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ARTICLE INFO ABSTRACT

African humid savannas are highly productive ecosystems, despite very low soil fertility, where grasses and trees
coexist. Earlier results showed that some perennial grass species are capable of biological nitrification inhibition
(BNI) while trees likely influence differently on nitrogen cycling. Here we assessed the impact of the dominant
grass and tree species of the Lamto savanna (Ivory Coast) on soil nitrifying and denitrifying enzyme activities
(NEA and DEA, respectively) and on the abundances of archaeal and bacterial ammonia oxidizers (AOA and
AOB, respectively) and nitrite reducers. This is one of the first studies linking nitrifying and denitrifying ac-
tivities and the abundances of the involved groups of microorganisms in savanna soils. NEA was 72-times lower
under grasses than under trees while AOA and AOB abundances were 34- and 3-times lower. This strongly
suggests that all dominant grasses inhibit nitrification while trees stimulate nitrification, and that archaea are
probably more involved in nitrification than bacteria in this savanna. While nitrite reducer abundances were
similar between locations and dominated by nirS genes, DEA was 9-times lower under grasses than trees, which
is likely explained by BNI decreasing nitrate availability under grasses. The nirS dominance could be due to the
ferruginous characteristics of these soils as nirS and nirK genes require different metallic co-enzymes (Fe or Cu).
Our results show that the coexistence of grasses and trees in this savanna creates a strong heterogeneity in soil
nitrogen cycling that must be considered to understand savanna dynamics and functioning. These results will
have to be taken into account to predict the feedbacks between climate changes, nitrogen cycling and tree/grass
dynamics at a time when savannas face worldwide threats.
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1. Introduction et al., 2013). Some perennial grass species of savannas (e.g. Brachiaria

spp., Sorghum bicolor, Hyparrhenia diplandra) are known to inhibit ni-

Savannas are characterized by the coexistence of two contrasting
plant types, trees and grasses, and cover 12-13% of global terrestrial
areas (Rutten et al., 2016). This coexistence is traditionally explained
by disturbances or resource partitioning (Barot and Gignoux, 2004;
Sankaran et al., 2004): in nutrient-limited ecosystems, tree-grass co-
existence could also be explained by positive plant-soil feedbacks
(Bonanomi et al., 2008) creating heterogeneity in soil resources (Brandt
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trification (Lata et al., 1999, 2000, 2004; Subbarao et al., 2009). In
particular, Hyparrhenia diplandra, the dominant species in the Lamto
savanna in Ivory Coast, is the first species for which such an ability has
been documented (Lata et al., 2004, 1999, 2000). The mechanism al-
lowing nitrification inhibition has been described for Brachiaria humi-
dicola (Subbarao et al., 2009): roots release exudates into the soil that
can block the bacterial ammonia oxidation pathway (Subbarao et al.,
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2009). The ability of grass to inhibit nitrification has probably a strong
influence on savanna functioning as it decreases the availability of ni-
trate and the subsequent possible losses of nitrogen (N) by denitrifica-
tion and nitrate leaching, which is likely to increase primary production
through a plant-soil feedback (Boudsocq et al., 2009). This has also
broad implications for tropical pastures as African grasses have been
exported worldwide and are widely used in pastures e.g. in Brazil, the
largest beef exporter in the world (Del’ Alamo Guarda and Del” Alamo
Guarda, 2014). However, it is not yet known whether biological ni-
trification inhibition (BNI) or at least very low nitrification rates in
rhizospheric soils, is a common trait among African tropical perennial
grasses.

Concerning trees, previous results obtained in Lamto savanna
showed that mineralization rates and soil organic matter content were
higher under tree canopies than under grasses (Mordelet et al., 1993).
This suggests that nitrification could also be enhanced under trees if all
microbial activities are enhanced by the higher availability in organic
matter. However, tree canopy effect on soil functioning is complex and
likely depends on tree species characteristics (Mordelet et al., 1993).
Modelling results (Boudsocq et al., 2012) suggest that such differences
in nitrification rates and possible differences between trees and grasses
in their preference for the absorption of ammonium vs. nitrate could
contribute to their coexistence. Our first objective was thus to compare
nitrification rates under dominant tree species and grasses in Lamto
savanna to test whether these two plant types can lead to contrasting
types of N cycling.

The impact of grasses and trees on the various fluxes involved in N
cycling are likely linked to variations in the abundance of the involved
microbial groups. A first issue is the identification of the major mi-
crobial groups involved in N fluxes in savanna soils. Since the discovery
of their role in nitrification, ammonia oxidizing archaea (AOA) have
been found to be more abundant than ammonia oxidizing bacteria
(AOB) in most temperate soils (Prosser and Nicol, 2012; Sterngren
et al., 2015). However, the relative importance of AOA and AOB for
nitrification likely depends on soil characteristics (Hatzenpichler,
2012). Therefore, a growing number of articles have documented the
actual importance of archaea in the realization of ammonia oxidation.
Significant AOA activities have been found in acidic soils and soils with
low ammonium concentration (Nicol et al., 2008; Prosser and Nicol,
2012). On the contrary, AOB are important drivers of nitrification in
soils with high ammonium concentrations and in response to N ferti-
lization (Ma et al., 2016; Simonin et al., 2015; Verhamme et al., 2011).
However, very few studies have been published on nitrification and
nitrifiers in savanna soils (Catao et al., 2016; Rughoft et al., 2016; Wild,
2016; Assémien et al., 2017). Moreover, to our knowledge, no study has
assessed the denitrifying activity and its link with denitrifying micro-
organisms in savanna soils.

