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Abstract: Soil ammonium toxicity can decrease plant growth, and many crop species have low
resistance to ammonium, including canola, an economically important crop. Different genotypes
may differ in their resistance to ammonium toxicity, and therefore determining if there are genotypes
that exhibit variation in their ability to tolerate soil ammonium is a research priority. Here, we
evaluate how soil ammonium impacts canola root and shoot growth and characterise differences
among canola genotypes in regard to resistance to ammonium toxicity. In the first experiment, eight
ammonium chloride treatments and five calcium nitrate treatments were tested for their impact on
the canola genotype Crusher TT, where high application (60 mg N/kg soil) significantly decreased
the dry weight of canola shoots and roots and acidified the soil from pHCaCl2 5.9 to 5.6. In the second
experiment, 30 canola genotypes were screened at selected concentrations of NH4

+-N, using nitrate
as the control. There was wide variation among genotypes in sensitivity to high NH4

+-N application.
Genotypes G16, G26, and G29 had greater shoot dry weights and the highest shoot N concentration
of all genotypes, and G16, G26, and G28 had root dry weight up to 35% higher at high soil NH4

+-
N compared with other genotypes. In contrast, genotypes G3, G13, and G30 showed the largest
reduction in shoot weight, and genotypes G13, G23, and G30 showed the largest reduction in root
weight at high NH4

+-N application. Residual NH4
+-N/kg soil in soil was higher for sensitive than

resistant genotypes, suggesting lower NH4
+-N use in the former. These results reveal the potential

for selecting canola genotypes that are resistant to high NH4
+-N concentrations in soil.

Keywords: crops; nitrogen; fertiliser; genotype; plant nutrition; rapeseed

1. Introduction

Canola (Brassica napus L.), also known as rapeseed (family Brassicaceae), is primarily
cultivated for its high oil content, with canola seeds containing 30–40% oil w/w, depending
on genotype. Canola is the main oilseed crop in Australia and third worldwide after
soybean and sunflower [1,2]. After Canada, Australia is the second biggest exporter of
canola, being strategically well-positioned to supply the Asian market with high-quality
oil and meal [3,4].

To produce high seed yields, canola has high nitrogen (N) requirements, which are
primarily met by external inputs in the form of nitrogen fertilisers [5,6]. Ammonium
(NH4

+-N) is supplied as a N fertiliser, but many crops need it only in low concentrations
for growth [7]. The other major N fertiliser is urea; with 46% N content, along with its being
the most economical N fertiliser to produce and transport, it is the main N fertiliser used
globally [8,9]. Use of urea as a nitrogen fertiliser has increased significantly in Australia
over the last two decades [10,11]. However, in soils, urea hydrolyses to release NH4

+-
N [12], which can lead to toxic concentrations of ammonium in soils for plant growth
and productivity [13–15]; such toxic effects have been observed in crops such as canola,
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soybean, tomato, potato, mustard, and tobacco [16,17]. Ammonium toxicity is brought
about through high ammonium assimilation by plants and/or low sensitivity of the plants
to external (i.e., in the soil) acidification [18].

Quantitatively, ammonium toxicity is determined to be when the dry-matter produc-
tion of shoots and roots is reduced by more than 50% with NH4

+-N supply compared with
plants grown with nitrate (NO3

−-N) at the same N concentration [19]. Symptoms usually
appear firstly in new growth, followed by symptoms in older tissues, and include a decrease
in chlorophyll concentration in leaves, wilting, and a lower root:shoot ratio [18,20,21].

Nitrogen fertilisers may have adverse environmental consequences by contributing
to nitrogen pollution [22]. Nitrogen fertilisers are responsible for large increases in at-
mospheric nitrogen oxides over the last half century, which is highly concerning given
that nitrous oxide (N2O) is a major greenhouse gas. In light of the serious threat climate
change poses, there is a critical need to reduce emission of greenhouse gases [23,24]. Both
ammonium and nitrates are readily taken up by plant roots, but only ammonium can
be incorporated into amino acids and amides that plants need for nutrition [25]. Nitrate
fertilisers are converted to ammonium, yet unlike nitrate, higher concentrations of am-
monium are strongly phytotoxic [17]. However, whilst nitrate fertilisers are less likely to
have adverse impacts on plant health, they generate much higher emissions of the potent
greenhouse gas nitrogen oxide compared with ammonium fertilisers [26]. Soil nitrification
inhibitors have been proposed as a means of reducing the loss of soil N and mitigating
N2O emissions. Nitrification inhibitors prevent NH4

+-N conversion into NO3
−-N through

inhibiting Nitrosomonas bacteria activity [27,28]. One such compound is dicyandiamide
(DCD) [29]. However, there are concerns that such compounds, by maintaining N in the
NH4

+ form in soil, may have negative effects on sensitive crops [30,31]. Therefore, studies
are required to investigate how nitrification inhibitors and the resultant higher NH4

+-N
concentrations in soil influence crop growth and yields.

