fallow and eucalyptus soils, respectively (Table A2
of Appendix A). The relationships of AOB-PNR and AOB amoA in potato
soils was not significant (R2 = 0.01), it was weak in fallow soils (R2 =
0.14) and strong under eucalyptus plantations (RZ = 0.86, Table A2 of
Appendix).

Specific PNR (AOA and AOB PNR per unit of their respective amoA
gene copies) indicated no significant differences between land uses
(Fig. 2), and significantly higher specific PNR for AOB (t-test, data not
shown). On average, the specific PNR of AOB was 12, 14 and 62 times
higher than the specific PNR of AOA under potato, fallow and eucalyptus
soils, respectively.

Total PNR and AOB-PNR showed weak positive relationships with
soil pHkc (RZLMM(m) = 0.11 and 0.21, respectively) with statistical sig-
nificant slopes (P-value < 0.01), while there was no significant rela-
tionship (P-value of slope = 0.54) between AOA-PNR and PH; (RZLMM
m) = 0.01). Regression coefficients of total PNR and soil pHgc were
0.14, 0.10 and 0.00 for potato, fallow and eucalyptus soils, and the
regression coefficients of AOB-PNR with soil pHgc were 0.37, 0.16, 0.00
under potato, fallow and eucalyptus soils, respectively (Fig. 3, Table A3
of Appendix). The amoA-AOA:amoA-AOB ratio and soil pHgc showed a
negative power-convex relationship (Fig. 4).

4. Discussion
4.1. AOB and AOA activity and abundance in response to land use

This study presents the first report addressing the consequences of
land use on the activity and abundance of ammonia-oxidizer bacteria
and archaea in agricultural ecosystems in the Central Andean region.
Total PNR under potato and fallow were relatively low (0.00-0.51 mg
NO3-N kg~! d~, Table 1) compared to potential nitrification measured
in fertilized agricultural soils (2.2-105 mg NO3-N kg’1 d’l, [59,60D),
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Fig. 3. Relationship of potential nitrification rates (PNR) and soil pHkc.
Relationship of total (A), bacteria (B) and archaea (C) PNR with soil pHyc|. The
thick lines were fitted for all data points (n = 72, three samples per plot) and
thin lines were fitted for each land use (n = 24), points represent soils under
potato (@), fallow (o) and eucalyptus (a) land uses.

grassland soils (1.1-3.4 mg NO3-N kg’1 d’l, [61]), but total PNR under
eucalyptus (Table 1) were similar to previous reports for eucalyptus
plantations (0.01-0.03 mg NO3-N kg’1 d’l, [20]). Nitrification was
largely attributed to AOA, responsible for 64%-96% of total potential
nitrification (Fig. A1 of Appendix). Under eucalyptus AOA accounted for
96% of total PNR but both rates for AOB and AOA were low compared to
the other land uses (Table 1), which can be explained by the inhibitory
effect of organic compounds (i.e. terpenes and caffeic acid) produced by
this tree on bacterial and archaeal nitrification [62,63]. Potential nitri-
fication under potato was dominated by AOA but the relative contri-
bution of AOB was 36% of total PNR despite they accounted for only 7%
of total amoA copies (Fig. A1l of Appendix). The higher relative contri-
bution of AOB to potential nitrification could be explained by the
competitive advantage of AOB under higher ammonium concentrations
due to inorganic N fertilization [64,65]. Also, chicken manure additions
may have contributed to increased AOB activity by promoting the
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Fig. 4. Archaea-to-bacteria amoA ratio and soil pHykc. Relationship between
the amoA-AOA: amoA-AOB ratio and soil pHgc for potato soils (@), fallow soils
(o) and eucalyptus plantations (a). The thick line represents the fitted curve and
the dashed lines are confidence intervals (n = 24).

formation of soil aggregates with favorable micro environmental con-
ditions (neutral pH and high ammonia concentration [66,67]). More-
over, the significant increase in AOB activity could be related to the
higher ammonia oxidation rate per AOB cell (4-23 fmol NO3 cell ' h7Y
[68]) compared to AOA (0.07-2.5 fmol NO3 cell 't h™! [69]), which is
reflected in the higher specific PNR (PNR per amoA gene copies) of AOB.
Although amoA gene copy numbers do not strictly reflect cell numbers,
as AOB and AOA vary in the number of amoA copies in their genetic
material [70-73], the specific PNR indicate that AOB contribution to
nitrification per unit of amoA copy is 12, 14 and 62 times higher than
AOA under potato, fallow and eucalyptus, respectively (Fig. 2). Upon
conversion to fallow, AOB-PNR decreased and AOA contribution to total
nitrification increased to 82% (Fig. A1 of Appendix). This could be due
to the absence of N fertilization and the dependency on N supplied by
mineralization of organic matter entering the soil from colonizing
vegetation.