A second issue is to determine the respective impacts of savanna
trees and grasses on microbial communities, e.g. the abundances of
nitrifiers and denitrifiers. These plants, by their likely different impacts
on soil N functioning, could also modify the relative importance of
different nitrifier and denitrifier groups. Indeed, nitrification is a key
metabolic pathway for nitrifying bacteria and archaea with ammonia as
the only source of energy, and BNI could modify the respective com-
petitive abilities of nitrifying bacteria and archaea. BNI by decreasing
the availability of nitrate under perennial grasses should also be det-
rimental to denitrifiers. Denitrification rates and denitrifier abundances
should thus be lower under grasses than under trees. Taken together, by
their impacts on organic and mineral N (nitrate and ammonium) trees
and grasses likely impact all components of microbial communities. We
expect these impacts to be particularly strong because perennial grasses
inhibiting nitrification are long-lived tussock grasses, living as long as
savanna trees (ca. 80 years; Abbadie et al., 2006).

We tested here whether the presence of grass vs. tree species, and
possibly species identity, is associated to contrasting types of N cycling
in their rhizospheric soil in the Lamto savanna. To do so, we compared
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soils under the influence of the four dominant perennial grass species
and the four dominant tree species in terms of nitrifying and deni-
trifying enzyme activities (i.e. NEA and DEA), abundances of nitrifiers
(i.e. AOA and AOB) and denitrifiers (nirK- and nirS-nitrite reducers),
and soil physicochemical characteristics. The total abundances of bac-
teria and archaea were also quantified. The following hypotheses were
tested: (1) The dominant savanna grass species are associated to very
low soil NEA and low DEA due to direct and indirect impacts of BNI,
respectively. (2) Contrary to grasses, dominant tree species are asso-
ciated to higher soil NEA and DEA due to the absence of BNI activity
under tree. (3) The differences in nitrifying and denitrifying activities
between tree and grasses are linked to contrasting abundances in ni-
trifiers and denitrifiers due to the presence or absence of BNI. (4) The
presence of trees and grasses modifies the relative abundance of the
main groups involved in nitrification (i.e. AOA/AOB ratio) and deni-
trification (nirS/nirK ratio) in relation to the soil physicochemical
characteristics (higher N, C contents and humidity under trees).

2. Material and methods
2.1. Study sites

The Lamto reserve is located in Ivory Coast, West Africa (6°13'N,
5°20’W). The vegetation is a mosaic of savannas with various tree
densities, and gallery forests. Temperatures are relatively constant
throughout the year (27 °C on average). Four seasons can be dis-
tinguished: (i) a long dry season from December to February; (ii) a long
wet season from March to July; (iii) a short dry season in August; (iv) a
short wet season from September to November. Annual precipitation in
2014 was 826 mm (data from the Geophysical Station of Lamto). The
soils are composed of granites and derived sands and classified as tro-
pical ferrugineous soils with a superficial gravelly horizon. The soils are
sandy (ca. sands 77%; silts 14%; clays 9%) and with a bulk density of
ca. 1.65 (Lata, 1999).

2.2. Soil sampling

Lamto savanna ecosystem is highly structured due to high en-
vironmental constraints (e.g. scarcity of nutrients, fire). Trees and grass
individuals are spatially well separated (e.g. grass tussock individuals
can be separated up to 70 cm distance). We therefore focused on the
rhizospheric soil as the microbial processes are concentrated in the
close vicinity of roots (Abbadie et al., 1992). Soil was sampled during
the long wet season (April 2014) in the open shrub savanna under the
tussocks of the four dominant perennial grass species: Andropogon ca-
naliculatus (AC), Andropogon schirensis (AS), Hyparrhenia diplandra (HD)
and Loudetia simplex (LS); and under the canopy of the four dominant
tree species: Bridelia ferruginea (BF), Cussonia barteri (CB), Crossopteryx
febrifuga (CF) and Terminalia glaucescens (TG). In total, these dominant
species represent in this ecosystem a proportion of minimum 80% of
individuals and biomasses for both grass and tree compartments
(Abbadie et al., 2006).

Soil sampling below trees was achieved in patches of bare soil be-
tween grass tussocks. Grass tussocks were chosen to have similar basal
diameter (ca. 20 cm) and trees were selected to have similar diameter at
breast height (ca. 22.5 cm). The choice of plant individuals was made
randomly on a surface of ca. 10 ha and local sources of heterogeneity
(termite mounds, small depressions, rocks) were avoided. For each of
the eight species, five replicated soil samples (about 1 kg, each of them
composed of two pooled sub-samples) were collected from the top
15 cm with an auger (8 cm in diameter) and stored at 4 °C for a very
short period during transport. Samples were subsequently sieved
(2 mm), homogenised and 200 g of soil were stored at —20 °C for
molecular biology analyses and the measurements of nitrifying/deni-
trifying enzyme activities. Freezing of soil samples was preferred to
fresh or drying conservation methods because (i) the time between
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sampling and analysis (including transportation) was too long to con-
sider the soil fresh, (ii) previous studies on different soil matrices shown
that for soil enzyme activity studies (e.g. denitrification), freezing was a
preferable storage method (Wallenius et al., 2010), (iii) preliminary
tests on fresh vs. frozen samples on our soils showed no discrepancy.
The remaining soil was immediately air-dried in the shade and stored at
ambient temperature for physicochemical analyses. Roots were col-
lected from all soil samples through dry sieving. Fine root densities
varied between 0.57 and 9.77 g dry root dm 3 dry soil under grass and
between 0.77 and 3.68 g dry root dm ™2 dry soil under trees. Grass
aboveground biomass of each tussock was collected and dried at 50 °C
before weighing. Depending on species, aboveground biomasses varied
between 39.20 and 276.70 g dry matter tussock ~'. Soil moisture was
measured with a ThetaProbe ML3 (Delta-T Devices) previously cali-
brated on oven-dried soils.