Some crop species, genotypes, and even plant families, are relatively more suscep-
tible to NH4

+-N toxicity, especially when NH4
+-N is the only N source [32,33]. Hence,

controlling NH4
+-N concentrations is crucial when growing such sensitive crops [34,35].

When genetic variability exists within a crop, however, it may be possible to select for
varieties that can tolerate higher soil NH4

+-N concentrations. Genetic variability in shoot
dry weight at high NH4

+-N concentrations has been reported in wheat cultivars [36,37],
maize cultivars [38], and rice hybrids [39], whereby NH4

+-N had no inhibitory effect on
total yield of resistant hybrids and cultivars, producing larger shoot growth compared with
sensitive cultivars. Likewise, in soybean cultivars [40] and Olli wheat cultivars [41], shoot
growth was inhibited, and shoot dry weight was reduced under NH4

+-N for sensitive
cultivars, but not for resistant cultivars.

Many crops exhibit variable NH4
+-N resistance; however, variation in resistance to

NH4
+-N toxicity among canola genotypes has yet to be determined. This study aimed to (i)

characterise NH4
+-N toxicity to 30 commonly grown canola genotypes across a range of

NH4
+-N and NO3

−-N levels and (ii) determine how NH4
+-N resistance varies among 30

canola genotypes under low and high soil NH4
+-N concentrations.

2. Material and Methods

The study involved potted greenhouse experiments conducted in the University of
Western Australia glasshouses. All seeds were provided by Dr Sheng Chen, sourced from
Western Lab at Shenton Park Field Station, UWA. The soil used for both experiments
was taken from an area near Lancelin, Western Australia (31◦ 46′ S, 115◦ 86′ E), 127 km
north of Perth. This soil has chemical characteristics of pHCaCl2 5.8, 2% w/w clay, 7.8 g/kg
organic carbon, 1 mg NH4

+-N/kg soil, and 2 mg NO3
−-N/kg soil, with low levels of

other essential plant nutrients (K, P, Mg, S, Zn, and Cu) (Table 1). This soil is sandy and
suitable for nutritional studies due to the low content of essential nutrients and low risk
of soil pathogens compromising plant roots [42,43]. After air-drying, the soil was sieved
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through a 2 mm mesh, mixed, and stored in airtight plastic bags prior to being used in
the experiments.

Table 1. Physical and chemical properties of the soil.

Soil Property Unit Results

Depth cm 0–10
Gravel % 5
Texture Sandy
Ammonium nitrogen mg/kg 1
Nitrate nitrogen mg/kg 2
Phosphorus (Colwell method) mg/kg <2
Potassium (Colwell method) mg/kg 30
Sulphur mg/kg 2.1
Organic carbon g/kg 5.8
Conductivity (1:5 water) dS/m 0.02
pHCaCl2 5.8
DTPA-extractable copper mg/kg 0.15
DTPA-extractable iron mg/kg 17.25
DTPA-extractable manganese mg/kg 1.35
DTPA-extractable zinc mg/kg 0.19

2.1. Experimental Design
2.1.1. Evaluating Growth Response of Canola to Soil Ammonium Levels

Prior to evaluating variation among genotypes in response to soil ammonium levels,
preliminary experiments were conducted to determine the optimal and toxic concentrations
of NH4

+-N by measuring the root and shoot dry weight and the soil pH and NH4
+-N

concentration. Canola genotype Crusher TT (an open-pollinated, triazine-tolerant variety)
was used in this experiment, with eight seeds per pot. Crusher TT has been found to
be the best open-pollinated genotype, having the best yield across Agzones in Western
Australia [44].

Experiments were conducted in October (mid-spring). We tested eight levels of
ammonium treatments in the form of ammonium chloride (NH4Cl) at 0, 2, 5, 10, 15, 20, 40,
and 60 mg N/kg soil and five levels of nitrate treatments in the form of calcium nitrate
(Ca(NO3)2) at 10, 15, 20, 40, and 60 mg N/kg soil. Treatments were set up in a randomised
complete block design with three replicates. Pots were lined with nylon plastic bags to
create non-draining conditions, and each pot was filled with 2.3 kg of dry soil. Nitrogen
treatments included ammonium chloride and calcium nitrate mixed thoroughly with all
basal nutrients at the following rates (mg/kg soil): KH2PO4, 20; K2SO4, 88; CaCl2.2H2O,
41; MgSO4.7H2O, 3.95; MnSO4.H2O, 3.2; ZnSO4.7H2O, 2.05; CuSO4.5H2O, 0.5; H3BO3, 0.12;
CoSO4.7H2O, 0.11; and Na2MoO4.2H2O, 0.08 [45,46]. Nitrification inhibitor dicyandiamide
(DCD) was applied at 0.012 g/kg soil (equivalent to 10 kg/ha) to all treatments just prior
to sowing [29]. All seeds were surface-sterilised using fungicide (Thiram, DG Chemical).
Plants were grown at a controlled temperature, with average day/night temperatures of
25◦/14 ◦C. Every second day, each pot watered with deionised water to field capacity
(10% w/w) by weighing until harvesting. Insects and pests were controlled with pesticides
applied weekly as part of the routine maintenance of the UWA greenhouses.

