
Citation: Sissons, M.; Egan, N.;

Simpfendorfer, S. Effect of Nitrogen

Fertilization and Inoculation of

Durum Wheat with Fusarium

pseudograminearum on Yield,

Technological Quality and Gluten

Protein Composition. Agronomy 2023,

13, 1658. https://doi.org/10.3390/

agronomy13061658

Academic Editor: Zina Flagella

Received: 25 May 2023

Revised: 14 June 2023

Accepted: 16 June 2023

Published: 20 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

agronomy

Article

Effect of Nitrogen Fertilization and Inoculation of Durum Wheat
with Fusarium pseudograminearum on Yield, Technological Quality
and Gluten Protein Composition
Mike Sissons * , Narelle Egan and Steven Simpfendorfer

NSW Department of Primary Industries, Tamworth Agricultural Institute, Tamworth 2340, Australia
* Correspondence: mike.sissons@dpi.nsw.gov.au

Abstract: In Australia, adoption of reduced tillage and stubble retention cropping systems by growers
to conserve soil moisture has seen an increase in the prevalence of the disease Fusarium crown rot
(FCR) caused by the stubble-borne fungal pathogen Fusarium pseudograminearum. Durum wheat
is particularly susceptible to FCR, exhibiting significant yield and quality losses in the presence of
infection. Increasing rates of nitrogen (N) application at sowing exacerbates FCR. However, to achieve
the desired grain protein and quality suited to pasta manufacturing, N application is necessary, and
this creates a dilemma for growers. The purpose of this study was to investigate the effects of FCR
infection in the presence of different N fertiliser application rates in durum wheat varieties on the
yield and technological quality. Two durum varieties were evaluated at the same location over two
seasons (2020 and 2021). These seasons were characterised by being wetter than normal and showed
different responses to FCR and N application. Three rates of FCR inoculation and five rates of N
fertilizer were applied (varying according to season) at sowing. In general, the 2021 season showed
better responses to applied N regarding the yield and technological properties, with no impact from
FCR. The FCR inoculation, while resulting in significant infections in 2020 (15–36-fold increase) and
in 2021 (~45-fold increase), had no impacts on the yield or grain quality in 2021, while in 2020, the
yield was reduced (24.9%), with variable effects on the technological properties. The 2021 season
showed much more responses to applied N (grain protein increased by ~24%). Jandaroi was found
to maintain its kernel vitreosity at all protein levels (mean of 88.5%), obtaining the premium grade,
while DBA Lillaroi did not (mean vitreosity of 76.6%) and could be downgraded if N application
was insufficient. However, higher N application rates needed to achieve more than 12% protein lead
to a reduction in dough strength, with Jandaroi maintaining its dough strength much better (2.7%
reduction in the gluten index) than DBA Lillaroi (18.2% reduction in the gluten index). This was
related to the lower glutenin/gliadin (Gli/Glu) ratio in response to applied N at sowing in Jandaroi,
which helped retain kernels with a high vitreousness. This suggests genetics plays an important
role in a genotype’s response to N fertilisation and should be considered when selecting a genotype
where higher premium grades are desirable.

Keywords: fusarium crown rot; durum wheat; agronomy; glutenin; gliadin; semolina quality;
grain quality

1. Introduction

Durum wheat (Triticum durum L. ssp. Durum Desf.) is an important crop for the
human diet grown in many parts of the world predominantly for semolina and resulting
pasta production. Durum is a high yielding wheat typically grown under rainfed conditions
in semiarid regions that are characterised by unpredictable and highly variable seasonal
rainfall, affecting the yield and quality [1]. In the Australian environment, most durum
wheat is grown in Northern New South Wales (NNSW) and South Australia. In NNSW,
durum wheat is grown as a dryland crop on fertile cracking clay soils that can store water
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from the typical summer rains in the profile, and this enables the crop to better tolerate
heat and moisture stress during ear emergence, anthesis and grain filling. Durum attracts
a premium price in the market, but this depends on meeting grading standards in some
countries [2]. In Australia, the key quality attributes to ensure the highest grade (ADR1)
are grain protein ≥13% (11% mb) (GP), test weight ≥76 kg/hl (TW), screenings < 5%,
hard vitreous kernels ≥80% (HVK) and other factors related to seed contamination and
staining [3]. To achieve high grain protein usually requires high levels of nitrogen (N) input,
reliant on the application of artificial N, commonly urea, which represents around 30–40%
of input costs when targeting these higher quality cereal options [4]. Decisions on how
much N to apply and when and the choice of genotype together with climatic and soil
factors can all affect the yield and market grading achieved for durum wheat in the NNSW
environment. Understanding these interactions is important to achieve the most profitable
outcome for the grower.

In Australia, adoption of reduced tillage and stubble retention cropping systems to
conserve soil moisture by growers has revolutionised crop production in this region but
has led to an increase in the prevalence of the disease Fusarium crown rot (FCR) caused by
the stubble-borne fungal pathogen Fusarium pseudograminearum [5,6]. F. pseudograminearum
infects a wide range of winter cereals, including bread wheat (Triticum aestivum), durum
wheat and barley (Hordeum vulgare), along with grass weed hosts [7]. FCR is a basal
infection in winter cereal plants that restricts water flow from the roots to the heads
under moisture and/or temperature stress during grain fill. This results in the formation
of distinctive ‘whiteheads’, which are associated with a yield loss along with reduced
grain sizes that increases the levels of screenings at harvest that have the potential to
downgrade the grain [7]. FCR has been estimated to cost the Australian wheat industry an
average of AUD 88 million annually [8] but is also a significant disease of wheat in other
countries including China and the USA [9]. The main management options for FCR are
rotation with non-host break crops such as canola and pulse crops [10,11], adoption of
inter-row sowing practices [12] and sowing of wheat varieties with improved resistance or
tolerance to FCR [13]. Increasing rates of N application at sowing exacerbates the incidence
and increases the yield and grain quality (screenings) losses associated with FCR [14,15].
Consequently, producing ADR1 durum wheat in NNSW under dryland conditions has an
inherently elevated risk of FCR given the level of climatic variability within and between
seasons, which may possibly become worse with more extreme and frequent droughts and
high temperature stresses during grain fill [16]. This balance between risk vs. reward is
particularly frustrating for growers when harvested grains fail to meet quality specifications
in terms of protein achievement, screenings and HVK. Although quantitative data on the
proportion of grain receivals meeting ADR in NNSW are not freely available, an analysis
of National Genotype Trials from 2014 to 2018 indicates that only 49% of the durum crop
achieves the top ADR1 grade, which is supported by estimates from GrainCorp Pty. Ltd.
(Sydney, Australia; personal communication). This indicates that the majority of growers
are not getting this balance right, where maximum yield may not necessarily equal optimum
nitrogen use efficiency, water use efficiency or profitability.