2.3. Microbial abundances and activities

2.3.1. Total nucleic acids extraction

Total nucleic acids were extracted from 0.5 g of soil (wet weight)
with a Bio-101 FastDNA Spin kit in combination with the FastPrep
FP120 bead beating system (Bio-101, Inc., Ca, USA) according to the
manufacturer's instructions. Bulk total DNA was purified by elution
through Geneclean Turbo columns (MP Biomedicals, CA, USA) ac-
cording to the manufacturer's instructions. The concentration and
purity of the resulting DNA was determined by measuring the absor-
bance at 260 and 280 nm using a spectrophotometer and calculation of
the ratio A260/A280 (NanoDrop ND-1000 spectrophotometer). All ex-
tracted DNA samples were stored at —20 °C before being analysed.

2.3.2. Real-time PCR quantification

The archaeal nitrifying (amoA-AOA gene), bacterial nitrifying
(amoA-AOB gene), bacterial denitrifying (nirK and nirS genes), total
bacterial (16S rRNA) and archaeal (16S rRNA) communities were de-
termined by Real-Time PCR (CFX96 Real-Time System, Bio-Rad,
France) with specific primer sets (see qPCR conditions in Table S1).
Quantification was based on the increasing fluorescence intensity of the
SYBR Green dye during amplification. The real-time PCR assay was
carried out in a 20 pL reaction volume containing SoAdvanced SYBR-
Green Supermix (2 X, Bio-Rad) and 1.25 pL of Bovine Albumine Serum
(2 mg ml~1). Standard curves were obtained using serial dilutions of
linearized plasmids containing the studied genes. The amplification
efficiencies were calculated as [10(-1/slope) - 1]. The average PCR ef-
ficiency for the different assays was 83.9%, 85.5%, 90.3%, 90.3%,
90.8% and 87.2% for amoA-AOA, amoA-AOB, nirK gene, nirS gene,
bacterial 16S rRNA and archaeal 16S rRNA respectively. All DNA ex-
tractions were subsequently diluted 10-fold and 100-fold with nuclease-
free water to reduce potential PCR inhibition. It was then tested whe-
ther these diluted samples led to the same amplification efficiency as
the non-diluted ones. Two independent quantitative PCR assays were
performed for each gene to test methodological repeatability. Results
were expressed as gene copy numbers per gram of dry soil. After the
qPCR reaction, a melting step allowed DNA to denaturate by elevating
the temperature from 65 °C to 95 °C by 0.5 °C every 0.05 s. Then, the
melting curve was integrated using the Dissociation Curve Analysis
Software (Applied Biosystems). We used this curve to check the gen-
eration of specific amplicons and this was also checked by gel electro-
phoresis analysis.

2.3.3. Nitrifying and denitrifying enzyme activities

Potential nitrification and denitrification rates were measured
through Nitrifying (NEA) and Denitrifying Enzyme Activities (DEA)
assays, which corresponds to short-term laboratory incubations under
non-limiting conditions focusing on the period of constant activity i.e.
the incubations are too short to allow the multiplication of the involved
organisms that could result in an increase in activity. NEA and DEA
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avoid the short-term variations observed in the field that are induced by
climate or other environmental factors (Attard et al., 2011; Lata et al.,
1999). Frozen soil samples were placed at ambient room temperature
for 2 h before the analyses. DEA was measured according to Patra et al.
(2006) as the linear rate of production of N,O during a short time (here
2-h incubation) at 100% water holding capacity, 28 °C, and with no
limiting N and C availabilities (here additions of 50 ug N-NO5" g~ ! and
1 mg C g~ 1. A 90:10 He-C,H, atmosphere provided anaerobic condi-
tions and inhibited N,O-reductase activity. Measurements were taken
every 30min using a gas chromatograph (Agilent pGC R3000, Santa
Clara, CA, USA). NEA was measured according to Dassonville et al.
(2011) as the linear rate of production of nitrate during a 72 h in-
cubation. Sub-samples of fresh soil (3 g equivalent dry soil) were in-
cubated with 6 ml of a solution of (NH,4),SO4 (22 ug N-NH,* g~ ! dry
soil). Distilled water was added in each sample to reach 24 ml of total
liquid volume in flasks. Soil nitrate content was measured after 5, 24,
48 and 72 h during the aerobic incubation under constant agitation
(180 rpm) by ion chromatography (DX120, Dionex, Salt Lake City,
USA).