2.1.2. Screening Canola Genotypes for Resistance to Ammonium Toxicity

Thirty canola genotypes were involved in experiments evaluating genetic variation in
response to ammonium concentrations (Table 2). These genotypes are grown commercially
and have been characterised for a range of other genetic and agronomic properties. The
plants were grown in a glasshouse, as described above. Experiments took place in March
(early autumn).
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Table 2. Canola genotypes tested.

Genotype # * Genotype Name Origin Country

1 Karoo-057DH Australia
2 Campino Europe
3 Zhongshuang4B China
4 Zhongyou821 China
5 (SC09-1) China
6 CN01-104-2 China
7 HAU02 China
8 HAU11 China
9 GSL1 India
10 CB telfer Australia
11 ATR Stingray Australia
12 AV-Garnet Australia
13 (AV-Opal) Australia
14 (AV-Ruby) Australia
15 Tranby Australia
16 ZY001 China
17 AG-Outback Australia
18 AG-Spectrum Australia
19 CB-Argyle Australia
20 CB-Tanami Australia
21 CB-Trilogy Australia
22 Ding474 China
23 Charlton Australia
24 Oscar Australia
25 Purler Australia
26 Tarcoola-22 Australia
27 Skipton Australia
28 Surpass400 Australia
29 (SC01-3) Australia
30 (SC03-1) Australia

* Each genotype was assigned an arbitrary number used hereafter when referring to the different genotypes.

Experiments involved low and high concentrations of NH4
+-N chosen from the pre-

vious experiment, using a randomised complete block design, with two replicates, with
eight seeds sown per pot. Ammonium, in the form of ammonium chloride (NH4Cl), was
supplied at 15 and 60 mg NH4

+-N/kg soil; according to our findings in the first experiment,
at these levels, no toxicity and symptoms of toxicity, respectively, occurred regarding shoot
and root growth. Nitrate, supplied as Ca(NO3)2 at 60 mg NO3

−-N/kg soil, was included
as the control. The nitrification inhibitor dicyandiamide (DCD) was applied at 0.012 g/kg
soil (equivalent to 10 kg/ha) [29] just prior to sowing, and on the same day, NH4

+-N and
NO3

−-N treatments were applied.

2.1.3. Data Collection

Data collection followed the same procedure in both experiments. Plants were har-
vested, and the shoots and roots collected 35 days after sowing, at the vegetative stage.
From each pot, 100 g of soil was sampled by using a 20 cm long x 1cm diameter metal tube
to take a core sample of the soil in the rhizosphere. These samples were stored at 5 ◦C in
labelled plastic bags for future analyses. Following soil sampling, the plants were removed
from the soil, and the roots and shoots were collected for measuring. Root collecting
involved taking the soil in each pot, placing it on 1 × 1 mm mesh, and washing off the soil
with tap water until only the roots remained. The shoots and roots were dried at 60 ◦C for
72 h and weighed [47].



Agronomy 2023, 13, 1150 5 of 20

2.1.4. Soil pH

The soil pH was measured using calcium chloride (0.01 M), with a soil:solution ratio
of 1:5. Samples were placed on a shaker at 220 rpm for one hour and then left to settle for
one hour at 25 ± 2 ◦C; the soil pH was measured using a pH meter [48].

2.1.5. Soil Moisture

Sub-samples taken from fresh soil samples were weighed; then they were oven-dried
at 60 ◦C for three days and weighed again. The moisture content was calculated as the
difference between fresh and oven-dried weights [48].

2.1.6. Residual Ammonium in Soil

After harvest, the residual soil ammonium concentration (mg NH4
+-N/kg soil) was

measured to determine the concentration of ammonium that was not taken up by the
plants, using 0.5 M potassium sulphate (K2SO4) extraction. From each pot, 10 g of moist
soil at field capacity (10% w/w) was mixed with 40 mL of K2SO4 and placed on a shaker at
220 rpm at 25 ± 2 ◦C for one hour. The resulting extract was filtered through filter paper
(Whatman no. 42). A total of 10 mL of each extract was analysed with a spectrophotometer
to measure NH4

+-N according to the salicylate method [49]. It should be noted that some
of the ammonium originally present in the soil may have been immobilised by microbes;
however, this amount is unlikely to have differed among different treatments.

