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Abstract

Background and aims Weeds are a major biotic
stressor impacting crop production. Improving the
competitiveness of wheat (Triticum aestivum L.)
could provide a useful tool in integrated weed man-
agement. While wheat typically exhibits conservative
early growth, early vigour has been increased through
long-term recurrent selection for greater early bio-
mass and leaf area. However, the influence of inte-
grating such vigour into breeding lines for improving
competitive ability remains to be explored.

Methods 1In replicated controlled environment
experiments, the effect of breeding early shoot vigour
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on root development and below-ground competitive-
ness was carefully examined. Physical and chemical
characteristics of wheat vigour lines were assessed
and compared with commercial cultivars in hydro-
ponics and field soil experiments. Measurements
included early root growth, rhizosheath size and
growth responses in the presence of annual ryegrass,
a major weed in wheat production.

Results The vigorous lines exhibited larger leaf
widths, increased cell file number, increased total
root length and larger rhizosheaths compared with
commercial parents. Numerous secondary metabo-
lites with known allelopathic effects on weeds were
detected in the roots and the rhizosphere, and sig-
nificant allelochemical level differences observed
between distilled water and soil water extract-treated
plants. Although the vigour lines were significantly
more competitive than the commercial cultivars
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against ryegrass, they produced similar levels of phy-
totoxic secondary metabolites.

Conclusion Competition below-ground was
strongly suppressive of ryegrass for the more vigor-
ous genotypes suggesting that breeding with shoot
vigour had pleiotropic effects on key root traits for
below-ground wheat competitiveness.

Keywords Competition - Cell files - Rhizosheath -
Root length - Root hair - Allelopathy - Integrated
weed management

Abbreviations

BX Benzoxazinoids

DIBOA 2.4-dihydroxy-(2H)-1,4-benzoxa-
zin-3(4H)-one

DIMBOA 2,4-dihydroxy-7-methoxy-(2H)-

1,4-benzoxazin-3(4H)-one
BOA benzoxazolin-2-one

MBOA 6-methoxy-benzoxazolin-2-one)

DIBOA-glc 2,4-dihydroxy-1,4-benzoxazin-
3-one-glucoside

HMBOA-glc 2-O-Glucosyl-7-methoxy-1,4(2H)-
benzoxazin-3-one

DIMBOA-glc  2,4-dihydroxy-7-methoxy-(2H)-

1,4-benzoxazin-3(4H)-one-gluco-
side
2,4-dihydroxy-7,8-dimethoxy-
1,4-benzoxazin-3-one-glucoside

DIM2BOA-glc

HDMBOA-glc  2-hydroxy-4,7-dimethoxy-1,4-ben-
zoxazin-3-one

APO 2-amino-3H-phenoxazin-3-one

AAPO 2-acetylamino-3-H-phenoxazin-3-
one

AMPO 2-amino-7-methoxy-3H-phenoxa-
zin-3-one

AAMPO 2- acetylamino-7-methoxy-3H-phe-
noxazin-3-one

Introduction

Competition from weeds represents the single largest
biotic stress for wheat (Triticum aestivum L.) with a
potential loss in production of approximatively 25%
(Oerke 2006). The large potential for loss occurs
because the wheat crop and weeds compete for the
same pool of resources (Gallandt and Weiner 2015).
Increases in the harvest index of wheat, a major
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priority for modern breeders, were achieved by reduc-
ing plant height which reduced lodging and allowed
a greater investment of carbon in floret fertility to
increase grain number (Youssefian et al. 1992). How-
ever, shorter wheat ideotypes, as described by Donald
(1968,) with smaller canopies were less competitive
against neighbouring weeds (Cousens et al. 2003b).
Indeed, decreased competitiveness has been associ-
ated with the introduction of the semi-dwarf genes
central to the yield increases of the “Green Revolu-
tion” (Reynolds et al. 1994). Weed control required
more intensive management practices that combined
primary tillage with more regular herbicide applica-
tions (Evers and Bastiaans 2016). These methods
introduced several challenges. Tillage is laborious
and energy intensive (Morris et al. 2010; Soane et al.
2012), and can lead to soil erosion, compaction and
loss of soil structure (Lowry and Smith 2018). Inten-
sive herbicide use led to increased occurrence of
herbicide resistance (Délye et al. 2013; Heap 2018),
negative environmental impacts and food safety con-
cerns (Lemerle et al. 2001a; Stoate et al. 2009). The
rise in herbicide-resistant weeds, the paucity of new
herbicides with novel modes of action (Heap 2014),
together with other economic, environmental and
social challenges associated with excessive use of
chemical herbicides (Colas et al. 2020; Wezel et al.
2013) highlight the need for integrated weed manage-
ment strategies. One sustainable technique involves
the development of crops that are inherently more
competitive against weed infestation. Indeed, enhanc-
ing the competitiveness of wheat is considered to be
one of the most promising strategies for controlling
weeds compared with other integrated farming prac-
tices (Gaba et al. 2018; Debaeke et al. 2024).