2.4. Physicochemical soil characteristics analyses

Soil pH was measured in water (5:1 v/v water:soil) with a pH meter
(Mettler Toledo SevenEasy™) according to the NF ISO 10390 standard.
Mineral N was extracted from 2 g frozen soil by adding 2 M KCl solution
(soil:solution 1:4). Nitrate was reduced to nitrite, and then nitrite
and ammonium concentrations (expressed as mg N-NO3” and N-NH, "
kg~ ! dry soil) were measured with a continuous-flow N analyzer
(SKALAR, San Plus System, Breda, the Netherlands). Total C and N
contents in soils (expressed as %) were measured using a CHN
Elemental Analyzer (NA1500 Series 2, Fisons, Manchester, UK) after
grinding at 10 um.

2.5. Statistical analysis

All statistical analyses were performed by using R software (R Core
Team 2016). For all measured variables, differences between grasses
and trees (plant type) and between species within grasses and trees (the
type of species being nested within the plant type), were tested using an
ANOVA. In case of a significant effect of species within plant type
(grasses or trees), species of trees or species of grasses were compared
using post-hoc tests (Tukey Honestly Significant Difference test). The
normality and homoscedasticity of the residuals of all linear models
were tested with Shapiro-Wilk and Bartlett tests, respectively. Data was
log-transformed in case of significant deviation from normality and
homoscedasticity. Herein, all variables were log-transformed expect
pH, NO5;~, C:N ratio and AOA/(AOA + AOB) ratio. We tested the re-
lation between NEA (or DEA) and the abundances of nitrifying (or
denitrifying) communities using linear and non-linear saturating (using
nls R function) models. For all tests, the null hypothesis was rejected for
p < 0.05 and significance is represented as follows: *** when
p = 0.001; ** for 0.001 < p < 0.01; * when 0.01 < p < 0.05.

3. Results
3.1. Soil physical and chemical characteristics

Except for pH, soil physical and chemical characteristics varied
between grasses and trees (average mean 6.75 * 0.18%). Soil under
trees had significantly higher values than grasses in terms of water
content (WC (19.26 + 2.32%;5.70 + 2.05%)), mineral N content (N-
NH,* (9.64 + 1.69 mg kg~ ! dry soil; 6.50 + 0.68 mg kg™ dry soil)
and N-NO;3 (2.32 + 0.10 mg kg~ ' dry soil; 1.93 = 0.15 mgkg ' dry
soil)) and total N (0.0767 = 0.0154%; 0.0600 =+ 0.0062%) and C
(1.10 = 0.27%; 0.97 = 0.13%) contents (p < 0.001 except for C
content p < 0.05; Table 1 and Table S2). On the contrary, C:N ratio
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Table 1
Statistical results (ANOVA) of the effects of plant type and plant species on different soil
physicochemical characteristics.

Df F p-value
pH Plant type 1 0.05 0.83
Grasses 3 1.57 0.23
Trees 3 13.03 < 0.001
Water content Plant type 1 304.06 < 0.001
Grasses 3 3.0353 0.06
Trees 3 0.9679 0.43
[NH,*] Plant type 1 72.39 < 0.001
Grasses 3 0.16 0.92
Trees 3 0.71 0.56
[NO5;™] Plant type 1 87.91 < 0.001
Grasses 3 0.49 0.70
Trees 3 1.78 0.19
N content Plant type 1 25.34 < 0.001
Grasses 3 0.97 0.43
Trees 3 2.25 0.12
C content Plant type 1 4.29 < 0.05
Grasses 3 0.92 0.45
Trees 3 2.13 0.14
C:N ratio Plant type 1 42.22 < 0.001
Grasses 3 0.89 0.47
Trees 3 0.32 0.81

+

was significantly lower under trees (14.32 0.88) than grasses
(16.09 = 0.80) (p < 0.001). There was no significant effect of grass
species on soil WC, mineral N contents (N-NH, " and N-NO3) and total
N and C contents (Table 1 and Table S2). The only significant difference
between tree species was for pH: TG (6.91 = 0.09) higher than CB
(6.73 = 0.19;p < 0.01) and BF (6.61 = 0.03,p < 0.001), and CF
(6.78 0.15) higher than BF (p < 0.05).

+

3.2. Nitrifying and denitrifying enzyme activities

Nitrifying enzyme activities (NEA) were 72 times higher under trees
than under grasses and no significant difference was observed between
species within each plant type (Fig. 1A and Table 2). Similarly, deni-
trifying enzyme activities (DEA) were 9 times higher under trees than
under grasses, without any significant difference among grass species or
among tree species (Fig. 1B and Table 2).

3.3. Archaea and bacteria abundances

Total archaeal abundances (16S rRNA) were lower under trees
(7.97 + 295 x 10° copies g~ ! dry soil) than under grasses
(11.9 * 6.95 x 108 copies g~ ! dry soil; Table 2). Within grass species,
significant differences were found (p < 0.05), whereas within tree
species no significant difference was found. Total bacterial abundances
(16S rRNA) were lower under trees (2.95 = 2.95 x 10° copies g~ ! dry
soil) than under grasses (4.31 =+ 1.32 x 10° copies g~ ! dry soil;
Table 2). Within grass (not tree) species, significant differences were
found (p < 0.01).