Despite the large number of studies that have examined the effect of N fertiliser
applications on grain protein and quality in bread wheat (for a review, see [17]), there have
been fewer studies on durum wheat and indeed no studies to the authors’ knowledge on
the effect of N fertilisation in the presence of FCR on durum quality. The objectives of
this study were to investigate the effects of FCR infection in the presence of different N
fertiliser application rates in two commercial durum wheat varieties on grain yield and
grain and semolina quality and relate the changes obtained to the mature grain gluten
composition. Understanding these interrelationships will help determine the optimal
management strategy for durum wheat production in the NNSW environment where FCR
is an endemic constraint on production.
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2. Materials and Methods
2.1. Location and Soil Characteristics

Field experiments were conducted at the Tamworth Agricultural Institute (S 31.1468;
E 150.9823) in northern NSW, Australia. The experiments were repeated in sequential years
across the 2020 and 2021 winter growing seasons. Soil nitrogen (N) levels were determined
from segmented soil cores (0–30 cm, 30–60 cm, 60–90 cm and 90–120 cm) collected from
each site at sowing. In 2020, the field experiment was conducted on a red chromosol soil,
whilst in 2021, the experiment was located on a grey vertosol. There was around 250 kg/ha
of nitrate N in 2020 and 64 kg/ha in 2021 within the soil profile (0–120 cm) at sowing.

2.2. Experimental Treatments and Growing Conditions

Two durum wheat varieties, DBA Lillaroi and Jandaroi, were grown in each of the two
experimental years across each site at a target plant population of 120 plants/m2 based on
seed germination levels and 1000 grain weights. Each year, the seeds of the two durum
varieties were sourced from the same seed increase site and grown under irrigation in the
preceding season to ensure high levels of germination and the vigour of the planting seed.
In both seasons, the trial sites had full soil moisture profiles (~220 mm plant available water
content 0–120 cm) due to high rainfall (471.2 mm in 2020 and 466.0 mm in 2021) in the
5–6 months prior to sowing (Table 1). The sowing dates were 9 June 2020 and 6 July 2021.

Table 1. Seasonal rainfall (mm), minimum temperature and maximum temperature (◦C) at Tamworth
in 2020, 2021 and LTA average data (1993–2021).

Metric January February March April May June July August September October November December Annual

Rainfall 2020 97.4 202.2 83.4 49.0 39.2 29.4 37.0 29.2 26.8 73.6 3.0 223.6 893.8
Rainfall 2021 23.6 108.2 162.0 22.6 24.6 125.0 65.4 48.4 36.8 52.0 191.0 70.6 930.2
Rainfall LTA 61.2 73.9 57.2 25.3 30.4 53.4 40.9 39.5 46.3 58.3 82.3 80.4 638.5
Min T 2020 21.4 19.0 14.4 9.8 5.1 3.7 3.5 2.9 6.6 10.3 13.3 17.0
Min T 2021 15.3 15.7 14.4 7.0 4.1 3.7 2.9 3.4 4.1 8.7 14.0 14.7
Min T LTA 17.7 16.9 14.5 10.0 6.0 3.6 2.3 2.8 5.8 9.7 13.3 15.7
Max T 2020 36.3 29.7 27.5 24.1 18.9 17.5 16.9 17.6 23.3 27.1 31.8 30.4
Max T 2021 30.8 29.9 27.4 23.9 20.5 16.8 16.6 19.9 22.1 25.4 25.9 29.9
Max T LTA 33.0 31.5 29.2 25.5 20.8 17.0 16.5 18.5 22.0 25.6 28.6 30.8

LTA = long-term average from Australian Bureau of Meteorology data. http://www.bom.gov.au/jsp/ncc/cdio/
weatherData/av?p_nccObsCode=139&p_display_type=dataFile&p_startYear=&p_c=&p_stn_num=055325, accessed
on 2 April 2023.

Three levels of FCR infection were created using an inoculum of Fusarium pseudograminearum
prepared as outlined in work by Forknall et al. [13]. Inoculum was an equal mixture of
five separate isolates of F. pseudograminearum collected post-harvest from commercially
infected wheat crops around Moree and Narrabri in NNSW in December 2019. Single spore
isolates were established to ensure the purity, and identification of F. pseudograminearum
was confirmed through quantitative PCR [18]. The same five isolates were used to prepare
inocula for the field experiments in 2020 and 2021. The inoculation rates in 2020 were nil,
0.5 g/m row (low infection level) or 2.0 g/m row (high infection level) of FCR inoculum
applied at sowing. The inoculum rates were adjusted in 2021 to provide more intermediate
levels of FCR infection of nil, 0.75 g/m row (low–medium) or 1.5 g/m row (medium–high).
Five rates of N application of 0, 50, 100, 150 or 200 kg N/ha were applied as urea at sowing
in 2020. Sorghum was grown across the site in the summer of 2020/21 prior to establishing
the durum experiment in 2021 to lower the residual soil nitrogen levels. Consequently, N
application rates were varied to 0, 20, 40, 80 and 160 kg N/ha applied as urea at sowing in
2021 to provide increased ability to determine responses and interactions at lower levels
of N nutrition. In both years, the field experiments were sown using a small plot seeder
using tynes with a split boot arrangement that physically separated the urea from the
seed at sowing by offsetting the fertilizer to the side (~2 cm) and below (~2 cm) the seed
within the planting furrow. This avoided the experiments being compromised by any
potential damage to emerging seedlings from fertiliser burn, especially at the higher rates
of N application. Plots in both seasons consisted of five plant rows with 33 cm spacings

http://www.bom.gov.au/jsp/ncc/cdio/weatherData/av?p_nccObsCode=139&p_display_type=dataFile&p_startYear=&p_c=&p_stn_num=055325
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(1.65 m wide) and a 5.0 m plot length. There were four replicate plots of each treatment in a
fully randomised complete block design. The grain yield was determined at physiological
maturity using a small plot header and grain was retained for a quality assessment. The
incidence of FCR infection was determined at harvest from 25 random primary tillers
collected from each plot. Crown segments from each tiller (2 cm length) were trimmed,
surface sterilised and cultured on 1/4 strength Potato Dextrose Agar (PDA) + novobiocin
(10 g PDA and 15 g technical agar plus 0.1 g novobiocin/L water) and incubated under
alternating white and near ultraviolet lights for a 12 h photoperiod of 66.6% alternating
fluorescent (FL36W/865, Sylvania, East Sussex, UK) and 33.3% blacklight blue (F36T8
BLB, Crompton lighting, Bradford, UK) light for 7 days at 25 ◦C. Following incubation,
distinctive colonies of F. pseudograminaerum arising from surface sterilised crowns were
counted to determine the incidence of FCR infection within each plot. Climatic conditions
of rainfall and temperature were recorded from the nearest Bureau of Meteorology site in
each season (Table 1).