The competitive ability of wheat has been defined
as the sum of its tolerance to the presence of weeds
without significantly affecting yield, and the suppres-
sion of weed growth (Jordan 1993). Above-ground,
crop-weed competition typically is for space and light
(Kaur et al. 2018). The quantity of photosynthetically
active radiation intercepted by the crop is negatively
correlated with weed fecundity (Lemerle et al. 1996)
and the emergence of weed seeds (Gaba et al. 2017).
Therefore, physiological traits that affect the amount
(Colbach et al. 2020; Page et al. 2010) and qual-
ity (Liu et al. 2009) of light available to weeds will
contribute to the competitive ability of wheat (Petit
et al. 2018). Competition also occurs below ground
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and the presence of neighbouring plants can affect
the early development of wheat well before canopy
closure (Finch et al. 2017). Meta-analyses comparing
the contributions of above and below-ground com-
petition to overall growth inhibition concluded that
below-ground competition intervened earlier and had
a greater effect on growth than above-ground interac-
tions in a majority of the studies analysed (Kizr et al.
2013; Wilson 1988). Below-ground crop competi-
tion represents a synergy of physical and allelopathic
interaction (Einhellig 1996). The ability of crops to
quickly and efficiently access nutrients (Giehl et al.
2014) or to “pre-empt” the nutrients (Craine 2006)
will contribute to their competitive ability (Craine
and Dybzinski 2013). Overall, the volume of soil
a crop plant can explore will impact directly on the
resources it can capture (Lynch et al. 2021).

Above-ground early vigour has been described as
the early rapid growth and spread of a crop (Rich-
ards 1989). Early vigour in wheat is characterised
by increased length and width of the first two leaves
and a greater leaf area index (Rebetzke and Richards
1999; Zhang et al. 2015). Multiple studies have found
that early shoot vigour benefits the competitiveness of
wheat (Bhaskar et al. 2019; Hendriks et al. 2022a),
and has the added advantage of increasing competi-
tiveness without reducing harvest index (Zerner et al.
2016). Early shoot vigour significantly varies between
wheat cultivars (Rebetzke et al. 2004, 2008) with
recurrent selection for shoot vigour resulting in sub-
stantial increase in leaf width and area (Zhang et al.
2015).

Above- and below-ground growth in wheat are
isometrically related (Maydup et al. 2012; Qin et al.
2012; Van Noordwijk and de Willigen 1987). Con-
sequently, wheat cultivars with high rates of shoot
growth tend to have increased rates of root growth
(Van Den Boogaard et al. 1996). Consistent with these
observations, wheat cultivars with greater early shoot
vigour also produced greater root biomass (Duggan
et al. 2005; Liao et al. 2006; Palta et al. 2011; Palta
and Yang 2014; Watt et al. 2005), longer root systems
(Palta et al. 2011), increased branching (Liao et al.
2006; Palta et al. 2007) and deeper root growth (Palta
et al. 2011) than less vigorous commercial wheat cul-
tivars. More recently, we showed that the selection for
greater shoot vigour in wheat also increased root hair
length (Hendriks et al. 2022b). However, these lines
were solely selected on their early shoot vigour and

not on any other agronomic characteristics (Zerner
et al. 2008). In order to assess the agronomic poten-
tial of early vigour wheat more thoroughly, the vigor-
ous genotypes developed previously were top-crossed
with commercial cultivars (Coleman et al. 2001;
Rebetzke et al. 2018). Resulting lines were examined
in more detail and their competitive ability assessed
(Hendriks et al. 2022a; Rebetzke et al. 2018).