3.4. Nitrifier abundances

Archaeal amoA-AOA gene abundance was 34 times higher under
trees (6.84 * 3.47 x 10° copies g~ ' dry soil) than under grasses
(2.00 + 1.57 x 10° copies g~ ! dry soil; Fig. 2A and Table 2). Within
grass species, significant differences were found: Andropogon canalicu-
latus (AC) higher than Hyparrhenia diplandra (HD, p < 0.01) and
Loudetia simplex (LS, p < 0.001); Andropogon schirensis (AS) and HD
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higher than LS (p < 0.01 and p < 0.05 respectively) (Fig. 2A and
Table S3). AOA abundance also varied significantly between tree spe-
cies, and was significantly higher under BF and CB than TG (p < 0.01
and p < 0.001 respectively) (Fig. 2A and Table S3).

Bacterial amoA-AOB gene abundance was three times higher under
trees (7.57 = 0.73 x 10° copies g~! dry soil) than under grasses
(2.75 %= 0.89 x 10° copies g~ ! dry soil; Fig. 2B and Table 2). Within
grass species, AOB was more abundant under HD than LS (p < 0.01),
while there was no significant difference between tree species (Table 2
and Table S3).

To investigate the relative proportion of AOA in the nitrifying
community, the ratio AOA:(AOB + AOA) was calculated (Fig. 2C and
Table S3). The ratio was significantly higher for trees (0.83 = 0.10)
than for grasses (0.37 = 0.14). No difference was found between grass
species, while within trees species the ratio was significantly higher
under BF, CB and CF than TG (p < 0.001; p < 0.001; p < 0.05,
respectively; Fig. 2C and Table S3).

Finally, AOA represented 0.82 = 0.41% of the total archaea under
trees and 0.02 * 0.02% under grasses, a significant difference
(p < 0.001). AOB represented 0.03 = 0.01% of the total bacteria
under trees and 0.01 * 0.001% under grasses. This difference between
trees and grasses was also significant (p < 0.001) (Table 2 and Table
S3).

3.5. Denitrifier abundances

No difference was observed between grasses and trees for the nirk
gene abundance (Fig. 3A — mean value of 1.38 * 0.20 x 10® copies
g~ ! dry soil). Within grasses, it was significantly higher under AS than
HD (p < 0.01). Within trees, the nirK gene abundance was sig-
nificantly higher under BF than under CF (p < 0.05; Fig. 3A and Table
S3).

No difference was observed between grasses and trees for the nirS
gene abundance (Fig. 3B — mean value of 1.49 + 0.27 x 10° copies
g~ ! dry soil). Within grasses, it was significantly higher under AC, AS
and HD than LS (p < 0.05, p < 0.05 and p < 0.01 respectively,
Fig. 3B and Table S3). No significant difference was observed between
tree species (Fig. 3B).

To investigate the relative proportion of nirS gene within the nitrite
reducing community, the ratio nirS:(nirK + nirS) was calculated
(Fig. 3C and Table 2). It was similar under trees (0.69 = 0.06%) and
grasses (0.67 = 0.09%). Within grass species, it was significantly
higher under AC and HD than under LS (p < 0.05; p < 0.001). No
difference was observed between tree species.

3.6. Links between nitrifier and denitrifier abundances and enzyme
activities

Regressions between enzyme activities and microbial abundances
were performed separately for trees and grasses (Fig. 4A and B). A
significant positive non-linear relation was observed between the NEA
and AOA abundance under trees (NEA = a X amoA-AOA/(b + amoA-
AOA);a = 0.10,p < 0.001;b = 2.88 x 10% p < 0.05). A significant
positive linear relation was observed between NEA and AOB abundance
under trees (NEA = ¢ X amoA-AOB + d;c = 6.76 x 10~ 8,p < 0.01,
d =0,p > 005 r> = 0.39). With constant and very low activity
values, no relation was found under grasses between NEA and AOA or
AOB abundance. Finally, no relation was observed under trees and
grasses between DEA and nirK or nirS abundances.

4. Discussion

4.1. Contrasting impacts of grasses and trees on nitrification and ammonia
oxidizer abundances

In our study, NEA rates under the grass species HD, known to inhibit
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nitrification, are as low as previously reported. The BNI effect of HD
was previously demonstrated in the field, with a negative correlation
between nitrification and HD root density (Lata et al., 2004), and also
verified in controlled hydroponic conditions where a nitrifying in-
hibitory activity has been directly measured (between 45 and 70 ATU
(inhibitory activity of roots expressed in allylthiourea unit) plant™*
day ™!, unpublished data) under different HD individuals grown from
seeds using Subbarao's method (Subbarao et al., 2009). We have found
similar low NEA values under HD and the other three dominant grass
species of Lamto savanna (the four species represent together 80% of
grass tussocks in this savanna). Hence, our results strongly suggest that
all the dominant grasses of Lamto savanna are capable of BNI through
root exudates acting on microbial enzymatic pathways, as demon-
strated on the two African grass species B. humidicola and Sorghum bi-
color (Subbarao et al., 2009; Zakir et al., 2008).