2.3. Grain and Semolina Analyses

Harvested grain was assessed for screenings (SCR) defined as the percentage by
weight of the total sample passing through a 2 mm slotted screen after 40 shakes of a
sieve. Following harvest, grain samples were cleaned with a Carter Day dockage tester
and individual field replicates were analysed for grain protein (GP%, 11%mb), moisture
and hardness (SKHI) by near infrared reflectance spectroscopy. The test weight (TW),
thousand grain weight (TGW) and falling number were determined on clean grain, which
was then milled (3 kg) into semolina using a Buhler laboratory mill as described else-
where [19]. The milling performance was assessed as milling yield (MY = total flour
weight/total product weight × 100), semolina yield (SY = semolina weight (three break
fractions + semolina)/(total products weight-bran, pollard, break, reduction and semolina
fractions) × 100) and semolina only yield (Semo Only = semolina weight/total products
weight × 100). The percentage of hard vitreous kernels (HVK%) was determined using
a Pohl Farinator device (https://en.ventisec.com/products/pohl-farinator; accessed on
23 May 2023). HVK% = ((300 − number of mottled kernels)/300) × 100. The semolina
colour was evaluated by measuring L* (brightness, 100 = white, 0 = black), a* (+ve is
redness. −ve is greenness), b* (+ve is yellow, −ve is blue) by means of a Minolta Chroma
Meter CR-410 (Biolab Australia, Sydney, Australia) in triplicate. The dough properties
were assessed using a mixograph and a Glutomatic, with the mean of duplicate analyses
presented for each field replicate [19]. The key measures captured were mixograph dough
development time (MPT), resistance breakdown (RBD) (100 × ((width of the curve at peak
mixing time—width of the curve after 8 min mixing)/width of the curve at peak mixing
time)), wet gluten (WG) and gluten index (GI).

2.4. Gluten Protein Composition Analysis of Harvested Grain from 2021 Trial

Mature, harvested grain was milled into wholemeal using a Perten falling number
mill and the glutenin and gliadin proteins were extracted and separated on a BioSep size-
exclusion column using a high-performance liquid chromatography (HPLC) apparatus
described elsewhere [20]. Briefly, the extraction produced two protein fractions: one soluble
in a phosphate buffer containing a detergent (SDS) and the other fraction protein that can
only be dissolved using a sonication device to disrupt the polymer. Each flour sample was
extracted in duplicate and each protein fraction (designated soluble and insoluble) was in-
jected onto the HPLC column and the protein constituents were separated. The soluble frac-
tion was separated into three fractions: glutenin polymers, gliadins and albumin/globulins,
while the insoluble fraction was separated into three polymeric glutenin fractions. The key
measures from the chromatograms were the area under a peak as a percentage of the total
area (soluble A%, soluble B%, soluble C%, insoluble A%, insoluble B% and insoluble C%)
and derived terms such as the polymeric/monomeric ratio (P/M = (SolA area + InsolA
area)/(SolB area + SolC area + InsolB area + InsolC area)), the Gliadin/Glutenin ratio

https://en.ventisec.com/products/pohl-farinator
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(Gli/Glu = (SolB area + InsolB area)/(SolA area + InsolA area)) and the percentage of
unextractable polymeric protein (UPP = InsolA area/(InsolA area + SolA area) × 100).

2.5. Statistical Analysis

Data were analysed using the statistical programme GenStat version 17.1.0.14713 with
a generalised linear model, and the means were tested for significant differences by the
least significant difference statistic (LSD), p < 0.05. Data were checked for normality.

3. Results
3.1. Results from the 2020 Season

High background soil nitrogen (N) levels at sowing (~250 kg/ha nitrate N in soil
between 0 and120 cm) resulted in this site being unresponsive to N application in terms
of yield in both varieties (Figure 1). Except for DBA Lillaroi at the 0 and 100 N rates, FCR
infection resulted in significant yield losses compared with uninoculated (nil) plots at both
infection levels. The yield loss under moderate FCR infection (0.5 g/m of row) ranged from
15 to 27% in Jandaroi and from not significant to 19% in DBA Lillaroi. At the higher level
of FCR infection (2.0 g/m of row), the yield loss ranged from 19 to 32% in Jandaroi and
18 to 38% in DBA Lillaroi. There was no interaction between yield loss from FCR and N
application rate at sowing at this site in 2020 (Table S1). The baseline grain protein (GP)
with no applied N was high (13.7 to 13.9%) with a blunted but significant increase in GP
in response to applied N rates (0–200 kgN/ha), increasing in Jandaroi by 7.1% and for
DBA Lillaroi by 8.7% (Figure 2). Jandaroi had a higher GP and WG than DBA Lillaroi. The
starting soil N levels at this site in 2020 appeared to be too high, which limited responses
to additional N inputs. Inoculation with F. pseudograminearum (FCR treatment) had no
significant effect on GP (Table S1). The functional component of the grain protein, the wet
gluten content, follows a similar trend to GP because the majority of protein in the kernel is
gluten, so a high correlation (r = 0.75, n = 120, p < 0.05) was observed, although only small
increases in wet gluten were obtained (Table S1).

The grain size expressed as 1000 grain weight (TGW), the packing density as test
weight (TW) and the percentage of small kernels as screenings (SCR) were affected differ-
ently by the three factors (genotype, Nrate and FCR). For TGW, only the genotype and
Nrate were significant. DBA Lillaroi has a larger grain size at all N rates than Jandaroi,
with no effect of Nrate on TGW in Jandaroi, while it tended to decrease in DBA Lillaroi,
which was not consistent at 150 N (Figure 3). TW was not affected by the Nrate, but
genotype and disease were significant (Table S1), with no difference in DBA Lillaroi with
FCR level but a decrease in Jandaroi (Figure 4). Screenings (SCR) were significantly affected
by genotype and FCR, with Jandaroi having a higher and more variable SCR than DBA
Lillaroi, sometimes exceeding the market cut-off of 5% for a downgrade in feed grade. FCR
increased SCR in Jandaroi only, with no difference between the two rates of inoculation
(Table S1). All grain samples showed very high vitreousness (HVK), averaging 99.8%.