The rapid growth and establishment of a root sys-
tem enables a greater volume of soil to be explored
which could improve competitiveness and reduce
reliance on herbicides (White et al. 2013). Root traits
such as total root length (Rogers and Benfey 2015),
root angle (Manschadi et al. 2006) and root growth
at depth (Lilley and Kirkegaard 2011; Wasson et al.
2012) are important traits for improving soil explora-
tion. Likewise, several studies have linked branching
patterns and root hairs to the uptake of water (Ahmed
et al. 2018), nitrogen (Liao et al. 2004, 2006), phos-
phorus (Gahoonia et al. 1997; James et al. 2016; Ryan
et al. 2015) and potassium (Jungk 2001). Chemi-
cal defence, or allelopathy is another mechanism of
below-ground competition, which occurs when one
plant, through its living or decaying tissue, inter-
feres with the growth of another plant via produc-
tion of allelochemicals (Zimdahl 2018). Wheat pro-
duces hydroxamic acids called benzoxazinoids (BX).
Two molecules of interest are 2,4-dihydroxy-(2H)-
1,4-benzoxazin-3(4H)-one (DIBOA) and 2.4-dihy-
droxy-7-methoxy-(2H)-1,4-benzoxazin-3(4H)-one
(DIMBOA) (Niemeyer 1988; Sue et al. 2011). These
secondary metabolites are key players in the allelo-
pathic interference (Pratley 1996; Schandry and
Becker 2019). Wu et al. (2000) suggested that allel-
opathy should be distinguished from competition.
Where allelopathy by a plant adds allelochemicals to
the soil, direct competition removes resources from
another plant to reduce its growth (Wu et al. 2000).
Nevertheless, these processes act in synergy in the
field, and a small allelopathic effect may change the
final competitive balance (Einhellig 1996). Therefore,
separating the competitive and allelopathic effects on
the competitor is difficult (Inderjit and Moral 1997;
Thijs et al. 1994). Indeed, most studies either do not
separate physical and chemical interactions or pro-
vide little evidence for the presence of allelopathic
interaction in the field (Mahé et al. 2022).

Early vigour and allelopathy have been identi-
fied as targets for improved crop competitiveness
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(Bertholdsson 2005) and aid in integrated weed man-
agement (Lowry and Smith 2018). Nonetheless, lit-
tle is known of how breeding with shoot vigour to
improve cultivar competitiveness affects root system
architecture and below-ground competitiveness. The
present study evaluated the early root growth and
below-ground competitive interactions of progeny
from top-crosses between germplasm from the third
cycle of recurrent selection for vigour and two Aus-
tralian commercial cultivars, Yitpi and Wyalkatchem.
Experiments performed in hydroponics and field soil
examined root length, rhizosheath size, root angles
and the presence of exuded phytotoxic secondary
metabolites on plants grown under controlled envi-
ronments. Competitive interactions were then evalu-
ated in root pouches and in field soil in the presence
of perennial ryegrass (Lolium perenne L. cv Kidman)
as a weed competitor.

Materials and methods
Germplasm

Breeding lines were produced with vigour donors
from the third cycle (C3) of a recurrent selection
program for early shoot vigour as described in Wil-
son et al. (2015). Briefly, the C3 vigour donors were
crossed with parental lines containing alternative
dwarfing genes Rht12 in W400203 and W470201 or
Rht13 in WO010709 and W670704, and the resulting
F, plants were top-crossed (TC) with commercial cul-
tivars, Wyalkatchem and Yitpi, both of which possess
the Rht-D1b semi-dwarf allele. A top cross enables
certain target traits to be combined from each par-
ent. Up to five top-cross F, plants were sown from
each commercial parent and allowed to self-pollinate
to produce a number of TC,F,. These TC lines were
subsequently self-pollinated through single-seed
descent until the F,s generation whereupon they
were assessed in the field for plant height at maturity.
Semi-dwarf lines were identified and retained. The
present study examined two independent vigour lines
derived from C3 and Wyalkatchem (W010709 and
W670704) and two lines independent vigour lines
derived from C3 and Yitpi (W400203 and W470201)
(Hendriks et al. 2022a). These TC vigour lines were
compared with the original lines from the third cycle
of the recurrent selection for shoot vigour (C3), the
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two commercial parental cultivars (Wyalkatchem and
Yitpi), a wheat cultivar previously identified as vig-
orous and weed suppressive (Condo), and a less vig-
orous and uncompetitive cultivar (Mace), a heritage
cultivar (Federation), and triticale (x Triticosecale,
cv Chopper). The last two genotypes were consid-
ered highly vigorous and competitive (Hendriks et al.
2022a). Unless mentioned otherwise, these genotypes
were used in all the experiments described below.