The data presented here, based on nitrifying enzyme activity, NEA,
only provide an indirect proof of the capacity of the three dominant
grasses (in addition to HD) to inhibit nitrification. However, NEA is
measured in optimal condition (temperature, humidity, NH," avail-
ability) thus expressing long-lasting changes in the expression of
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microbial communities rather than a response to a transient state of
soil. This suggests that a long-lasting strong mechanism is at play. An
alternative possibility to nitrification inhibition by the four dominant
grass species would be that HD tussocks alone are able to inhibit ni-
trification on the whole savanna away from trees. This is however
unlikely because (i) the grass cover is very discontinuous with ca. 90%
of the soil surface being bare between tussocks (Abbadie et al., 2006;
Lata, 1999; Lata et al., 2000); (ii) the root systems of neighbouring
tussocks are not overlapping (Abbadie et al., 1992); (iii) these perennial
grasses are very long-lived (several decades; Abbadie et al., 2006) and
(iv) the collected soils under AC, AS and LS were often several meters
away from any HD tussock. Besides, NEA values for patches of soils
deprived of any grass root influence were found (within the first weeks
after patch creation and later on) to be (Lata, 1999) 20-fold higher than
the values found in the present study under the four grass species. This
further supports the hypothesis that the four dominant grasses of Lamto
savanna do inhibit nitrification.

We have observed much higher (72-fold higher) NEA under trees
than under grasses. While for grasses an active and specific mechanism
of BNI has been demonstrated (Lata et al., 2004; Subbarao et al., 2012),
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Table 2
Statistical results (ANOVA) of the effects of plant type and plant species on the ni-
trification (NEA) and denitrification (DEA) enzymes activities, on the abundance of ni-
trifying and denitrifying communities, and on the total archaeal and bacterial abun-
dances.

Df F p-value Effect

NEA Plant type 1 123.86 < 0.001

Grasses 3 0.10 0.96 NS

Trees 3 1.59 0.23 NS
DEA Plant type 1  43.30 < 0.001

Grasses 3 0.40 0.76

Trees 3 2.20 0.13
amoA-AOA Plant type 1 228.643 < 0.001

Grasses 3 17.347 < 0.001

Trees 3 7.771 < 0.001 el
amoA-AOB Plant type 1 118.305 < 0.001 *

Grasses 3 4.2978 0.01048 *

Trees 3 0.7096 0.5526 NS
nirk Plant type 1 1.030 0.314 NS

Grasses 3 51395  0.004415 i

Trees 3 3.2848 0.03168 *
nirS Plant type 1  3.701 0.058 NS

Grasses 3 4.59%1 0.007687  **

Trees 3 1.8023 0.1642 NS
AOA/AOB + AOA Plant type 1  214.32 < 0.001 it

Grasses 3 2.22 0.15

Trees 3 10.40 < 0.001
nirS/nirS + nirk Plant type 1  2.4208  0.1240004 NS

Grasses 3 7.5892 < 0.001 el

Trees 3 1.6755 0.1895 NS
Total archaeal abundances (16S Plant type 1  6.039 0.016 *

rRNA) Grasses 3 4.0837 0.01313 *

Trees 3 1.8165 0.1616 NS

Total bacterial abundances (16S  Plant type 1 15.732 < 0.001 i
rRNA) Grasses 3 4.5442 0.008111 ek

Trees 3 1.4158 0.254 NS
AOA/16S rRNA Archaea Plant type 1 470.709 < 0.001 e

Grasses 3 39.64 < 0.001 ok

Trees 3 10.118 < 0.001
AOB/16S rRNA Bacteria Plant type 1 133.796 < 0.001 o

Grasses 3 0.352 0.7879 NS

Trees 3 06134 0.6108 NS

the way savanna trees impact N cycling remains unknown. The most
simple hypothesis would be that the increase in organic matter, mineral
N availability and water availability, maintains a higher and more ac-
tive microbial biomass under tree canopies (Mordelet et al., 1993).
However, it would be worth testing the existence of a more specific
mechanism based on the release of particular exudates by trees (or leaf
leachates) impacting directly the nitrification and denitrification
pathways of microbial communities (Andrianarisoa et al., 2010). In any
case, the observed NEA values for trees are higher (ca. 5-fold higher)
than under bare soil patches (see above, Lata, 1999). This supports the
hypothesis that the four dominant tree species increase nitrification,
whatever the underlying mechanism.

We found that the AOA and AOB abundances were positively cor-
related to the NEA under trees, suggesting that both are involved in the
NEA measured herein. However, the proportion of AOA is rather high
both under trees (AOA abundance higher than AOB) and under grasses
(same AOA and AOB abundances). Previous studies have highlighted
the importance of AOA in soils with low NH,4* concentrations or low
organic matter content and with low pH (Bates et al., 2010; Nicol et al.,
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2008; Prosser and Nicol, 2012; Assémien et al., 2017). Indeed, differ-
ences in transporters for NHs/NH,* between both AMO enzymes have
been strongly suggested, leading to the hypothesis that AOA are better
competitors than AOB for NH,4* (Hatzenpichler, 2012). Even if soil is
N-richer under trees, Lamto savanna soils can be viewed as being ex-
tremely nutrient poor (Abbadie and Lata, 2006) when compared to
other ecosystems. The low availability of mineral nutrients in these
slightly acidic savanna soils could therefore reinforce the role of AOA
for nitrification in this ecosystem (Stempfhuber et al., 2015; Taylor
et al,, 2012), which has also been suggested when comparing ni-
trification and nitrifier abundances in fertilized and non-fertilized soils
from the same savanna area (Assémien et al., 2017). Recent studies in
South African savanna soils have also documented the importance of
AOA in correlation with soil nutrient availability (Rughoft et al., 2016).