The kernel characteristics can impact the milling potential of the grain, which is
important for the economic returns of high yielding low speck and semolina with an
acceptable ash content. The milling quality was assessed by measuring laboratory milling
yields. The semolina yield (SY) was significantly affected by genotype and disease but
not the Nrate (Figure 5 and Table S1). DBA Lillaroi had a significantly higher SY under
all treatments than Jandaroi, with a tendency to increase with FCR inoculation and being
highest at the 2 g/m rate, while Jandaroi SY was not significantly changed. A more sensitive
indicator is the measure of Semolina Only yield (Semo only), but this was significant for
genotype and Nrate but not FCR (Table S1). Again, DBA Lillaroi had a higher Semo only
yield at all Nrates than Jandaroi (Figure 6). There was a tendency for Semo only to decline
in both varieties with the Nrate, but more so for DBA Lillaroi, being lowest at 200 kg/ha
compared to no additional applied N at sowing.
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Semolina quality was also assessed by its colour parameters: brightness (L*), redness
(a*) and yellowness (b*). The colour of the semolina is important as this determines the
colour of the pasta. The brightness L* achieved high values of ~80 with minimal differences
between samples (Table S1), while the mean b* varied from 27.9 to 31.5, with DBA Lillaroi
having a higher yellowness at all treatments than Jandaroi (Figure 7). The yellowness
tended to decline slightly with an increased Nrate (Figure 7) and FCR inoculum rate
(Table S1) but not always consistently.
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The ANOVA on the 2020 data showed significant effects on dough strength (gluten
index, GI) from the genotype and FCR application (Table S1). Jandaroi is known for its
high GI, averaging 93 compared to the 68 of DBA Lillaroi in the absence of FCR inoculation.
Values above 90 are considered to have very strong dough properties. Inoculation had
a significant effect in reducing GI in both varieties, with a larger decline at the highest
FCR inoculation rate (Figure S1). This was a bigger issue for DBA Lillaroi, declining by
up to 21% compared to Jandaroi at 10%. While Jandaroi also showed a reduced GI with
inoculation, it still achieved high GI values, dropping only to 83, which is still high, but the
decline in DBA Lillaroi would cause processing issues. In 2020, there were minimal changes
in the dough strength with N rate (Figure 8). The mixograph is another instrument to assess
the dough properties of semolina and two key measures, MPT and RBD, both showed
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significant genotype and disease effects (Figure 9 and Table S1). Jandaroi MPT declined
slightly at low and high inoculations, while DBA Lillaroi MPT did not change. However,
RBD is a better indicator of dough strength and is correlated with GI (r = 0.49, p < 0.05),
with no change in Jandaroi but an increase in DBA Lillaroi with a moderate–high FCR
infection, consistent with the large effect on GI from inoculation. Nrate had no effect on
RBD in this season. Overall, GI was the most responsive trait to FCR infection (Table S1).
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3.2. Results from the 2021 Season and Comparison to the 2020 Season

The mild weather conditions, i.e., wet and cool during grain filling, in 2020 reduced the
expression of FCR, and the high pre-sowing soil N levels also restricted the grain protein
response. To reduce the likelihood of this happening in the 2021 season, the field trial was
established following growth of a commercial sorghum crop across the site in the summer
prior to sowing the durum wheat experiment. This significantly reduced the starting soil N
levels (~64 kg/ha nitrate N in soil between 0 and 120 cm).

The grain yield (GY) in both durum varieties increased in response to applied N
(20 to 160 kg/ha) at sowing when compared to the nil N treatment by up to 29% and 36%
for Jandaroi and DBA Lillaroi, respectively, in the absence of FCR inoculation (Figure 10).
While there was a significant negative effect of FCR on yield especially at the 1.5 g/m row
inoculation rate (Table S2), some treatments were not significant. In 2020, the Nrate had no
effect on GY compared to a large positive effect in 2021 because of the high starting soil N,
and so considerably higher yields were obtained (overall yield 2020, ~2 t/ha vs. 2021,
4.2–5.5 t/ha in the absence of inoculum). There were no significant interactions between
FCR infection and N rate (Table S2).

There were good GP responses in 2021 (range 2.4%) compared to 2020 (range 1.04%)
from 10.1% at 0 N up to 12.8% at 160 kgN/ha, increasing on average by 23% and 24%
for Jandaroi and DBA Lillaroi, respectively (Figure 2). There was a bigger increase in GP
between 40 and 160 kgN/ha application rates that were significant, compared to between
20 and 40 kgN/ha that were not significant. Both varieties achieved similar protein levels,
with Jandaroi slightly higher than DBA Lillaroi over the range of N levels. There was no
effect of FCR infection on GP, as was the case in 2020 (Table S2). The selected application
rates differed from those in 2020 due to more refinements of the treatments to obtain a
better spread in FCR infection levels. Much higher responses in GP were achieved in 2021
using the strategy of lowering the starting soil N rather than the blunted and narrow range
obtained over a larger range of applied N in 2020. This aligned with the GY response in 2021,
although FCR inoculation did not significantly affect GP due to prolonged wet and mild
temperature conditions during grain fill which limited the expression of FCR. Periods of
heavy rain around harvest impacted the grain falling number, averaging 250 s and ranging
from 185 to 290 s (Table S2). The screening levels were very low, ranging from 0.7 to 1.2%,
well below the market cut-off of 5% in 2021 compared to some plots experiencing over 5%
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in the 2020 season (Table S2). The grain hardness measured by SKHI showed a narrow
range (79.6–99.8), indicative of the very hard grain typical of durum wheat. The low SCR
observed in all plots is very much related to the sound TW (78–79.2 kg/hl) and high TGW
achieved (43.7–49 g) in 2021. The TW was not influenced by FCR, whereas in 2020, FCR
reduced the TW significantly although only marginally (in Jandaroi only), still meeting the
minimum level of 76 kg/hl (Figure 4). Higher TGWs were obtained for both varieties in
2021 compared to 2020 (Figure 3), with no effect of Nrate in Jandaroi and a slight increase
for DBA Lillaroi at the highest Nrate compared to a decline in 2020 (except for the blip at
150 kg/ha). DBA Lillaroi had larger grains than Jandaroi, as noted in the 2020 season.
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Figure 10. Boxplot showing the grain yield for both varieties at different N application and CR
inoculation rates in the 2021 season.