2.1.7. Nitrogen Concentration in Roots

In addition to measuring shoot weight, in the second experiment evaluating varia-
tion among genotypes, the nitrogen (N) concentration in shoots was measured by high-
temperature combustion technology (Dumas) [50] at 960 ◦C. The shoot dry material was
ground to <0.5 mm, and 0.25 g was taken for analysis. The combustion was completed by
Elementar Vario Macro. All forms of N were oxidised initially to NOx, and by reducing
catalysts heat to 830 ◦C, N2 was produced. Finally, through the Microsoft program (propri-
etary software version v5.19.0) connected to the Elementar, the total N in the canola shoot
dry samples was determined and reported in g/kg [48].

2.2. Statistical Analysis

The data sets for the shoot dry weight, root dry weight, soil pH, NH4
+-N and NO3

−-N
in soil, and total N in shoots were analysed using two-way ANOVA in GENSTAT (version 18).
The Tukey’s HSD test was used to determine significant differences between means at the
p ≤ 0.05 level. The genotypes were ranked as sensitive, medium, and resistant according to
Rengel and Graham [51], defined by subtracting or adding the value of two standard errors
(for the genotype main effect) from the median point for all the genotypes. The genotypes
with values above and below the medium interval were classified as resistant and sensitive,
respectively.

The ranking was based on the treatment with 60 mg NH4
+-N/kg soil. Values of

NH4
+-N/kg soil and the control 60 mg NO3

−-N/kg soil for each genotype were calculated
as follows: average shoot dry weight of the NH4

+-N treatments/average dry weight of the
NO3

−-N treatments × 100.

3. Results
3.1. Experiment 1
3.1.1. Shoot Dry Weight

The shoot growth was significantly affected by NH4
+-N concentrations between 15

and 60 mg NH4
+-N/kg soil (p ≤ 0.05, Table 3). Shoot growth increased with the NH4

+-N
concentration to 20 mg NH4

+-N/kg soil and then decreased thereafter (Figure 1A). Canola
plants grown under low NH4

+-N concentrations of 10 and 15 mg NH4
+-N/kg soil did not

exhibit toxicity symptoms and produced about twice as much shoot dry weight as plants
grown at high NH4

+-N concentrations (60 mg NH4
+-N/kg soil) (Figure 1A). In contrast,
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the shoot dry weight increased with the increasing NO3
−-N concentration, and the highest

shoot dry weight was at 60 mg NO3
−-N/kg soil (Figure 1B).

Table 3. Analysis of variance for growth and soil parameters (expt. 1, vegetative stage 1,5).

Parameters NH4
+-N Treatments NO3−-N Treatments

Shoot dry weight ** **
Root dry weight ** NS
mg NH4

+-N/kg soil ** **
mg NO3

−-N/kg soil NS **
Soil pH ** **

**, Significant at p ≤ 0.01. NS = non-significant.
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Figure 1. Effects of the ammonium (NH4
+-N) and nitrate (NO3

−-N) treatments on shoot (A,B) and
root growth (C,D) of canola plants grown for 35 days (vegetative stage 1,5). Means ± SE (n = 4).

3.1.2. Root Dry Weight

The root dry weight was significantly affected by NH4
+-N concentrations between

low NH4
+-N concentrations and 60 mg NH4

+-N/kg soil at (p ≤ 0.05, Table 3) (Figure 1C).
In contrast, the root dry weight exhibited a hump-shaped trend within the range of NO3

−-
N concentrations tested, with the highest weight occurring at 40 mg NO3

−-N/kg soil
(Figure 1D). The effects of the increasing NH4

+-N rate on the root dry weight were similar
to those on the shoot dry weight. Plants cultivated at 5–15 mg NH4

+-N/kg soil showed the
highest root growth (Figure 1C). Based on these results, 15 mg NH4

+-N/kg soil was chosen
as optimal in further experiments.
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3.1.3. Soil pHCaCl2

The soil pH was significantly affected by NH4
+-N concentrations between low NH4

+-
N concentrations (0–20 mg NH4

+-N/kg soil) and 60 mg NH4
+-N/kg soil (p ≤ 0.05, Table 3).

The control soil pH was approximately 5.9. The soil pH decreased to 5.6 with an increase
in NH4

+-N to 40 mg and 60 mg NH4
+-N/kg soil (Figure 2A). In contrast, the soil pH

increased linearly to 6.1 as the NO3
−-N concentration increased to 60 mg NO3

−-N/kg soil
(Figure 2B).
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of ammonium (NH4

+-N) (C,D) and nitrate (NO3
−-N) treatments on residual NH4

+-N in soil after
35 days. Data for each treatment are presented as mean ±SE (n = 4).

