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Abstract

The soil nitrification rate is significantly affected by plant species, and it is also modulated
by different nitrogen levels in the soil. There are a wide range of plant species with the
capacity to produce biological nitrification inhibitors (hereafter referred to as BNI species).
The preliminary results of this study report the influence of three different plant species on
the nitrification rates under soil supply with three (0 mM, 3.5 mM, and 7.0 mM) nitrogen
levels. The aim was to evaluate the potential of hemp, ryegrass, and sorghum in mitigating
nitrification, in order to define a sustainable strategy for improving the nitrogen use
efficiency by crops and to limit the nitrogen loss from agroecosystems. Leaf gas exchange
measurements were also carried out in this study. Photosynthesis was only affected by
nitrogen supply in hemp, resulting in a reduction in CO; assimilation at nitrogen doses
higher than the plant’s requirements. Ryegrass devotes more reductive power towards leaf
nitrogen assimilation than sorghum and hemp do. The greatest variation in nitrification rate
in response to N was observed in soil cultivated with hemp (which also showed the highest
potential nitrification rate), followed by sorghum and ryegrass. We speculate that this
occurred because the greater seed sowing density for ryegrass ensured a greater quantity
in the soil of molecules acting on nitrification compared to sorghum and hemp, with these
latter being sown at lower densities. Our results suggest that sorghum and ryegrass might
directly affect nitrification by BNI molecules, whereas hemp might indirectly mitigate
nitrification through the nitrogen uptake. However, further research is needed to evaluate
the effects exerted by the studied plant species on nitrification rates.

Keywords: plant species; nitrification rate; nitrogen levels; biological nitrification inhibition;
plant consociation

1. Introduction

Nitrification consists of a two-step process: in the first step ammonia is oxidized to
nitrite by ammonia-oxidizing bacteria (AOB) and archaea (AOA), while in the second step
nitrite is oxidized to nitrate by nitrite-oxidizing bacteria (NOB). This biological process is
affected by abiotic and biotic factors. Among the abiotic soil factors, temperature, O; levels,
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and nitrogen availability represent the main drivers for NH4* oxidation [1], although soil
pH, water content, and C/N also regulate the nitrification process in soils.

Reducing nitrification in arable soils is beneficial, because it can improve the nitrogen
use efficiency of crops, reduce agricultural production costs and environmental pollution,
and mitigate climate change impacts. In fact, nitrification contributes to nitrogen losses
through nitrate leaching and nitrous oxide production, which are both detrimental to the
environment. Different solutions have been adopted to reduce nitrogen losses by inhibiting
nitrification; in this regard the use of fertilizers containing synthetic nitrification inhibitors
(NIs) has been widely demonstrated to be a valid solution. Some agronomic species such
as sorghum, ryegrass, rice, maize, and wheat produce molecules which are released by
roots as exudates, acting as natural nitrification inhibitors [2,3]. These molecules, acting
in an antagonistic or synergic way against nitrifying microbes, inhibit both the ammo-
nia monooxygenase (AMO) pathway—which is involved in ammonia-to-hydroxylamine
conversion, and the hydroxylamine oxidoreductase (HAO) pathway—which catalyzes the
oxidation of hydroxylamine to nitrite [4]. In ammonia-oxidizing bacteria, AMO consists of
a trimeric protein of three subunits, amoA, amoB, and amoC, with amoA serving as the
active site, whereas the ammonia-oxidizing archaea contains only amoA [5]. HAO consists
of three identical subunits that are codified by the hao gene [6]. The target of biological NIs
is different for the two ammonia-oxidizing microbes, inhibiting the AMO pathway in AOA
and AOB and the HAO pathway only in AOB [7].