While the grain dimensions and low SCR levels in 2021 indicate good grain quality,
another important trait for durum and market grading is the percentage of hard vitreous
kernels (HVKs). The HVK percentage was quite variable, ranging from 53.8 to 98.2, with
both varieties displaying a higher HVK percentage with increased applied N which was
not affected by FCR infection. Low N (<20 kg/ha) reduced the HVK percentage in DBA
Lillaroi to a low level well below the market cut-off of 70%, but not in Jandaroi even with
nil N (Figure 11A). At 160 N, both varieties achieved similar HVK percentages, but at all
other N rates, DBA Lillaroi had lower HVK percentages than Jandaroi. The grain TGW,
TW, SCR, SKHI and HVK can all impact milling potential yields. The SY% values for DBA
Lillaroi were all higher than Jandaroi at all N application rates (Figure 5), but this was not
so for Semo only at all Nrates, where values between varieties were closer in 2021 only
(Figure 6). SY values were higher in 2020 than in 2021. In 2020, increasing N had no impact
on the SY but increased the SY in 2021 (Figure 5). The highest SY was at 40 N, with no
further increase as the Nrate increased to 160 N for both varieties.

For semolina colour, there was a tendency for semolina L* to decrease with the Nrate,
while genotype and disease were not significant (Table S2). However, only up to 1.3
units were lost, which is not considered important enough for pasta production; the true
indicator of brightness is not the semolina, which is more predictive of different particle
sizes and shapes. Semolina b* is more important, with significant genotype and Nrate
effects (Table S2). DBA Lillaroi achieved a higher semolina b* than Jandaroi at all Nrates, as
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was found in 2020 (Figure 7). In 2021, there was a significant increase in semo-b* in DBA
Lillaroi with increasing rates of applied N from as low as 20 kgN/ha to the highest levels at
160 kgN/ha N. For Jandaroi, 20 N increased the semo-b* values, with no further increases
with more applied N (Figure 7). This is a desirable trait but needs to be balanced by the
slight decrease in semo-L*.
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Figure 11. (A) Boxplot showing the HVK% for both varieties at different N application rates at
sowing for the 2021 season. LSD statistics shown and green crosses refers to outlier values. (B) Linear
regression plots for each genotype, lines are the best fit coloured according to genotype, r2 = 0.76,
p < 0.001.

As observed in 2020, Jandaroi showed much stronger dough properties than DBA
Lillaroi (longer MPT, lower RBD and higher GI). In 2020, there were minimal changes in
the dough strength with N rate (RBD and GI). However, in 2021, the Nrate led to a decline
in GI in DBA Lillaroi but not Jandaroi (Figure 8) and an increase in RBD for both varieties
(Figure 9). Jandaroi typically had a very high GI, staying above 90 at all N rates and was
unaffected by FCR infection (Figure S1). However, in 2020, both varieties were impacted by
FCR, with a reduced GI which was not seen in 2021 likely because there was little to no FCR
expression in this season (Figure S1). The much larger decline in the GI in DBA Lillaroi was
evident in 2021, with a more restrained fall in the GI in the 2020 season with the Nrate. For
DBA Lillaroi, while having a high GI of 90+ at 0 kgN/ha up to a 40 kgN/ha application
rate, the GI tended to decline with increasing rates of applied N, reaching its lowest levels
at the 160 kgN/ha application rate with a GI of ~70–80, which is still an acceptable level.
The mixograph RBD hardly changed with Nrate in 2020 for both varieties, but in 2021 both
varieties showed large increases in RBD (indicative of less stable dough) in line with the
declining GI with increasing Nrate (Figure 9). However, there was a larger decline in the
GI for DBA Lillaroi but little difference in RBD between the varieties with increasing N
rate, while FCR had a significant effect on RBD only in 2020 and especially for DBA Lillaroi
(Table S1). A lack of FCR impact in 2021 is consistent with a lack of expression not infection
in 2021 (Table S3). The season was too wet and temperatures were mild during grain filling,
which limited the expression of whiteheads and hence the yield loss. Many quality traits
were unaffected from FCR infection due to these climatic conditions, while in 2020 there
was infection and expression of FCR, with significant effects from the genotype and Nrate
and a FCR × Nrate interaction from the ANOVA (Table S4).
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3.3. Protein Compositional Changes (2021 Season)

The protein composition of the mature grain samples can provide some explanation for
the observed effects of the three treatments based on an understanding of the role of gluten
proteins in grain quality. Only data from the 2021 season were examined by HPLC. As the
protein content of the sample increased, the total area of each peak also increased (Table S5).
Looking for trends in the data with genotype, Nrate and FCR infection reveals significant
genotype effects for all six HPLC peak areas and for three derived parameters, except
SolC, while for the Nrate the effect was only significant for SolB, InsolA, InsolA, InsolB
and Gli/Glu, with no significant effect of FCR inoculation and no interactions (Table S5).
Higher SolB mean values were found in DBA Lillaroi at the same corresponding Nrate
than Jandaroi (Figure 12A). Only the higher N application led to a significant increase in
the gliadin to glutenin ratio, changing the protein composition of the grain. For insolA,
while some significant differences were apparent with Nrate, there was no consistent trend
(Table S5). Overall, the mean Gli/Glu for DBA Lillaroi (0.806) was significantly higher
than Jandaroi (0.777), but Jandaroi showed more response to the Nrate, plateauing at 80 N
and increasing from 0 to 160 N by 8.1% compared to DBA Lillaroi at 5.1% (Figure 12B).
A correlation analysis shows significant (p < 0.05) and strong correlations (defined as
r ~ 0.7–0.9) between Gli/Glu and L* (−0.72), MPT (−0.74), RBD (0.78) and GI (−0.70);
between SolA% and L* (−0.78), MPT (−0.88), RBD (0.87) and GI (−0.80); and between
InsolA and TGW (−0.82), SY (−0.94), b* (−0.92) and GI (0.72). Low correlations (r ~ 0.3–0.7)
were obtained between HVK and all these three HPLC parameters.

Principal component analyses (PCA) enable insight into the presence of patterns and
relationships in available data by providing information of defined variables which behave
similarly to each other. Traits showing simple correlations were analysed and separated
by Nrate (Figure 13A,C) or genotype (Figure 13B,D). The first two principal components
accounted for 90.73% or 98.79% of the variability of the data, respectively. For example,
in Figure 13A, MPT was negatively correlated to RBD, while the GP, yield and WG were
strongly positively correlated and higher values for GP, yield, WG, HVK were associated
with higher Nrates. For varieties, these same traits (Figure 13B) show that Jandaroi data
points cluster to higher values for HVK and GI. For milling traits, SY, Semo only and TGW
were all correlated (Figure 13C) and for genotype split, higher milling and grain weight
values were evident for DBA Lillaroi over Jandaroi (Figure 13D).
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Figure 13. PCA plots of mean values of samples for selected traits from the 2021 season. Colour
coding for Nrate (A,C) and genotype (B,D) is shown in the legends. Lines are scales relevant to each
trait. Traits for A & B shown are HVK, Corr P, Yield, %WG, RBD, MPT, GI and for C & D, Yield,
S_Only, TGW, SY, b, HVK.