3.1.4. The Residual Ammonium in Soil (mg NH4
+-N/kg Soil)

The residual NH4
+-N in soil was significantly affected by NH4

+-N treatments between
15 and 60 mg NH4

+-N/kg soil (p ≤ 0.05, Table 3). Compared to high residual NH4
+-N at

60 mg NH4
+-N/kg soil, the residual NH4

+-N in soil at harvest decreased to below 4 mg
NH4

+-N/kg soil in the treatments with up to 15 mg NH4
+-N/kg soil applied just before

sowing (Figure 2C). However, the residual NO3
−-N in soil increased with the increasing

NO3
−-N concentration, and the highest residual NO3

−-N was recorded in the treatment
with 60 mg NO3

−-N/kg soil (Figure 2D).

3.2. Experiment 2
3.2.1. Shoot Dry Weight

The relative shoot dry weight (with respect to control seedlings exposed to 60 mg
NO3

−-N/kg soil (see Supplementary Material, Figure S1 for control data)) varied signifi-
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cantly (p ≤ 0.05) among the 30 genotypes tested (Table 4), ranging from 15 to 52% at low
(15 mg NH4

+-N/kg soil) and from 9 to 38% at high (60 mg NH4
+-N/kg soil) NH4

+-N
supply (Figure 3). There was a significant genotype x NH4

+-N supply interaction; most
genotypes had a significantly higher relative shoot dry weight at 15 compared to 60 mg
NH4

+-N/kg soil, but no significant difference was evident in Genotype 18 (Figure 3). Geno-
types 1 and 26 had a significantly different relative shoot dry weight at 60 mg NH4

+-N/kg
soil compared with the control, but not at 15 mg NH4

+-N/kg soil. Genotypes 1, 16, and 26
at 15 mg NH4

+-N/kg soil had greater than 40% growth compared with the control, which
was significantly higher than relative shoot dry weight at 60 mg NH4

+-N/kg soil. The
relative shoot dry weight of the top 20 performing canola genotypes was roughly twice that
of the most sensitive genotype G3 under 15 mg NH4

+-N/kg soil. Only three genotypes
(G26, G29, and G16) achieved relative shoot growth above 30% under 60 mg NH4

+-N/kg
soil (Figure 4) and were therefore classified as resistant.

Table 4. Analysis of variance of the effect of nitrogen form and rates, canola genotype, and their
interaction on canola growth and soil parameters (exp 2, vegetative growth stage 1,5).

Parameters N Treatments Genotypes N Treatments × Genotypes

Shoot dry weight ** ** **
Root dry weight ** ** **
mg NH4

+-N/kg soil ** ** **
mg NO3

−-N/kg soil NS NS NS
Nitrogen
concentration in shoot ** ** **

Soil pH ** NS NS
** Significant at p ≤ 0.01. NS = non-significant.

3.2.2. Relative Root Dry Weight

There was a significant interaction effect caused by the canola genotype and NH4
+-

N rates applied to soil on relative root dry weight (p ≤ 0.05) (Figure 4). Compared to
60 mg NO3

−-N/kg soil (see Supplementary Material, Figure S2 for control data), all canola
genotypes produced a higher root dry weight at 15 mg compared with 60 mg NH4

+-N/kg
soil. The root dry weight at 15 mg NH4

+-N/kg soil ranged from 20 to 82% depending
on the genotype. At 60 mg NH4

+-N/kg soil, root dry weights were relatively reduced,
ranging from 9 to 45%. Five genotypes (G28, G26, G16, G8, and G1) produced a relative
root dry weight greater than 30% at the high NH4

+-N rate of 60 mg NH4
+-N/kg soil; they

were classified as NH4
+-resistant genotypes (Figure 4). Nevertheless, at 60 mg NH4

+-N/kg
soil, the three most resistant genotypes (G28, G26, and G16) had root weights reduced
by approximately 35% compared with 15 mg NH4

+-N/kg soil. In contrast, 13 genotypes
produced a relative root dry weight of less than 15% at 60 mg NH4

+-N/kg soil and were
therefore classified as sensitive. The most sensitive genotypes, G30, G13, and G23, had
an average relative root dry weight of 10% at 60 mg NH4

+-N/kg soil, approximately
three times less than the resistant G28, G26, and G16 genotypes.