The peculiarity of certain species producing biological nitrification inhibitors (BNIs)
could be used to plan a sustainable strategy to limit nitrification rates in soils and prevent or
limit nitrogen losses from cultivated sites. This strategy could be achieved through a plant
consociation between target crops and BNI species, with the latter releasing compounds
from roots that inhibit the activity of nitrifying bacteria, preventing the conversion of
ammonia into nitrate and thereby reducing nitrogen losses, improving the nitrogen uptake
by crops, and minimizing environmental pollution. This is also important in light of
recent discoveries on possible antagonistic and synergic effects involving BNI metabolites
in the rhizosphere, resulting in growth inhibition of nitrifiers and suppression of soil
nitrification [8].

The aim of this study was to evaluate (1) the physiological response of sorghum,
ryegrass, and hemp grown under different nitrogen levels and (2) the effectiveness of those
plant species in reducing the nitrification rates in the soil, either through direct or indirect
effects. Sorghum and ryegrass are notoriously known to produce BNI, so they could act
directly on soil nitrification, suppressing it by secreting different active molecules into
the rhizosphere. In contrast, no evidence is reported on the ability of hemp to secrete
nitrification-inhibiting molecules. Thus, we hypothesize that hemp could act indirectly on
nitrification by subtracting N to nitrifiers. Overall, the information thus obtained will be
useful for planning new sustainable agro-strategies to limit nitrogen loss from arable soils,
as well as reducing chemical fertilizers.

2. Materials and Methods

Seeds of sorghum (Sorghum bicolor L. cv Crystal), ryegrass (Lolium perenne L. cv
Evening), and hemp (Cannabis sativa L. cv Felina 32) were sown in 6 L pots (one seed
for sorghum, several seeds for ryegrass, and one seed for hemp) filled with a sandy loam
soil (Table 1) from an experimental farm located in Acerra (Naples, Italy). On 1 November
2023, pots were allocated in a greenhouse (daily Tmean: 19 + 2 °C; daily RHaverage: 65 & 8%)
of the CNR-IBBR (Portici, Italy) and left on site for 4 months until the end of 29 February
2024. The experiment consisted of three nitrogen levels, 0, 3.5, and 7.0 mM (0, 98, and
196 mg L~! of N, respectively), provided twice a month to plants as urea solution, whereas
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all pots received the same irrigation water weekly. Each treatment was replicated 4 times
(Table 2). Plant biomass was not monitored.

Table 1. Physical-chemical characteristics of soil at 0-0.30 m depth.

Parameter Value
Soil type Sandy loam
Texture (%):
clay 15
silt 25
sand 60
Bulk density (g cm~3) 1.10
pHHZO 7.4
CaCOj3 (%) 21
C/N 8.0
Organic matter (%) 2.8
Organic carbon (%) 1.6
P(gkg™) 0.088
K(g kg_l) 1.4
Total N (%) 0.2
N-NO;3 (g kg™!) 0.011
N-NHy (gkg™1) 0.012
Table 2. Experimental trial with species, nitrogen levels, and replicates.
Species N Levels Replicates
Sorghum 0 mM 3.5 mM 7.0 mM 4
Ryegrass 0mM 3.5 mM 7.0 mM 4
Hemp 0mM 3.5 mM 7.0 mM 4

2.1. Physiological Measures

Leaf gas exchange and chlorophyll fluorescence measures, performed before the plant
harvest, were carried out on mature expanded leaves by using the LI-6400 (Li-Cor, Lincoln,
NE, USA), integrated with a LI-6400-40 leaf chamber fluorometer. Measurements were
performed at 25 °C, 400 umol (CO,) mol~1, 50% air relative humidity, and irradiance
of 500 umol (photons) m~2 s~1. For ryegrass, due to the reduced leaf width, two leaves
were used to cover the spot of the measuring chamber, whereas for sorghum and hemp,
only one leaf was used. At the steady state, net photosynthesis (Ay), stomatal conduc-
tance (gs), transpiration (E), efficient quantum yield of PSII photochemistry for the light-
adapted state (Ppgyy), electron transport rate (ETR), photochemical quenching (qp), and
non-photochemical quenching (NPQr) were measured. Leaf gas exchange was calculated
according to Von Caemmerer and Farquhar [9], whereas the fluorescence parameters were
calculated following Maxwell and Johnson [10] and Tietz et al. [11]. The apparent carboxyla-
tion efficiency (CE = An/C;), water use efficiency (WUE = Ay /E), and assimilatory quotient
(AQr = AN/ (ETR/4)) were derived from the above-mentioned parameters. AQp, expressed
following Searles and Bloom [12], was used to assess foliar NO3;™ assimilation [13,14].