4. Discussion

Increased nitrogen (N) inputs are required to achieve higher grain protein levels
desirable for obtaining premium durum wheat grades in Australia. Unfortunately, higher
N inputs can exacerbate infections and yield losses from FCR [14,15], which is prevalent
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across the northern grain region of Northern New South Wales [6]. The two seasons
were unseasonably wet compared to the long-term average rainfall (Table 1), but with
important differences between the seasons during the critical grain filling period, which is
September–November in this environment. The total rainfall in 2020 during this period
was 103.4 mm, with a higher average maximum temperature of 27.4 ◦C, showing that 2020
was a drier and hotter season compared to 2021, with continued rainfall during grain filling
and mild temperatures (rainfall of 279.8 mm and 24.5 ◦C). These overall differences in
rainfall and temperature between the seasons, with 2020 being hotter and drier, are known
to favour expression of FCR infection, resulting in a higher impact on grain yield [21] and
some quality measures (TW, MPT, SCR and especially GI) in 2020. In 2020, high residual
soil N levels reduced N responsiveness, with limited impacts on durum quality. The
background soil N levels following extended mineralisation during drought years (2019
and earlier) potentially limited the impact of N treatments in 2020, as seen with yield and
GP, which consequently limited impact on grain protein synthesis (reduction in glutenin
and gliadin) that impacts grain structure and hence vitreosity (no change, very high). In
2021, the field experimental site was preceded by a sorghum crop which reduced soil N
levels and resulted in significant GP and yield responses to varying N application rates
and consequential effects on grain quality and gluten protein composition. Over the two
years of this project, we did not have the combination of low starting soil N levels to drive
strong responsiveness to N application rates and drier/hotter conditions during grain fill
to favour FCR expression following inoculation. A third season (2022) would have been
desirable but as it turned out, due to a persistent La Niña, the wet and mild conditions
continued in 2022 (September–November had 389.8 mm rainfall and an average maximum
temperature of 23.3 ◦C) that would have also limited the FCR expression at this location.

Comparison of Seasonal Impact on Yield and Quality

The grain yield in 2020 showed no significant difference between genotype and Nrate,
but FCR infection impacted the GY in both varieties (reducing it), with a higher dose of
inoculum having more impact in most situations. In the 2021 season, higher yields were
obtained (overall mean in 2020: 2.0 t/ha; 2021, 4.8 t/ha) with much more responsiveness to
applied N in both varieties but no significant effect from FCR inoculation. Yield increases
were similar between varieties in 2021. The grain yield was responsive to applied N
fertiliser in durum wheat, as N fertilization is largely considered to be the main factor
affecting yield and protein content [22], where the N is converted into protein and biomass.
This was reflected in the GP responses being dampened in 2020 (range 1.04%) compared
to higher responsiveness at all N rates in 2021 (range 2.4%), especially between 40 and
160 N. These increases had the expected effects on technological quality traits. Nitrogen
fertilization contributes to increases in protein content when the fertilizer rates satisfy the
requirements of both yield and protein synthesis [23,24]. Indeed, in 2021, traits significantly
affected by Nrate were GY, GP, WG, TW, TGW, HVK, SKHI, SY, Semo only, L*, b*, MPT,
RBD, mixograph peak height and GI, compared to 2020, where only GP, WG, TGW, b* and
Semo only were significantly affected by Nrate. In 2021, both varieties responded similarly
to applied N, with DBA Lillaroi having a starting GP lower than Jandaroi. The response
was larger at 80 N and above compared to lower rates. If the soil N at sowing is high, then
the plant relies less on the applied N to fill the grain with protein. The GP content obtained
in the mature grain depends on other factors such as water and N availability, length of
grain filling, weather conditions prevailing during grain filling (like higher rainfall and
lower temperatures prolonging the flowering and grain filling period), partitioning of
N and dry matter to the grain and source–sink relations with leaves and stems [25]. An
inverse relationship between the grain yield and grain N concentration has been reported
in durum wheat [26–30]. Against this trend was a strong positive correlation between GY
and GP in 2021 (r = 0.84, p < 0.05) but not in 2020. This relationship can be affected by soil
fertility, water availability, etc. [25]. The combination of the above average rainfall and high
rates of N application satisfying the requirements for both yield and protein synthesis could
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explain this positive correlation in 2021 [23]. Based on the GP responses, both varieties
appear to have similar abilities to transfer the applied N to more grain protein. Grains were
smaller in 2020 than in 2021 (mean TGW in 2020 was 41.8 g compared to 46.4 g in 2021)
and this could also result in the higher protein in that season (mean 0 N GP of 13.8% in
2020 vs. 12.7% at 160 N in 2021).

Genetic differences in grain weight were evident between the two varieties and DBA
Lillaroi was selected during breeding to achieve a high TGW and milling potential and
the data support this as do other studies [31,32]. The overall TGWs achieved are typical
for durum wheat grown in the NNSW region under non-drought situations, as was the
case in the two seasons of this study. The Jandaroi TGW did not respond to Nrate, while
that of DBA Lillaroi tended to decrease, but this was not consistent in 2020 and hardly
changed in 2021. FCR had no impact on the TW in both varieties in 2021 because there
was very little FCR expression despite the infection from the inoculation, but it reduced
the TW for Jandaroi in 2020 significantly from 78.7 kg/hl to 77.6 kg/hl. This is not a large
change and is of no commercial significance as these levels are above the trading discount
of 76 kg/hl. There was some evidence of weather damage in the visual appearance of
the kernels, especially in 2021, where a much lower HVK was found. Rainfall at or near
harvest (1 December 2021) of 191 mm in November (Table 1) could have been responsible
for the low falling numbers from 185 to 290 s in 2021 that was not found in the 2020 season
(with only 3 mm of rain near harvest (24 November 2020) with a mean FN of 571 s).
While 185–290 s is below the minimum GTA trading value of 300 s required for acceptable
grain [33], evidence from the literature suggests only if the weather damage to durum
wheat is severe (FN < 100 s or thereabouts), is there any influence on pasta colour and
cooking quality [33].