The relative dominance of AOA and AOB was different between
trees and grasses, as shown by the AOA/(AOB + AOA) ratio. AOA were
much more abundant than AOB under tree canopies, while AOB were
slightly more abundant than AOA under grasses. Under grasses and in
contrast with soils under trees, no correlation was observed between
NEA and AOA or AOB abundance. In comparison to trees, grasses in-
duced a much stronger decrease in AOA abundances (6.84 X 10° and
2.00 x 10°, respectively for trees and grasses) than in AOB abundances
(7.57 x 10° and 2.75 x 10°, respectively for trees and grasses). This is
again clearly shown by results on the AOA/(AOB + AOA) ratio.
Moreover, these decreases were not related to an overall decrease in
total archaea and bacteria abundances, the total abundances of both
archaea and bacteria being significantly higher under grasses than
trees. This strongly suggests the existence of a specific mechanism im-
pacting nitrifiers and further supports the strong influence of AOA on
nitrification.

All these results thus support the possible role of BNI molecules
released by grasses that impact AOA abundance and activity in a sa-
vanna where nitrification is largely due to archaea. The impact of BNI
on the abundance of nitrifying microorganisms is supported by a field
study of crops with different BNI capabilities (Subbarao et al., 2009)
showing that AOB and AOA abundance decreases under crop species
with high BNI capabilities. Currently the mechanism responsible for
BNI has been described only for its effect on AOB (Subbarao et al.,
2012). Further research is thus needed to confirm that African grasses
can also inhibit archaeal nitrification through BNIL

Finally, considering all grasses and trees, the proportion of ni-
trifying archaea and bacteria within the whole bacteria and archaea
communities (between 0.02 and 0.82% and between 0.01 and 0.03%,
respectively) are slightly lower than found in the literature for sandy
soils, likely reflecting the very low soil N availability and the climate
constraints, i.e. two dry seasons, occurring on such savanna soils.
Leininger et al. (2006), comparing 12 soils of 3 climatic zones, found
that for sandy soils AOA and AOB were around 1% and 0.005%, re-
spectively, while Banning et al. (2015) in a semi-arid acidic sandy soil
found that around 1% of archaea and bacteria are nitrifying.

4.2. Contrasting impacts of grasses and trees on denitrifying enzyme activity
but not denitrifier abundances

No difference in the abundances of nitrite reducers was observed
between soil under grasses and trees. In parallel, a significant pre-
dominance of nirS gene within the denitrifying community was ob-
served. Previous studies have demonstrated that the ratio nirS:nirK
depends on soil physicochemical characteristics especially soil pH, soil
nutrients, moisture, organic carbon content, soil N content, and phy-
sical properties (Dambreville et al., 2006; Barta et al., 2010; Chen et al.,
2010; Enwall et al., 2010; Ma et al., 2016) although functional diversity
exists within each broad group in terms of response to environmental
drivers (Xie et al., 2014). The ratio nirS:nirK may also influence soil N,O
sink capacity (Jones et al., 2014). Overall, high copper concentrations
tend to increase nirK gene abundances (Enwall et al., 2010) while low
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A Fig. 2. Abundances of archaeal-AOA (panel A) and bacterial-AOB
(panel B) amoA genes according to plant species and the AOA/
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A Fig. 3. Abundances of denitrifying nirK genes (panel A) and nirS
genes (panel B) according to plant species and the nirS/nirS + nirK
ratio (panel C): grasses (grey bars) AC (Andropogon canaliculatus), AS
(Andropogon schirensis), HD (Hyparrhenia diplandra), LS (Loudetia
simplex), and trees (black bars): BF (Bridelia ferruginea), CB (Cussonia
barteri), CF (Crossopteryx febrifuga), TG (Terminalia glaucescens), GRA
(Grasses) and TRE (Trees). Means and SEs were calculated from five
replicates. Same number of stars indicates that there is no statistically
significant difference between tree and grass species. Different small
letters indicate statistically significant differences between species
within each plant type (either trees or grasses) (p < 0.05).
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Fig. 4. Regressions between nitrifying enzyme activ-
ities (NEA) and AOA (panel A) or AOB (panel B) amoA
gene abundances. Regressions were tested separately
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NEA (ug N-(NO4- + NO,") h-' g-* dry soil)

0.00
1

for trees and grasses. The regression was not significant
for grasses (white dots) but was significant for trees
(black dots). In panel A, we used for trees the following
formula for the non-linear regression:
NEA = a X amoA-AOA/(b + amoA-AOA) (a = 0.10,
p < 0.001;b = 2.88 x 106, p < 0.05). And in panel
B, we wused for trees a linear regression
(NEA = ¢ X amoA-AOB + d (c = 264 6.76 x 1075,
p < 0.01,d =0,p > 0.05 r* = 0.39).
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oxygen availability might favour nirS gene that are thus more abundant
in anoxic environment (Desnues et al., 2007). Thus, the predominance
of nirS gene could be explained by the slightly acidic soil pH, or the
poor availability of oxygen associated to the proprieties of sandy soil
with high water content (Bartholomeus et al., 2008). Moreover, the
NirS enzyme needs a Fe co-factor while the NirK enzyme needs a Cu co-
factor (Lammel et al., 2015; Qiu et al., 2004). The high Fe content
(Abbadie et al., 2006) of Lamto soils could thus explain the pre-
dominance of nirS denitrifiers whatever the plant type. Moreover, the
values of the nirS/(nirS + nirK) ratio (ca. 0.68) are in the upper range
when compared to published values. For example, when calculating
nirS/(nirS + nirK) ratios from a survey on 47 different soils across