Leaf assessments

For leaf vein and cell file number assessments, 2 cm
long sections of the third leaf were taken 2 cm dis-
tance from the point of attachment to the pseudo-
stem. Samples were collected when the leaves were
fully elongated, fixed in 70% ethanol for 24 hours and
transferred to 1% w/v bleach (White King© sodium
hypochlorite 42 g/L) for clearing (Botwright et al.
2005). Leaf pieces were mounted whole in water
using glass slides and 0.17 mm thick cover slips.
Brightfield images were obtained using a Zeiss Axio-
Imager Z1 microscope equipped with a Zeiss Axio-
cam 712 colour CCD camera (Carl Zeiss Micro-imag-
ing GmbH, Jena, Germany) and plan-apochromat 10x
(NA =0.3) objective. Tiled images were captured to
record epidermal cell position along with cell length
and width measurements using Zeiss ZEN V2.6 (Carl
Zeiss Micro-imaging GmbH, Jena, Germany).

Root angle assessment - clear-pot method

A clear-pot, root angle assessment technique was
adapted as described by Richard et al. (2018). Fifteen
seeds per genotype were weighed individually within
a range of 47+2 mg. The seeds were treated with
fungicide by soaking them for 3 minutes in Thyram
(1.4 g/L), and then germinated on wet paper placed in
Petri dishes in the cold (4 °C) for three days and then
at room temperature for 24 h. Six germinated seeds
(roots approx. 3 mm) were selected per genotype
and sown in transparent pots (4 L, 200 mm diameter,
190 mm height from Anovapot Pty Ltd., Brisbane,
QLD, Australia). The seeds were sown vertically,
along the pot wall with the embryo facing down-
wards against the edge of the transparent wall, every
60 degrees along the circumference of a pot filled
with a 50:50 compost:sand potting mix. The trans-
parent pots were then placed in opaque black pots
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(4 L, Anovapot, 200 mm diameter, 190 mm height) to
avoid exposing roots to light. Position of the pots was
randomised on the bench in the greenhouse. Three
days after sowing (DAS) the seeds had germinated,
and shoots emerged. The seminal roots were identi-
fied through the transparent pot-wall and the first pair,
when visible, was traced on the pot. Photographs of
the plants at 1-leaf stage were taken 12 d after sow-
ing with a digital camera at a standard height and
distance from the pots. Pictures were analysed with
Fiji software (version 1.53 s; imagej.net/software/fiji/
downloads), using the “Angle tool” option, to calcu-
late the angle between the first pair of seminal roots.

Rhizosheath measurements

This experiment was conducted in a cropping soil
obtained from the Ginninderra Experimental Sta-
tion (35°17°S, 149°05'E; ACT, Australia). The top-
soil was collected to a depth of 10 cm and passed
through a 4 mm sieve to remove larger sized organic
matter and small stones. The soil, classified as an
acidic (pH=4.3) Podzol soil, was limed with CaCO,
(2 g kg™! of soil) to achieve a pH of 7. At harvest,
plants were removed from each pot and the three
first seminal roots were excised at the seed leaving
the residual soil attached to the root (Delhaize et al.
2012). Root length and root fresh weight (includ-
ing attached soil) were measured. Rhizosheath sizes
(positively correlated with root hair length) were then
expressed as the ratio of the fresh weight to length of
the three seminal roots. The roots were then washed
to remove excess soil and stored in 50% (v/v) ethanol.

Competitive experiments: root pouches

For the  hydroponic  experiments, sheets
(25.4%38.1 cm) of Anchor Seed Germination Paper
(Hoffman Manufacturing Inc., Oregon, USA) were
used. The seeds were placed between two water-mois-
tened sheets, embryo facing downwards, 25 mm from
the top of the germination paper and held in place
with paperclips. The pouch was attached to a steel rod
with two paper clips, on the upper edge of the pouch
and hung vertically in purpose built opaque Perspex
boxes (48x26%28 cm). Two blue blotting papers
were used to stop the roots contacting the side of the
boxes, and one empty pouch was placed at either end
of the box. Water was added to 2 cm from the bottom