The percentage of kernels that are vitreous is an important grade determinant for
durum wheat because of its impact on the semolina milling yield and end-product quality.
Durum wheat with high HVK percentages (>80) and test weights will generally give high
semolina yields with a minimum number of white starchy particles [34]. According to the
grading standards in Australia [3], durum is graded as ADRI HVK > 80%; ADR2 HVK
70–80%; or ADR3 < 70%, which means that despite what the grain protein is, the grain
could be downgraded at grain receival centres to a low HVK percentage with consequent
financial penalties for growers. The grain vitreousness was affected in 2021 but not in 2020,
where HVK percentage had average values of >95% probably because the protein was >13%
and unresponsive to applied N. In 2021, the increase in N fertilisation led to an increase
in HVK percentage, which is mostly likely due to an increase in GP that has been found
by others [35,36]. A high grain protein content allows the formation of a compact grain
structure due to the starch granules in the amyloplasts being surrounded by the protein
matrix, and this creates reduced air spaces in the grain structure, resulting in a vitreous
or “glassy” appearance, i.e., a high HVK score. In contrast, a less compact grain structure
has many open spaces with a lower density endosperm [35], and the protein matrix is
discontinuous, creating an opaque appearance due to light diffraction and diffusion in the
void spaces [35]. There is generally a strong correlation between GP and HVK as observed
in the 2021 data (GP vs. HVK, r = 0.81, p < 0.001, Figure 11B) in line with other reports [2,33].
This relationship differed between Jandaroi and DBA Lillaroi, with the former genotype
showing a more gradual change and maintaining a HVK percentage mostly above 75%
even at 9–10% GP, whereas DBA Lillaroi’s slope was larger with a HVK percentage of
<80% as GP declined below 11.5%, reaching values as low as 42%. Given that a HVK
percentage > 80 ensures a top grade (ADR1) in Australia, Jandaroi for most field plots met
this requirement, whereas DBA Lillaroi did not, especially at Nrates below 80 kg/ha. Even
with no applied N, many Jandaroi samples achieved HVK percentages of >80%, whereas
for DBA Lillaroi, the applied N was found to be critical in achieving the highest grade and
an 80 N minimum was required, with downgrading to the lowest grade at ≤20 N. This
would strongly impact the price a grower would receive. Jandaroi has more potential to
achieve a higher GP than DBA Lillaroi in the NNSW environment, although it quite often
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gives a lower yield [32]. So, despite the known relationship between HVK and GP, this
was not observed for Jandaroi since even at very low GPs of 9–11%, the HVK percentage
was mostly >75%. It has been noted by others that this strong association between protein
and HVK is inconsistent [2] and Sieber et al. [37] found large variations in grain protein in
non-vitreous kernels. A possible explanation is related to the protein composition and how
that influences the grain structure. At the same Gli/Glu ratio range of 0.65–0.79, Jandaroi
had a mean HVK percentage of 89 ± 8.3% and a GP of 11.4 ± 1%, while DBA Lillaroi had
a mean HVK percentage of 70 ± 14.6% with a similar GP of 10.8 ± 1.1%, showing that
despite very similar GPs and Gli/Glu ratios between the varieties, the grain structure in
Jandaroi must be quite different to DBA Lillaroi to account for this large difference in HVK
percentage. Thus, other factors are operating. The question then is why is Jandaroi able to
maintain a high HVK percentage at low protein levels? Samson et al. [35] found that the
genotype Néodur was able to synthesise protein more efficiently from applied N than other
varieties examined (like the case for Jandaroi vs. DBA Lillaroi in this study) and showed
the highest density kernels, consistent with a high HVK percentage. We found that as the
HVK percentage increased, the gliadin to glutenin ratio increased in both durum varieties
(Figure 14). This result is consistent with other studies showing preferential accumulation
of gliadin in vitreous kernels [2,33]. Samson et al. [35] suggested that gliadin proteins
facilitate the formation of the vitreous endosperm by providing better adhesion of the
protein matrix to starch granules during kernel desiccation. Our data suggest this would
at least have some dependence on the genotype, but none of the above studies examined
the relationship between HVK percentage, GP and Glu/Gli in multiple genotypes. Further
analysis of the glutenin proteins during grain maturation should confirm if Jandaroi does
synthesise gliadins faster during grain development than DBA Lillaroi, and this may assist
the formation of a “tighter grain structure” which translates into higher mature HVK levels
in this genotype irrespective of the grain protein content, making Jandaroi a better genotype
when soil N levels are low, but more studies are needed to confirm this.

Grain weight, TW and vitreousness can contribute to milling yield and purity (ash con-
tent and bran specks in semolina) that can impact pasta appearance and colour [38]. For the
trait Semo only, in 2020, there was a tendency for this to decline with increased N, but only
significantly for DBA Lillaroi (Figure 6). However, in 2021, there was a much greater change
(increase) in Semo only which was very clear for DBA Lillaroi, increasing significantly from
20 N to 80 N, while Jandaroi showed little response to applied N (Figure 6). This was less
apparent for the trait SY%, which showed smaller increases with applied N, and no change
was noted in SY% for both varieties in 2020 (Figure 5). The increase in Semo only in DBA
Lillaroi in 2021 could be due to a good response to applied N for the HVK percentage and
less so for the TGW that was not the case for Jandaroi. It seems that DBA Lillaroi has more
potential to improve its milling potential than Jandaroi, possibly by translating more N
into starch through higher starch synthase activity or improving the milling potential of
this genotype by changes in the endosperm to bran ratio, the separability of the bran or
other factors [39]. However, further testing in more environments is needed to confirm
this response, which is very interesting and shows potential to manipulate the milling
potential with applied N dependent on genotype. Interestingly, despite DBA Lillaroi at
Nrates < 80 kg/ha (2021 data only) having a HVK percentage of <75, Semo only and the
SY% were still superior to Jandaroi, and even at 0 N DBA Lillaroi has a higher milling
yield than Jandaroi at 160 N (for SY% only). It was noted by Fu et al. [2] that low protein
durum can have acceptable milling yields even with a HVK percentage of <70%. Other
factors come into play in particular genetic factors [32]. DBA Lillaroi’s genetic tendency
to produce a high TGW could contribute to a higher semolina yield than Jandaroi and
not so much, if at all, from HVK contributions. In particular, the N response seen in the
TGW in DBA Lillaroi and not in Jandaroi would help in achieving a higher semolina yield.
Fu et al. [2] found that when using composite durum wheat samples varying in GP from
14.5 to 9.9% and providing a HVK percentage of >70%, the semolina yield did not change
with GP content, but the semolina yield declined significantly if a low HVK percentage
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coincided with low grain protein values. This could explain why the semolina yield in
Jandaroi did not respond to N fertilisation (even at GPs of ~10.5% with 0 N) because the
mean HVK percentage was >80%. However, for DBA Lillaroi at N < 80 kg/ha where the
HVK percentage was <75% and the GP was < 11.5%, this combination resulted in the grain
producing significantly less semolina on milling. In the 2020 season, both the GP of > 13%
and the HVK percentage of >96% were high, which could explain the lack of SY response to
applied N in that season. A high HVK percentage confers a superior milling performance
and high wheat protein levels can mitigate the negative impact of a low HVK percentage
on durum milling by reducing the size of the starchy areas in the piebald kernels [2].
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The semolina colour is an important characteristic in durum because a high semolina
yellowness tends to translate to a high pasta yellowness, although during milling and pasta
processing loss of colour can occur [40]. Higher protein semolina is known to be duller
(lower L*) as the protein affects the brightness/redness of semolina [41], and the semolina
L* decreased with increasing N rate (Table S2). High HVK percentage grain can negate the
effects of duller semolina due to high grain protein levels, resulting in the final pasta still
remaining a bright yellow colour [2]. DBA Lillaroi has a higher semolina b* than Jandaroi
because this genotype has a higher natural yellow pigment level in the endosperm as a
result of years of breeding and selection to enhance semolina b* levels [32]. While there
were no significant changes in semolina b* in 2020, in 2021, there was a significant increase
for DBA Lillaroi but not for Jandaroi with increasing N. This is probably related to the
increase in GP, as Dalla Marta et al. [42] reported an association between protein content
increases and increases in yellow pigment content.