1.0e+06

1.2e+06

Europe (Jones et al., 2014), the values ranged between 0.21 and 0.63,
with nirK gene > nirS gene in 35 out of the 47 soils. Lammel et al.
(2015) have found a ratio of 0.535 when investigating a tropical pas-
ture, to our knowledge the only article on this ecosystem type. How-
ever, values outside this range have been reported, e.g. 0.001 for a ri-
parian temperate ecosystem (Dandie et al., 2011) and 0.99 for a sub-
alpine Tibetan meadow and a temperate forest soil (Ribbons et al.,
2016; Xie et al., 2014). So far, no value for the nirS/(nirS + nirK) has
been published for a savanna so that new studies are required to test the
generality of our result.

No correlation between DEA and denitrifier abundances was ob-
served: DEA was much higher (9 fold) under trees than under grasses,
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while the abundances of nirK- and nirS-nitrite reducers were similar.
Several studies have already reported lack of correlation between
changes in DEA and in nitrite reducer abundances (Le Roux et al., 2013;
Philippot et al., 2009). This is not surprising because denitrification is a
facultative process mainly realized by heterotrophs when they are
under anaerobic conditions and with sufficient NO3;~ availability:
under aerobic conditions that prevail in the sandy and well-drained
soils studied here, denitrifiers are likely selected for different reasons
than their denitrification capacity. More generally, such a mismatch
between the measured activity and abundance of the responsible mi-
croorganisms is possible if denitrifiers are present but dormant, if de-
nitrifiers are active but do not produce denitrification enzymes, which
seems here the most likely case, or if denitrification enzymes are pro-
duced but their activity is inhibited. Concerning the contrasting DEA
values observed between grasses and trees, at least three reasons could
explain the observed pattern: (1) The lower DEA values observed under
grasses than under trees could be explained by the lower soil organic
matter content (lower C and N concentrations) and/or lower WC ob-
served under grasses in our study and in a previous study (Mordelet
et al., 1993). (2) The decrease in NO3~ availability (Mordelet et al.,
1993 and this study) induced by BNI under grasses could on the long
term decrease DEA. (3) It cannot be excluded that savanna grasses
could also inhibit denitrification. Demonstrated for the first time for a
forb (Fallopia spp.) that inhibits denitrification through a mechanism
similar to BNI (involving specific root exudates), Biological Deni-
trification Inhibition (BDI; Bardon et al., 2015, 2014) is a process which
may be widespread in plants. However, both BNI and BDI are costly to
plants (due to the required production of specific root exudates), and
BDI is useless if nitrate is already hardly available due to BNI. Thus a
plant species is unlikely to have evolved both BNI and BDI. New ex-
periments manipulating soil properties in controlled conditions and
combining enzymatic measurements and quantification of the expres-
sion of denitrification genes could help deciding between these alter-
native hypotheses.

5. Conclusions

Our study shows that the dominant grass and tree species of the
Lamto savanna have contrasting impacts on N cycle. BNI is known to
lead to a tighter N recycling because limiting nitrification decreases
NO;3~ availability, and subsequently decreases ecosystem N losses
through denitrification and leaching (Boudsocq et al., 2009). Under the
four dominant grass species and as compared to trees, the very low rates
of NEA, DEA and nitrifier abundances are very likely due to BNL If
confirmed, this overall BNI capability of dominant grasses in this sa-
vanna could thus largely contribute to the rather closed N cycle and
high primary production that characterize humid savannas such as
Lamto (ca. 11-19 t ha~'year ™ '; Abbadie et al., 2006) notwithstanding
very low soil fertilities and frequent fires.

Trees could benefit from high nitrifications rates via their deeper
roots than grasses (Schenk and Jackson, 2002). Indeed, high NEA under
trees should increase NO3; ™~ availability and leaching towards deeper
soil layers and tree root systems could still reach an important fraction
of this NO3; ™~ no longer available for grasses. A complementary view is
that trees have evolved an acquisitive strategy for N while grasses have
developed a conservative strategy (Grime, 2001; Barot et al., 2016).
This calls for complementary studies on N cycling and microbial ac-
tivities in the soil below 15 cm depth. Besides, our results suggest that
grasses should uptake more ammonium while trees should uptake more
NO3 ™. Such partitioning of the mineral N resource could favour the
coexistence between trees and grasses (Boudsocq et al., 2012).

Finally, the contrasting impacts of trees and grasses on N cycling
should be taken into account to assess the N budget of savannas and
their N>O emissions. Indeed, tropical savannas and grasslands face
worldwide threats (increase in atmospheric CO,, fire suppression and
afforestation for the carbon market) that are often inducing an increase
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in woody cover (Bond, 2016). This could lead to a functional shift of
savannas towards a more open, less conservative N cycling under in-
creased woody cover or land conversion to agriculture (e.g. Brazilian
Cerrados). This could in turn increase N losses through nitrate leaching
and/or the production of N-compound gases through denitrification (in
particular N,O). On the contrary, the introduction and wide use of
African grasses e.g. in South or Central American pastures, could de-
crease the emissions of N,O if these grasses inhibit nitrification.
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