of each box and maintained at this level for the dura-
tion of the experiment. To ensure consistent germina-
tion, the boxes were stored for three days in the dark
at +4 °C. Subsequently, the boxes were placed in a
growth chamber with a 12 hour day/night (600 pmol.
m~2.s7") and 20 °C /15 °C day/night cycle. After
12 days in the growth chamber, the experiment was
terminated as the plants reached the second leaf stage
(Zadoks et al. 1974). Five pouches were used per
genotype and randomly allocated across the Perspex
boxes for root length assessments, and the experi-
ment was repeated thrice. Similarly, ten pouches per
genotype were set up for the extraction of secondary
metabolites. The pouches were isolated from each
other with clingwrap to avoid the transfer of phyto-
chemicals from one pouch to another. Two Perspex
boxes were used, each containing five pouches of
every genotype. In the first box, distilled water was
used to irrigate the pouches, while the second box
was irrigated with an aqueous soil extract prepared by
percolating distilled water through topsoil (0-0.1 m)
collected from the Ginninderra Experimental Station,
Australian Capital Territory (35°17’S, 149°05'E) (2 L
of water for 500 g of soil). The aim was to include
the complement of microflora from this soil into the
extract. The aqueous samples were stored in the dark
at4 °C.

Another five pouches were set-up for each geno-
type along with ryegrass as a competitor to assess
the below-ground interaction with the different wheat
genotypes. Each box contained 56 pouches, and a
total of four boxes were used for this experiment. The
pouch position was randomised in each box. Ryegrass
seeds were placed less than 5 mm above the wheat
seed. The number of weed plants varied. The first
box was set up as a competition free negative con-
trol with no ryegrass. In the second box each wheat
pouch contained wheat and two ryegrass seed; each
wheat pouch in the 3rd box contained four ryegrass
seeds; and wheat pouches in the 4th box contained
six ryegrass seeds. Root pouches with only ryegrass
(no wheat) used as free negative control for ryegrass
growth.

Root systems of the wheat plants were photo-
graphed under fluorescent light and analysed with
FIJI (Schindelin et al. 2012) to quantify the total root
length. The shoot length was also measured using this
technique. Roots and shoots were oven dried (70 °C
for 3 days) and weighed.
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Competition experiment: soil experiment

To compare data from the competitive root pouch
experiment with a soil-based assay, Yitpi-derived vig-
our line and Wyalkatchem-derived vigour line their
commercial cultivar parents and germplasm from
the third cycle of the recurrent selection of vigour
were grown in 20 cm polyvinylchloride (PVC) tubes
(9 cm diameter) using soil collected from the Graham
Centre field research site in Wagga Wagga (35°03 S,
147°36 E; NSW, Australia). The topsoil (0-0.1 m,
pH 6.4), which was classified as a fine red clay-loam
kandosol, was sieved through a 4 mm mesh. The
tubes were each filled with 1.7 kg of this soil (density
of 1.34 g/em®).

A single wheat seed was sown at 2 cm depth, and
the tubes were established with zero, four or eight
ryegrass seeds (equivalent infestation of approxi-
matively 0, 625 and 1250 ryegrass plants per square
meter, respectively). Three levels of competition
were assessed: only below-ground competition where
plants were kept from competing above-ground by

Fig. 1 Setup of the field soil competitive experiment. Wheat
(green and light brown) and two, four or eight ryegrass (orange
and purple) plants were allowed to interact A) only below-
ground with the above-ground growth kept separated by a
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using a white plastic divider (width 10 cm height
25 cm; Plastic Creations, Fyshwick, Australia)
(Fig. 1A); full competition with above and below-
ground competition (Fig. 1B); absence of competition
where only a single wheat plant was present in the
tube as a negative control (Fig. 1C).

The plants were grown in a controlled environ-
ment at 12 h day/night (600 pmol.m=2 s!) and 21 °C
/16 °C day/night cycle. Plants were harvested 30 days
after sowing at mid tillering (GS 25). The tubes were
emptied, roots washed out and roots of ryegrass and
wheat were separated. Plants were dissected, shoot
and roots were oven dried (70 °C for 3 days) and
weighed.

Collection and analysis of secondary metabolites

For this experiment one the vigour germplasm parent
was replaced by a germplasm from the sixth cycle of
the recurrent selection (C6) due to the limited avail-
ability of viable C3 seed. Samples were collected
at early vegetative growth corresponding to second

C D

white acrylic sheet, B above and below-ground, C a no com-
petition control tube with either only wheat, D no competition
control tube with only two, four or eight ryegrass plants
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leaf stage. The shoots were dissected and were oven
dried (70 °C for 3 days) and weighed. The roots were
dipped in 20 ml solution (99% methanol and 1% of
acetic acid) to extract the metabolites present in the
rhizosphere. Roots were weighed fresh and immedi-
ately placed post-sampling in an insulated cooler with
ice for transportation to the laboratory and then stored
at —80 °C until extraction.