3.2.3. Nitrogen Concentration in Shoots

The interaction between canola genotypes and NH4
+-N rates applied to soil signifi-

cantly influenced the nitrogen concentration in shoots (p≤ 0.05). The nitrogen concentration
in shoots at 15 mg NH4

+-N/kg soil ranged from 2.7 to 7 g/kg shoot dry weight depending
on genotype, and at the high NH4

+-N rate, N concentration in shoots varied from 2 to
12.1 g/kg (Figure 5) (see Supplementary Materials, Figure S3 for control data). Genotypes
26 and G16 had a higher N concentration at 60 mg NH4

+-N/kg soil; G26, G16, G18, and G14
at 15 mg NH4

+-N/kg were higher than other genotypes. The top-performing genotypes,
G26 and G16, had, respectively, about a six-fold and five-fold greater N concentration in
shoots under 60 mg NH4

+-N/kg soil compared with the poorest performing genotype, G3
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(Figure 6). Six genotypes (G20, G25, G7, G11, G5, and G2) showed negligible differences in
shoot N concentration at the two NH4

+-N rates.
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Figure 6. Residual soil ammonium (mg NH4
+-N/kg soil) after growth of 30 canola genotypes

(starting rates of NH4
+-N soil application of 60 and 15 mg NH4

+−N/kg soil). The resistance intervals
were defined by subtracting or adding the value of two standard errors (for the genotype main effect)
from the median point for all the genotypes. Means ± SE (n = 3).
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3.2.4. The Residual Ammonium in Soil (mg NH4
+-N/kg Soil)

The interaction between canola genotypes and NH4
+-N rates significantly influ-

enced residual soil ammonium (p ≤ 0.05). The residual NH4
+-N was consistently low

(2.6 ± 0.09 mg/kg) at 15 mg NH4
+-N/kg soil, but at 60 mg NH4

+-N/kg soil, levels ranged
from 12.6 to 22.5 mg NH4

+-N/kg soil, varying with genotype. The three most resistant
genotypes (G26, G29 and G16), which had the highest shoot and root growth and shoot
N concentration at 60 mg NH4

+-N/kg soil, appeared to take up the greatest amounts of
NH4

+-N from soil, with residual NH4
+-N averaging 10–13 mg NH4

+-N/kg soil. In contrast,
the sensitive genotypes G27, G30, G13, and G3 took up less NH4

+-N from the soil, with
residual NH4

+-N ranging from 18.7 to 23.3 mg NH4
+-N/kg soil at the higher NH4

+-N rate
(60 mg NH4

+-N/kg soil). This suggests substantial differences in the genotype response to
NH4

+-N (Figure 6).

3.2.5. Soil pH

The interaction between canola genotypes and N rate applied was not significant in
the case of soil pH, but the main effect of N forms and rates had a significant effect on the
soil pH (p ≤ 0.05) (Figure 7). There was a significant difference between all treatments,
with the soil pH increasing from 5.60 ± 0.09 in the 60 mg NO3

−-N/kg soil treatment to
5.84 ± 0.02 in the 15 NH4

+-N treatment, and then to 6.23 ± 0.01 under the 60 mg NH4
+-N

soil treatment.
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4. Discussion

Although ammonium (NH4
+-N) is a major source of the essential plant nutrient

nitrogen (N), it can negatively affect growth and development of plants, with canola being
particularly sensitive to NH4

+-N toxicity [52,53]. The present study characterised NH4
+-N

resistance of 30 canola genotypes in vegetative stages. When evaluating the response
of common Western Australian canola genotype (Crusher TT) under different NH4

+-N
concentrations, we found that low rates of NH4

+-N (10–20 mg NH4
+-N/kg soil) and all

NO3
−-N rates had a beneficial effect on root and shoot dry weight. At higher rates of

NH4
+-N/kg soil, however, there was a decrease in root and shoot growth, with growth

being lowest at the highest rate supplied (60 mg NH4
+-N/kg soil). However, the sensitivity
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and response of canola to NH4
+-N varied significantly among the 30 genotypes tested;

hence, we identified genotypes with increased resistance or sensitivity to NH4
+-N in soil.

Ammonium toxicity is considered to occur when shoot and root dry weight are less than
50% when compared with plants grown with NO3

−-N at the same N concentration [17,54].
In the study presented here (with NH4

+-N concentration up to 20 mg NH4
+-N/kg soil and

NO3
−-N up to the highest concentration of 60 mg NO3

−-N/kg soil), there was increased
shoot and root dry weight of canola, and this is consistent with studies on maize and
wheat [55], sunflower [56], and sugar beet [57]. These crops produced high shoot and root
dry weight at low NH4

+-N concentrations and across all NO3
−-N concentrations, including

those tested here.
In contrast to the positive effect of high NO3

−-N concentration on plant growth, high
NH4

+-N concentrations (60 mg NH4
+-N/kg soil) induced toxicity, leading to significantly

decreased shoot and root dry weight of canola. The inhibitory effects of the high NH4
+-N

concentrations reported in our study are consistent with other studies on canola [58,59], as
well as on other crops such as soybean [60]„ wheat and barley [61], barley [17], pea [54,62],
maize [38,63], and various rice genotypes [39]. However, some plant species possess
genetic variation in traits that allow genotypes of the species to grow at relatively high
concentrations of chemicals such as NH4