Chlorophylls, flavonols, and anthocyanins, as well as the nitrogen—flavonol index
(chlorophyll/flavonol ratio), assessed on the same leaves that were used for the leaf gas
exchange, were estimated by using the MPM-100 Multi Pigment Meter (ADC, BioScientific
Ltd., Hoddesdon, UK). Therefore, the reported values only represent an index. Plant
nitrogen uptake was not directly assessed. We used the NFI to evaluate the plant nitrogen
status, since this parameter directly correlated with the massic nitrogen content.
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2.2. Soil Sampling and Nitrification Rate Determination

At harvesting, plant biomass was collected, and soil was air-dried and sieved (2 mm).
Soil samples, kept separate for treatments and replicates, were used to assess the potential
nitrification rate (PNR) according to O’Sullivan et al. [15], with some modifications. A total
of 7.5 g of dry, homogenized soil was placed in pre-perforated Falcon tubes, to which 30 mL
of a 100 mM (NH,4),SO; solution (substrate for nitrification) was added, maintaining 60%
of the soil’s field capacity. The Falcon tubes were sealed, and two holes were made to allow
for gas exchange, forming the experimental units. Incubation was carried out for 5 days
at 26 °C and 50% relative humidity (Isotemp incubator, Fisher Scientific) with shaking at
100 rpm. During this period, pH was monitored, but no significant changes were recorded.
Every 24 h, 2 mL of the soil + (NH4)>SO4 solution was sampled. Samples were collected at
24, 48,72, 96, and 144 h. They were then filtered and centrifuged at 10,000 rpm for 5 min.
For each sampling time, three technical replicates were used. Tubes were stored at 4 °C until
the end of the assay. Once all five sampling times were completed, samples were analyzed
using established spectrometric protocols for nitrate determination in soil samples and
determining the NO3 concentration using a spectrophotometer. The potential nitrification
rate (PNR) was expressed as ug NO3 100 g~ ! soil d ! and calculated by subtracting the
initial NO3~ concentration (NOj3;) from the accumulated NO3~ concentration (NOjsg),
normalized to soil weight (Sy) and incubation time (T).

PNR = (NO3g-NOgzp)/(Sw * T)

2.3. Statistical Analysis

Two-way ANOVA (SigmaPlot Software version 12) was performed on both physio-
logical and soil nitrification data to assay differences among treatments using nitrogen
levels and specimens as the main factors, also evaluating their interaction. Tukey’s test was
performed on separate means if the differences were significant (p < 0.05).

3. Results
3.1. Plant Physiology

Leaf gas exchange was affected by plant species (p < 0.001) and nitrogen level
(p <0.001), and the interaction between the two main factors (species x N) was also
significant (p < 0.001). Sorghum has the highest net photosynthesis (Ay), whereas ryegrass
has the lowest one, but both species were unaffected by the N level (Figure 1A). In contrast,
hemp grown with an N supply increased itsr photosynthetic capacity, with the optimum
N level being observed at 3.5 mM. Stomatal conductance (gs) mirrored the trend of Ay
for sorghum and hemp (Figure 1B). In contrast, in ryegrass gs was unaffected by N up
to 3.5 mM of urea solution and decreased significantly for a higher N (Figure 1B). The
apparent carbonylation efficiency (CE) was lowest in ryegrass and hemp, while it was
highest in sorghum, since the latter is a C4 species (Figure 1C). In sorghum and ryegrass,
CE results were unaffected by the N, whereas in hemp, CE increased upon nitrogen supply
(Figure 1C), becoming higher than that of ryegrass. As for photosynthesis, a reduction in
CE was observed in hemp at the highest N level, even if it was not significant. Water use
efficiency (WUE) was the highest in sorghum (Figure 1D) and was unaffected by N in all
species under study.