Metabolic profiling of benzoxazinoids and tar-
geted metabolic profiling of aminophenoxazinones
in root dips and extracts was conducted as described
by Mwendwa et al. (2021). In brief, liquid chroma-
tography was performed using an Agilent 1290 Infin-
ity UHPLC coupled to an Agilent 6530 quadrupole
time-of-flight (QTOF) mass spectrometer (MS) with
an Agilent Dual Jet Stream electrospray ionisation
source (Agilent Technologies, Australia). Nitrogen
was used as the drying gas at a flow of 9 L min~!,
and nebuliser pressure was 35 psig. Chromatographic
separation was performed using a Synergi™ Polar-RP
column (2.0 mm X 30 mm, 2.5 pm particle size) (Phe-
nomenex, Torrance, CA USA) preceded by a guard
column (2.0x3.0 mm, 2.5 ym particle size) of the
same phase. Every 11 samples, a blank injection and
quality control sample were analysed. For the profil-
ing of the aminophenoxazinones a standard mixture
of aminophenoxazinone metabolites (APO, AMPO,
AAPO and AMPO obtained from the Fomsgaard lab-
oratory at Aarhus University (Denmark)) was injected
at the beginning and the end of the entire sample set.
Abundance of benzoxazinoinds was expressed in
units of detector response as purified standards were
generally unavailable for the majority of analytes
recovered. The abundance of aminophenoxazinones
was expressed in units of detector response. The mol-
ecules detected and quantified are describes in Sup-
plementary Table 1.

The target metabolite compounds were annotated
based on matching molecular features extracted from
chromatograms with Agilent MassHunter Qualita-
tive Analysis (v. B.07) with a personal library of
molecular formulas of benzoxazinoids constructed
previously (Agilent PCDL Manager v. B.08.00), with
reference to elution order based on similar analyses
performed by Mwendwa et al. (2016) or by compari-
son with authentic standards of BOA and MBOA pur-
chased from Sigma-Aldrich (Castle Hill, NSW).

Multiple reaction mode (MRM) analyses were
used to quantitate the phenoxazinone metabolites

(APO, AAPO, AMPO and AAMPO) using purified
standards (kindly provided by 1. Fomsgaard, Aarhus
University) using positive ion mode. APO was quanti-
fied by tracking the transition 213=>185 m/z, AMPO
using the transition 243=>228 m/z, AMPO using the
transition 2552213 m/z and AAMPO using the tran-
sition 285=> 243 m/z.

Statistical analyses

A mixed linear model was fitted containing random
components that identified the structure of the experi-
mental design for each experiment: (i) pot position
(row, column); and (ii) soil type. The analysis of vari-
ance and estimation of least squares means was con-
ducted considering genotypes as fixed effects using
the function Im in “emmeans” (Lenth et al. 2021) in
the R (4.03) (R Core Team 2020) software package.
Pairwise comparisons between genotype means were
obtained using the “emmeans” package using the
Benjamini-Hochberg procedure (Haynes 2013).

Metabolite abundance data were analysed using
several methods. The effects of genotype and water
treatment were analysed with factorial analysis of
variance (ANOVA) after transforming data with log
transformation (Statistix 10, Analytical Software, Tal-
lahassee, FL. USA). Associations between abundance
of benzoxazinoids and aminophenoxazinones were
assessed and visualised with heatmaps generated by
MetaboAnalyst 5.0 (https://www.metaboanalyst.ca/)
after 1) filtering by interquartile range, 2) estimat-
ing missing values using Limit of Detection method
where all the missing values are replaced with small
values (i.e. 1/5 of the minimum positive value of
each metabolite), and 3) transforming data with log,
transformation.

Results
Above-ground vigour

Above-ground shoot vigour was assessed by meas-
uring the width of the third leaf of various geno-
types (Fig. 2A). The C3 genotypes representing the
third cycle of recurrent selection for early shoot vig-
our had significantly wider leaves than other wheat
entries. Similarly, topcross-derived (TC) vigour
lines typically had wider leaves than their respective
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Fig. 2 Shoot vigour assessment on the third leaf. Data show
(A) leaf width of the third leaf (n=36 for C3 and n =24 for the
other entries), B number of cell files over the width of the third
leaf of the wheat entries. The error bars represent standard

commercial cultivar parents. The vigorous wheat cul-
tivar control, cv. Condo, exhibited significantly wider
leaves than the low vigour cultivar control, cv. Mace.
All vigour lines were significantly wider than the
commercial control for by up to 20%.