Results revealed that AOA were also dominant in terms of gene
abundance with the AOA amoA copy numbers one to two orders of
magnitude higher than AOB amoA (Table 1). The amoA-AOA:amoA-AOB
ratios were thus situated between 20 and 141 (Table 1), and the dif-
ferences between land uses resulted from changes of AOB amoA abun-
dance, as the AOA amoA remained unchanged (Table 1). Despite soil pH
did not differ between land uses, a wider pH range was observed under
potato, and changes in the dominance ratio are likely driven by soil pH
because minor variations have strong effects on AOB abundance [74].
Increasing acidic conditions would thus lead to stronger AOA domi-
nance as observed under eucalyptus, which had the highest amoA-AOA:
amoA-AOB ratios and reported one extreme value (6777) that corre-
sponded to the soil sample with the lowest pH (3.5). Yao et al. [21]
reported a similar relationship between amoA-AOA:amoA-AOB and soil
pH, in accordance with studies indicating that pH is the major factor
determining AOB and AOA niche differentiation [34,35]. Soil pH
showed a significant positive relationship with total PNR (R? = 0.14,
Appendix Table A3) and with AOB-PNR under potato and fallow (R% =
0.37 and R% = 0.16 respectively, Appendix Table A3). These results
suggest that under higher pH, nitrification rates would be mostly
controlled by AOB, likely due to increased ammonia availability. This is
in accordance with previous studies indicating reduced AOB activity
with increasing soil acidity [65,75]. In contrast, under low pH, AOA
would be most important, but the control of nitrification rates would
also depend on other factors than pH or AOA gene copy number, as
illustrated by the absence of correlation between pHgc and AOA-PNR
(Fig. 3C, Table A3 of Appendix), and varying slopes between AOA
amoA and AOA-PNR under the three land uses (Fig. 1B). Further,
ammonia-oxidizer community composition and diversity [18] could be
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important in controlling AOA activity within the acidic range of the
studied soils.

4.2. Relationship of potential nitrification rates with amoA abundance

Since the discovery of AOA, numerous studies have documented
their dominance in different environments through the measurement of
their amoA gene copy numbers [11-13,16-18], and particularly, in
agricultural systems where AOA and AOB activities determine the N
fertilization efficiency and potential N loss through nitrate leaching [76,
77]. These studies have raised the question whether this dominance
reflects their functional importance in nitrification, but few have
included nitrification rate measurements. Studies assessing amoA gene
abundance and total PNR usually have associated the presence of cor-
relations as indicative of the functional importance of AOB or AOA in the
environment [18-21]. However, our results show that these relation-
ships do not reflect the real contribution of AOA and AOB ammonia
oxidizers to nitrification, as well as previous studies reporting negative
correlations [19]. Indeed, in our study, total PNR was strongly positively
correlated with AOB amoA, despite that rate measurements showed that
nitrification was mainly due to AOA (Table 1, Fig. A1 of Appendix). AOB
and AOA relevance to nitrification process rates should thus be deter-
mined by separately measuring their nitrification rates and not be
inferred from relationships of amoA with total PNR.

Increases in the AOB amoA and AOA amoA abundances were asso-
ciated with their respective PNR (Fig. 1), and consequently with
ammonia-oxidizers community size [78] but the relationships differed
for AOB and AOA. The AOB amoA and AOB-PNR relationship was strong
at landscape level, but relationships were weak within land uses and had
similar low slopes (Table A2 of Appendix), likely due to the low nitri-
fication rates and narrow amoA abundance range. These results suggest
that soil management practices known to increase the AOB amoA
abundance (e.g. fertilization, liming) could be expected to increase AOB
nitrification [74,79]. The AOA amoA and AOA-PNR relationships
differed between land uses, with strong positive relationships and
greater slopes under potato and fallow soils, but no significant relation
under eucalyptus plantations (Table A2 of Appendix). Changes in the
environmental factors under eucalyptus may contribute to explain lower
AOA activity than expected by the AOA amoA abundance alone. For
example, the presence of AOA nitrification inhibitors produced by this
tree [62] may have contributed to the low AOA-PNR despite the pres-
ence of AOA. Also, changes in the organic carbon content, which have
been reported to affect AOA activity by increasing competition for
available ammonia and oxygen with heterotrophs [33,34,80] could
explain low PNR under eucalyptus. Consequently, the relationships be-
tween AOA abundance and activity at low pH is land use-dependent, and
changes in AOA activity cannot be inferred from changes in the AOA
amoA abundance alone.

5. Conclusions

We demonstrated that AOA dominated in terms of abundance and
activity under the three land uses studied. Eucalyptus led to decreased
AOB abundance, and AOA and AOB nitrification rates, while under
potato nitrification rates were highest, and the relative contribution of
AOB increased. The AOA-to-AOB amoA ratio decreased with pH, and
was driven by the increase of AOB amoA with decreasing soil acidity.
The relation of amoA gene copy numbers and nitrification rates depen-
ded on land use, indicating that gene abundance measurements alone
are not sufficient for inferring AOB and AOA activity. Therefore, rate
measurements of AOB and AOA are essential to determine the envi-
ronmental consequences of land use management. Our results indicate
that in these agricultural soils, the role of AOB might become predom-
inant in controlling nitrification rates with increasing pH and N inputs,
while under low pH AOA would be most important with process rates
controlled by other factors than pH and gene abundances.
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