As for the leaf gas exchange, the response of the fluorescence parameters depended
on the plant species (p < 0.001) and nitrogen level (p < 0.001), and their interaction was
also significant (p < 0.001). The efficient quantum yield of PSII (®pgy) and photochemical
quenching (qp) showed similar trends (Figure 2A,B), and they were found to be the highest
in sorghum compared to ryegrass and hemp (Figure 2A). In sorghum, ®pg;; and gp were
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unaffected by N levels, whereas significant increases in both parameters were observed in
hemp. In this species, the highest ®pgj; and qp values were measured at 3.5 mM, whereas
they decreased at the greatest N level tested (Figure 2A,B). A positive response of ®pgy and
qp to N was also observed for ryegrass plants (Figure 2A,B). Non-photochemical quenching
(NPQrT) was low in sorghum and hemp, whereas the highest values were measured in
ryegrass at all N levels (Figure 2C). In sorghum and hemp, a progressive reduction in
NPQr with increasing N levels was recorded. In ryegrass, the highest and the lowest NPQr
values were measured at 0 mM and 3.5 mM, respectively (Figure 2C). The assimilatory
quotient (AQg), indicative of leaf nitrogen assimilation, was in the highest in sorghum
and the lowest in ryegrass (Figure 2D) and was unaffected by the N in these two species.
In contrast, it increased significantly in hemp as the nitrogen was supplied to the plants,
resulting in the values for 3.5 mM and 7.0 mM being comparable (Figure 2D).
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Figure 1. AN, net photosynthesis (A); gs, stomatal conductance (B); CE, apparent carboxylation
efficiency (C); WUE, water use efficiency (D) in plants of sorghum (S), ryegrass (R), and hemp (H)
grown under three nitrogen (N) levels (0 mM, 3.5 mM, and 7.0 mM). Data are means =+ SE (n = 4).
Small letters denote differences among species within each N level. Capital letters denote differences
among N levels within the same species.

Concerning the leaf pigments, a significant (p < 0.001) effect of species was found for
chlorophyll and anthocyanin pigments, whereas for flavonols and the nitrogen—flavonol
index (NFI), a significant dependence on species (p < 0.01) and nitrogen level (p < 0.005),
and their interaction (p < 0.001), was also found. The estimated pigments were only affected
by N in ryegrass and hemp but not in sorghum (Table 3). In ryegrass, a significant reduction
in flavonols was observed when N was supplied to the growing medium compared to
0 mM, and this led to an increase in the nitrogen—flavonol index (NFI). In contrast, the N
positively affected the chlorophyll content in hemp, which enhanced its photosynthetic
pigments (Table 3).
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Figure 2. ®pgy, efficient quantum yield of PSII photochemistry (A); qp, photochemical quenching (B);
NPQrt, non-photochemical quenching (C); AQg, assimilatory quotient (D) in plants of sorghum (S),
ryegrass (R), and hemp (H) grown under three nitrogen (N) levels (0 mM, 3.5 mM, and 7.0 mM). Data
are means =+ SE (n = 4). Small letters denote differences among species within each N level. Capital
letters denote differences among N levels within the same species.
Table 3. Chlorophyll, flavonol, and anthocyanin indexes and the nitrogen—flavonol index (NFI) in
plants of sorghum, ryegrass, and hemp grown under three nitrogen (N) levels (0 mM, 3.5 mM, and
7.0 mM).
Sorghum Ryegrass Hemp
0mM 3.5 mM 7.0 mM 0mM 3.5 mM 7.0 mM 0mM 3.5 mM 7.0 mM
Chlorophylls 0.60 +0.03 aA 0.61 +0.053A 0.59 + 0.05 A 0.84 +0.13PA 0.87 +0.15PA 110 + 013 PA 0.39 +0.02 A 0.52 +0.01 3B 0.55 + 0.02 4B
Flavonols 025 +0.023A 0.13 +0.03 37 027 +0.053A 036 +0.03bA 0.13 +0.03 8B 0.10 + 0.02 B 028 +0.03 A 031 +0.03bA 0.25 4 0.023A
Anthocyanins 0022 40004534 0027+ 00046348 0.031 +0.00683A 0062+ 0.0011PA 0,031 +0.0079 2A 0.037 + 0.010 37 0.022 + 0.0051 A 0.0044 + 0.00015 PB 0.016 =+ 0.0029 PA
NFI 286 + 0.513A 3.86 + 0.7 6aA 292 +0.60 3A 245 +0.38 A 7.02 + 129 bB 1058 +2.12bB 1.55 + 0.16 PA 1.85 + 020 €A 228 4 0.183A