Detailed microscopic examination indicated
that genotypes with wider leaves also had signifi-
cantly greater cell file numbers across the third leaf
(Fig. 2B) while increased cell file number was asso-
ciated with greater vein numbers across the width of
the leaf (Supplementary data Fig. 1A). The vigorous
lines (parent C3 and TC-vigour lines) produced sig-
nificantly (P <0.05) more veins than their commer-
cial parents Wyalkatchem and Yitpi. Condo, included
as a vigorous cultivar control produced significantly
more leaf veins than cv. Mace, included as a low
vigour control. However, the number of cell files
between two leaf veins (10.9+0.2, SE) was not sig-
nificantly different across genotypes. Consequently,
the total number of cell files was strongly correlated
with leaf width (r=0.95, P<0.001) (Supplementary
data Fig. 1B).

Biomass accumulation in these early growth stages
was greater in the TC-vigour lines compared with
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errors (n=24). Significant differences were determined with
a one-way ANOVA. Letters identify significant differences
between means (P <0.05) as determined by pairwise compari-
sons with the Benjamini-Hochberg (BH) procedure

commercial cultivars (Supplementary data Fig. 2).
TC-vigour lines accumulated ~19% more root bio-
mass and ~20% shoot biomass than commercial cul-
tivars. Thus, while TC-vigour lines produced more
root and shoot biomass than the commercial cultivar
parents, root-to-shoot ratios were not significantly
different between wheat genotypes. Only the triticale
cultivar, Chopper, included for its known high vigour
and high weed competitiveness, had a higher root-
to-shoot ratio than the tested wheat entries. Triticale
also had a significant larger root biomass than all the
wheat entries.

Early root growth- root length and root angles

Total root length of plants at second leaf stage were
significantly different between the different geno-
types (Fig. 3A) The triticale cultivar Chopper had
the longest total root system of all entries. Among
the wheat entries the more vigorous cultivar Condo
had 17% longer root system than the less vigorous
cultivar Mace. The heritage cultivar Federation also
produced longer primary and secondary roots than all
the wheat cultivars. The length of the root systems of
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Fig. 3 Early root growth of different wheat and triticale geno-
types. Root length (A) length of the main seminal root length
(B) and length of the secondary roots (C) were measured for
the high vigour W lines, their respective commercial cultivar
parents (W010709 and W670704 generated from Wyalka-
tchem, and W400203 and W470201 generated from Yitpi),

the TC-vigour lines did not differ from the C3 vig-
our parent. Compared with the commercial parent,
the Yitpi derived vigour lines had ~50% longer roots.
The Wyalkatchem derived TC-vigour lines produced
~40% longer roots compared with its commercial
parent.

Total root system length in the wheat genotypes
was closely associated with length of the main sem-
inal roots (Fig. 3B). All TC-vigour lines had longer
seminal roots than their respective commercial culti-
var parents and some were as long as the C3 parent
and the triticale control. The total length of second-
ary or branching roots was not significantly different
between wheat genotypes (Fig. 3C). Only the triticale
had significantly longer branch roots. Root angles of
the second pair of seminal roots were not significantly
different (Supplementary data Fig. 3).

Rhizosheath size

Rhizosheath sizes were carefully measured among
all vigour lines and compared them to those of the
respective commercial parent. Generally, the TC-vig-
our lines had larger rhizosheaths than their respective
commercial parents but rhizosheaths were smaller
than the C3 vigour parent (Fig. 4). Rhizosheaths on
the TC-vigour lines derived from Yitpi were~14%

the recurrent selection for shoot vigour parent (C3) and the
triticale Chopper. The error bars represent standard errors
(n=24). Significant differences were determined with a one-
way ANOVA. Letters identify significant differences between
means (P <0.05) as determined by pairwise comparisons with
the Benjamini-Hochberg (BH) procedure

larger than Yitpi but 27% smaller than C3. Similarly,
the rhizosheaths on the vigour lines derived from
Wyalkatchem were 38% larger than Wyalkatchem but
21% smaller than C3. Differences between the vigour
lines and triticale were not significant for rhizosheath
size.

Competitive ability

Competitive ability of wheat genotypes during early
growth stages (GS21) was first examined in growth
pouches by assessing how well these lines suppress
the growth of perennial ryegrass (Fig. SA, B, C) and
how their own growth was affected by different num-
bers of ryegrass plants growing nearby (tolerance)
(Fig. 5D, E, F). The TC-vigour lines suppressed up
to 50% more weed biomass than their respective com-
mercial cultivar parents (Fig. 5A) while the more
vigorous and competitive commercial cultivar Condo
was more suppressive than low vigour cultivar Mace.
At the highest level of ryegrass pressure (six ryegrass
plants) (Fig. 5C) the TC-vigour lines supressed weed
growth significantly more than the recurrent selection
parent, Condo and the commercial cultivars and this
suppression was not significantly different from the
triticale control, Chopper.