+-N [64,65], as demonstrated in our study where
canola showed genotypic variability in NH4

+-N resistance.
There was large variation among genotypes in shoot dry weight under different N

treatments. The relative shoot dry weight of the 20 best performing canola genotypes
was approximately double that of the most sensitive genotype G3 at 15 mg NH4

+-N/kg
soil. However, only three genotypes (G26 G29, and G16) had relative shoot growth above
30% at 60 mg NH4

+-N/kg soil and were therefore classified as resistant. The mechanisms
underlying variation in resistance to ammonium toxicity require further investigation.
They may be due to some genotypes storing NH4

+-N in shoot vacuoles, such that NH4
+-N

toxicity symptoms did not occur [38,66,67]. The poor performance of sensitive genotypes
could be due to direct accumulation of NH4

+-N in plant tissues, including the cytosol
and some intracellular compartments, such as chloroplasts and mitochondria, leading to
impaired metabolism, particularly photosynthesis and respiration in plants cells [18,68,69].

Genotypes also exhibited variation in root growth under differing N treatments, with
G28, G26, and G16 classified as NH4

+-resistant. Our study aligns with previous findings
on genotypes of rice [39], soybean cultivars [40], and wheat cultivars [36], whereby the
root dry weight of resistant cultivars improved at high NH4

+-N concentrations compared
to sensitive cultivars. The exact mechanisms underpinning resistance to NH4

+-N toxicity
regarding canola root are unclear. However, maize hybrids [38,70] and wheat cultivars [35]
were suggested to be resistant to NH4

+-N due to altering their carbohydrate partitioning,
whereby a large proportion of energy from photosynthesis is directed to the roots to
provide energy to incorporate assimilated NH4

+-N into organic N compounds in roots as a
detoxification pathway to protect shoot tissues.

The most sensitive canola genotypes, G30, G13, and G23, had an average relative
root dry weight that was approximately three times lower than the resistant G28, G26,
and G16 genotypes. Studies on NH4

+-sensitive maize hybrids [38], soybean cultivars [40],
and pea [71] found sensitive genotypes produced two-fold lower root dry weight than the
resistant ones when supplied with NH4

+-N. Reduced root dry weight could be due to the
competition for carbohydrates between NH4

+-N assimilation and root growth, as has been
demonstrated in split-root experiments with maize cultivars [72,73], soybean cultivars [74],
and wheat [75]. The authors reported that when one half of roots was supplied with
NH4

+-N and the other half with NO3
−-N, the NH4

+-fed part produced less dry matter
than the NO3

−-N-fed part. The reason may be that the uptake of NH4
+-N supplied at high

concentration in sensitive species and cultivars caused a decrease in the net carbohydrate
production in shoots. As a result, a small amount of carbohydrates was transferred to roots
to assimilate a large amount of NH4

+-N, and hence N in the form of NH4
+ was sent to
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shoots, causing poor shoot growth and further lowering carbohydrate supply to roots to
diminish root growth.

Another potential reason for increased NH4
+-N toxicity in root cells and reduced

root growth could be due to decreased activity of the enzyme H+-ATPase. A recent study
found that activity of plasma membrane H+-ATPase, which plays a vital role in regulating
nutrient uptake by pumping protons out, is affected by NH4

+-N supply [76,77]. Although
this activity increased at optimal concentrations of NH4

+-N, at high concentrations of
NH4

+-N, it decreased, coinciding with impaired root growth [18,77].
Absorption of NH4

+-N by canola plants reduced soil pH as a result of the plant uptake
of one positively charged ion (NH4

+-N) being counterbalanced by extrusion of another
positive charge (proton). In contrast, NO3

−-N uptake resulted in an increase in soil pH,
because it is co-transported with protons, resulting in the perceived consumption of protons
in the soil [78]. Our results are in agreement with the published reports [29,78,79] regarding
a soil pH decrease by an increased application of NH4

+-N fertilisers. However, the soil
pHCaCl2 of 5.6 that occurred under the NH4

+-N treatments is not sufficiently low enough to
induce soil acidity problems in canola [80], suggesting that the growth inhibition measured
in the NH4

+-N treatments in the present study was directly attributable to NH4
+-N toxicity

rather than being a secondary effect of soil acidification. Studies on maize [81]; rice [82];
wheat [83]; and bean, sweet corn, and pea plants [84,85] showed that soil pHCaCl2 was
reduced to 5.6 by high rates of NH4

+ application, but it was not sufficiently low to reduce
growth [55,58,86,87].