Data are means =+ SE (n = 4). Small letters denote differences among species within each N level. Capital letters
denote differences among N levels within the same species.

3.2. Nitrification

The potential nitrification rate (PNR) was affected by the plant species (p < 0.001) and
nitrogen level (p < 0.001), while the species x N level interaction was significant (p < 0.001)
too. The highest PNR for each nitrogen level was observed in the soil where hemp was
grown (Figure 3). In soil cultivated with sorghum, the PNR progressively increased as N
increased, whereas in soil cultivated with ryegrass or hemp, the PNR decreased significantly
at 3.5 mM compared to 0 mM and reached the highest value at the 7.0 mM of N level.
At 0 mM, the soil cultivated with sorghum showed the lowest NR values, whereas the
highest PNR values were observed for hemp. At 3.5 and 7.0 mM, no significant difference
was found between sorghum and ryegrass, whereas the soil with hemp exhibited the
highest PNR.
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Figure 3. Potential nitrification rates in soil grown with sorghum (S), ryegrass (R), or hemp (H) under
three nitrogen levels (0 mM, 3.5 mM, and 7.0 mM). Data are means =+ SE (1 = 4). Small letters denote
differences among species within each N level. Capital letters denote differences among N levels
within the same species.

4. Discussion
4.1. Plant Physiology

Nitrogen (N) nutrition is one of the major abiotic parameters affecting plant growth
and physiology, as well as the microbial processes in the soil. As the N supply affects
plants’ metabolism, in the present work we examined the physiological response to crescent
nitrogen doses of three species different in the photosynthetic metabolism, i.e., sorghum,
ryegrass, and hemp, and the influence of these species on soil nitrification rates. The results
reveal a significant sensitivity of hemp to the tested nitrogen doses, whereas both sorghum
and ryegrass appear unaffected by the nitrogen supply. Data concerning sorghum and
ryegrass appear to be in contrast with the literature, because both C3 and C4 plants, as
ryegrass and sorghum are, respectively, are affected by limited nitrogen supply in the
biochemical and physiological traits of their leaves. In this context, Makino and Ueno [16]
report an increase in photosynthetic rates and chlorophyll contents in sorghum grown
under increasing nitrogen levels. Similar results were previously reported by Zhao and
colleagues [17], who attributed the effects of N limitation on photosynthesis to stomatal
limitations rather than to biochemical limitations. The absence of a positive response
to nitrogen that was observed in the present work might not be a symptom of stress
induced by N for the sorghum, likely because the amount that we added into the soil
of this essential element could meet the plants’ N requirements (total N 0.2%; N-NOs
0.011 g kg~!; N-NH4 0.012 g kg~ !). This assumption appears to be corroborated by the
data on leaf pigments and NF index, which did not appear to be affected by N. Generally, a
N deficiency in a plant causes an increased secondary metabolism to the detriment of the
primary metabolism, leading to a decrease in chlorophyll synthesis in favor of flavonols
and, in turn, to a reduction in the NFIL.