Jandaroi was selected to breed for its high dough strength reflected in the MPT
(3–5 min), low RBD (<50) and very high GI (>90) superior to DBA Lillaroi [32]. While there
was little effect of Nrate on the GI in the 2020 season for both varieties, in 2021, increasing
the N application reduced the GI slightly in Jandaroi (95 to 85) and to a much larger extent
in DBA Lillaroi (92 to 76). The FCR inoculum, however, significantly reduced the GI in
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both varieties in 2020 but had no effect in 2021 (Figure S1). The season was too wet and
temperatures were mild during grain filling, which limited the expression of whiteheads
and hence the yield loss and many quality traits were unaffected by FCR infection in 2021.
The RBD in both varieties in 2021 increased with increasing N (Jandaroi from 27 to 46; DBA
Lillaroi from 27 to 53) but not in 2020. These data indicate a weakening of dough strength
with increasing N application, consistent with the decrease in the GI. The reason for the
seasonal differences and effect of N is complex and may depend on other conditions like
water availability and other environmental changes, as a genotype’s dough properties are
affected by both genotypic and environmental factors [31,43]. Giuliani et al. [25] found in
their N application study in durum wheat that while the GI was affected by N in one year,
there was no change in another season. Other studies in wheat have shown a decrease
in gluten strength with N fertilization in hard white winter wheats due to a preferential
increase of gliadins over glutenins [44]. The negative influence of a higher Gli/Glu ratio
on common wheat dough rheological properties is well known [45,46]. Increasing N led
to an increase in the Gli/Glu ratio in both varieties, with different responses between
varieties (Figure 12B). The regression of Gli/Glu on RBD and GI (Figure 15) shows that
as the gliadin percentage increases, the dough becomes weaker. In Jandaroi, the increase
in Gli/Glu did not result in much change in the GI, whereas in DBA Lillaroi, there was
a much stronger relationship, suggesting that changes in Jandaroi Gli/Glu are much less
likely to result in large shifts in the GI compared to DBA Lillaroi. This supports the
findings of Saint Pierre et al. [44], but further verification is needed. This relationship
is more complex and related to genetic differences in varieties’ abilities to retain gluten
strength despite a changing protein composition. However, both varieties showed a similar
change in RBD, increasing with an increase in Gli/Glu, but that did not translate to much
reduction in the GI for Jandaroi. While the mixograph parameters and the gluten index
tests are correlated, they measure different aspects of dough properties because they are
fundamentally different methods to evaluate dough [47]. Horvat et al. [48] showed that, in
common wheat, increasing the nitrogen level led to a higher grain protein content, with
changes in the gliadin to glutenin ratio to a lesser extent, which was genotype specific.
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5. Conclusions

This study was performed to illustrate the impact of fusarium crown rot (FCR) infection and
its interaction with nitrogen fertiliser application levels at sowing on the grain yield and quality.
The cool and wet conditions during the growing season in 2021 limited disease expression and
FCR’s impact on yield and quality despite the infection of plants. Residual soil N levels at
sowing were much higher in 2020 than in 2021, which limited the effects of N treatments on
the yield and quality in the first year of experimentation. The lowering of residual soil N levels
prior to sowing in 2021 resulted in good nitrogen responses in terms of the grain yield and grain
protein content, with consequent effects on other technological properties such as TW, TGW, SY,
L*, b*, MPT, RBD and GI. Jandaroi was found to maintain its kernel vitreosity at all protein levels,
allowing a good probability of a grower obtaining the premium grade, while DBA Lillaroi did
not and could be downgraded if the nitrogen application was insufficient. However, a higher
nitrogen application needed to achieve a protein level of more than 12% could reduce the dough
strength under some conditions, as was the case in 2021, but Jandaroi maintained its dough
strength much better than DBA Lillaroi. While dough strength is not reflected in grain trading
standards, it can impact pasta processing and pasta quality, so a genotype that has this trait
is important to pasta processors. The response of the protein composition of the two varieties
to nitrogen fertilisation differed and it was proposed that Jandaroi’s tendency to have a lower
Gli/Glu ratio in response to nitrogen helps to maintain a high grain vitreousness and a high
dough strength. This suggests that genetics plays an important role in a genotype’s response to
nitrogen fertilisation and should be considered when selecting a genotype where a high grade
is desirable. The potential of nitrogen application to increase the milling yield found in the 2021
season, especially in DBA Lillaroi, should be explored, and the mechanism for this effect should
be determined, as it has the potential to increase the value to the miller. DBA Lillaroi’s genetic
potential for a higher grain weight through breeding is an important characteristic. Further
validation of these findings is needed over drier and warmer grain filling periods which favour
the expression of FCR to better understand the relationships between genotype, Nrate and FCR.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy13061658/s1. Table S1. ANOVA table showing means
and significance for treatments for the 2020 season. Table S2. ANOVA table showing means and
significance for treatments for the 2021 season. Table S3. Means and LSD for % Fusarium infection for
both varieties at different disease application rates—Tamworth 2021. Table S4. Means and LSD for %
Fusarium infection for both varieties at different disease and nitrogen application rates—Tamworth
2020. Table S5. Mean SE-HLPC data for two durum wheat varieties at four N rates and two CR
inoculations in mature grain for the 2021 season. Figure S1. Boxplot showing GI for both varieties at
different CR inoculation rates (g/m) for the 2020 and 2021 seasons. LSD statistics shown for each year.
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