The ammonium-resistant genotypes G26 and G16 had a greater N concentration
their in shoots than NH4

+-sensitive G30 and G3 under both high and low ammonium
rates (60 and 15 mg N/kg soil). At high NH4

+-N supply, there was a four-fold lower
shoot N concentration in resistant compared with sensitive genotypes. Furthermore,
the highest shoot N concentration in resistant genotypes occurred at the highest soil
ammonium treatment. This suggests that NH4

+-N was detoxified in the roots through
direct assimilation into organic N, and then organic N was transferred to the shoot [18,68].
Other studies also have found that increasing NH4

+-N supply in soil causes a greater
increase in the N concentration in shoot tissues of the resistant genotypes compared with
the sensitive varieties [36,88,89], including genotypes of rice [39], wheat [36], and maize [37].

Ours is not the first study to find that canola genotypes differ in their response
to environmental stressors. We measured responses in terms of shoot and root weight,
whereas Sooran et al. [90] measured responses in terms of grain yield, whereby genotypes
varied in their oil content. As with our study, there did not appear to be trade-offs, in that
one genotype emerged as consistently higher yielding under both control and increased
N-fertiliser (in the form of ammonium sulphate [90]) treatment. It would be interesting to
extend our current study by also measuring oil yield to assess if there is concordance among
the different response parameters. Indeed, as we found, plant growth stage influences
levels of N cycling [91]. However, recent research has indicated that below-ground traits
that reflect N-cycling (here, residual ammonium and soil pH) correlated well with improved
nitrogen use efficiency, thus representing promising phenotypic targets for breeding [91].

The residual soil NH4
+-N was a sum of fertiliser not taken up and ammonium pro-

duced in organic matter decomposition (and not immobilised by microorganisms) [92].
Although this means that residual NH4

+-N may not be a reliable indication of crop intake,
it is highly unlikely that the activity of microbial immobilisers differed consistently among
the pots with different genotypes; hence, the patterns observed here of higher residual soil
NH4

+-N (implying lower NH4
+-N uptake) in case of sensitive genotypes still hold.

This study clearly established differences among canola genotypes under controlled
conditions in their growth, yield, shoot N concentration, and capacity to mobilise N from
soil. However, whether these differences would be consistent in the field requires further
investigation because various factors, such as timing and method of fertiliser application,
soil type, rainfall, and microbial community structure, can influence these relationships [93].
There may also be trade-offs between various traits, such as yield, oil content, water-use
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efficiency, and emission of various greenhouse gases [94,95]. Indeed, further research is
required looking at how different canola genotypes fare under factorial experiments manip-
ulating both nitrogen (i.e., fertilizer) and moisture (i.e., drought) conditions (e.g., see [90]).

Our results may also pave the way for future breeding between different genotypes.
Recent research has indicated that hybrids can often outperform parental genotypes [91],
and novel genotypes outperform currently available commercial genotypes [96]. Fur-
thermore, by identifying genotypes that perform superiorly under particular fertilizer
conditions, theses can be cultured to exploit their desirable traits [96] in nitrogen-use
efficiency or tolerance to ammonium.

This research revealed substantial variations in resistance to ammonium toxicity
among canola genotypes, suggesting that suitable varieties can be selected depending on
soil ammonium concentrations. With the aim of reducing ammonium application rates and
thus concentration in soils, and therefore reducing the risk of nitrate (after nitrification)
pollution, G18 was clearly superior to other genotypes because it grew well under both low
and high rates of N fertiliser.

5. Conclusions

This study was the first to evaluate the effect of soil NH4
+-N levels on canola growth

and identify resistant and sensitive genotypes. We revealed that substantial variation
existed, with G26 and G16 classified as NH4

+-resistant in terms of both root and shoot
growth. Furthermore, the residual soil NH4

+-N was lower in the resistant genotypes.
This study provided a theoretical framework to underpin future field studies aimed at
exploring variations in resistance of canola genotypes to NH4

+-N toxicity. Importantly,
the identification of genotypes that perform better under low or high ammonium levels
paves the way for optimising canola growth and nutrition, whilst minimising N inputs
and, consequently, N pollution. This study can underpin further research on characterising
differential resistance to NH4

+-N between crop genotypes.
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mdpi.com/article/10.3390/agronomy13041150/s1, Figure S1. Effect of the control 60 mg NO3

−-N/kg
soil on shoot dry weight of canola genotypes. Error bars represent ± SE (n = 3); Figure S2. Effect of
the control 60 mg NO3

−-N/kg soil on root dry weight of canola genotypes. Error bars represent ± SE
(n = 3); Figure S3. Effect of the control 60 mg NO3

−-N/kg soil on nitrogen concentration in shoot of
canola genotypes. Error bars represent ± SE (n = 3).
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