In our study, carbon assimilation was also unaffected by N in ryegrass, a C3 species
which should respond positively to nitrogen, since its physiology is affected by nitrogen
limitation [18], with common symptoms being a reduced photosynthetic content and crude
proteins, which leads to reduced photosynthesis [19]. Considering that the ryegrass plants
diverted more energy in primary metabolism rather than secondary ones (i.e., reduced
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flavonols and enhanced NFI), we hypothesize that ryegrass allocates more energy than the
other plant species in leaf nitrogen assimilation (lowest AQF), a condition that increases
the photochemical activity without any positive effect on photosynthesis, as previously
reported by Arena et al. [14]. In this context, we assume that ryegrass’s increased nitrate
assimilation was also supported by greater photorespiration rates, which sustain a higher
electron flow—as indicated by the increase in ®pgr—thus providing reducing equivalents
as substrates for the nitrate reductase [20]. However, stress conditions for ryegrass’ photo-
synthetic apparatus, such as resource limitation or light-induced energy imbalance, might
occur under the tested growth conditions (high planting density), as indicated by the high
NPQr. On the other hand, hemp’s photosynthesis was clearly limited by the nitrogen
availability, increasing with the N supply, although a high ammonium supply could impair
hemp photosynthesis, which occurred with the 7.0 mM of urea solution. Some studies
found that supplying N above the optimum range (about 160 mg L~!) reduces the photo-
synthetic rates, stomatal conductance, and transpiration [21,22]. In our study, the excessive
N availability led to reduced stomatal conductance, which limited the CO, uptake and, in
turn, hemp photosynthesis, because neither the apparent carboxylation efficiency nor the
water use efficiency were impaired.

4.2. Nitrification

The potential nitrification rate (PNR) was evaluated in soil with sorghum, ryegrass,
and hemp growing under three different N concentrations. Although the soil cultivated
with sorghum exhibits lower nitrification rates compared to soil cultivated with ryegrass
and hemp, suggesting a better performance of root exudates produced by sorghum in
nitrification mitigation, our opinion is that both ryegrass and hemp might be better at
limiting an increase in the nitrification rate than sorghum, and this might occur through
different mechanisms, depending on the species. In soil with ryegrass, the potential NR
changed little with the increasing N levels supplied by fertilizer, evidencing a greater ability
for ryegrass to inhibit nitrification compared to sorghum and hemp, likely due to a greater
amount of nitrification inhibiting molecules released into the soil because of the greater
seed sowing density. We speculate that the high plant density increased the competition
for nutrients, mainly N, triggering greater BNI release from plant roots as they strive to
optimize nitrogen uptake. On the other hand, hemp growth under the optimal N supply
reduces PNR by subtracting nitrogen to nitrification, whereas this latter is enhanced under
circumstances that limit photosynthesis, as occurred at the highest N dose. Therefore, our
data support the hypothesis that hemp could not be a BNI-secreting plant and that this
species might affect nitrification by an indirect influence.

Our results also seem to suggest indirectly that the seed sowing density might be
important for obtaining an adequate amount of nitrification-inhibiting molecules in the
soil. In fact, although it is well documented that sorghum releases hydrophobic (not
soluble in water) and hydrophilic (soluble in water) BNI compounds from its roots [23],
whose performance is mainly affected by the NH;" availability into the soil [23,24], the
worse performance of sorghum compared to ryegrass in mitigating nitrification might be
due to the lower seed sowing density used for sorghum (one seed per pot) compared to
ryegrass (more seeds per pot). The data presented here represents preliminary results that
need further investigation to better understand the direct and indirect influence of tested
species on nitrification. We believe that additional determinations, such as the ammonium-
oxidizing microbes’ activity and root exudates acting as BNI molecules, are essential to
fully understand the influence of the three species on ammonia oxidation.
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5. Conclusions

Plant species and the available nitrogen level in the soil significantly impacted the
nitrification rates. Among the species studied, only hemp’s photosynthesis was affected by
the nitrogen supply, whereas ryegrass species seem better at limiting nitrification compared
to the other two species. This was likely due to the higher planting density, which allows
for a greater amount in the soil of molecules acting to inhibit nitrification. Further research
is needed to evaluate the presence in the soil of specific root exudates secreted by the
studied species and their effect on ammonia-oxidizing microbes, as well as the effect of
plant density on the nitrification rate.
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