@ Springer
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Fig. 4 Rhizosheath sizes of the vigour lines compared to their
parental genotypes and triticale. The rhizosheath, or amount of
soil material attached to given root length, was measured for
high vigour lines, their respective commercial cultivar parents
(W010709 and W670704 generated from Wyalkatchem, and
W400203 and W470201 generated from Yitpi), C3 parents
and triticale Chopper. The error bars represent standard errors
(n=24). Significant differences were determined with a one-
way ANOVA. Letters identify significant differences between
means (P <0.05) as determined by pairwise comparisons with
the Benjamini-Hochberg (BH) procedure

Tolerance to weed presence was measured as
the reduction in wheat growth in the presence of
an increasing number of ryegrass plants relative to
growth in the absence of weeds (2 ryegrass plants
Fig. 5D, 4 ryegrass plants Fig. SE, 6 ryegrass plants
Fig. 5F). Under all regimes of weed pressure,
growth of the TC-vigour lines was less affected
than the parental cultivars at all ryegrass densities.
Interestingly, growth of the TC-vigour lines was
reduced less by the presence of ryegrass than the
cultivar Condo at the different levels of weed pres-
sure. The cultivar Mace (low vigour and uncom-
petitive) showed the greatest reductions in growth
in the presence of ryegrass plants. At the highest
levels of weed pressure, growth reduction of the
TC-vigour lines was only a third that shown by their
parental cultivars and Condo, and only a quarter the
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reduction in Mace. Tolerance of the high vigour
lines was similar to the tolerance of triticale.
Following from the pouch experiments, we
selected lines to grow and validate ryegrass compe-
tition responses in PVC tubes filled with field soil.
The different regimes of competition from ryegrass
were imposed and these included: no competition,
four ryegrass seedlings and eight ryegrass seedlings
(respectively equivalent to 0, 625 and 1250 weed
seedlings per m?). To determine the importance of
below-ground competition during early stages of
growth wheat plants were managed to compete with
ryegrass below-ground only, or both above- and
below-ground. The results suggest that the TC-vigour
lines reduced growth of ryegrass significantly more
than their commercial cultivar parents at all the lev-
els of weed presence (Fig. 6). Indeed, the suppres-
sion of weed growth by the Wyalkatchem-derived
vigour lines was three-fold greater than for Wyalka-
tchem. Similarly, Yitpi-derived vigour lines were up
to twice more suppressive than Yitpi. There were no
significant differences in the suppression of ryegrass
between plants competing below-ground only and
plants that competed both above- and below-ground.

Metabolomics

Seven benzoxazinoids and four aminophenoxazinones
were detected in both the wheat root dips and root
extracts (Supplem Table 1), and their abundance
varied significantly among samples (Figs. 7 and 8).
Abundance of benzoxazinoid glycosides were great-
est in triticale Chopper, followed by Mace, W010709,
W400203 and Yitpi. The presence of soil extractives
in the culturing water generally resulted in uniformly
higher levels of all benzoxazinoids and aminophe-
noxazinoids detected, but particularly the benzox-
azinoid glycosides DIBOA-glc and DIM,BOA-glc.
Due to differences in methods used to extract these
compounds from the root dips and root extracts,
it was not possible to directly compare the abun-
dance of metabolites between these sample types.
Therefore,comparisons were made only within a sam-
ple source (e.g., either root dips or root extracts).
Statistical analysis of the root dip samples showed
that presence of soil extractives in the culturing water
significantly affected the abundance of the benzoxazi-
noids DIBOA-glc, DIM,BOA-glc and HDMBOA-glc
(Table 2). There were no significant differences in the
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Fig. 5 The effect of competition between ryegrass and crop
species on plant growth. The relative decrease in total bio-
mass of A) two ryegrass plants, B four ryegrass plants, or C)
six ryegrass plants when they were grown in the presence or
absence of a single wheat or triticale plant (Chopper). The
relative decrease in the crop biomass when a single plant

levels of benzoxazinoids among the wheat cultivars
nor were there any significant interactions between
culturing water and genotype (Supplem Table 3).
Among the aminophenoxazinones, only AAMPO lev-
els were significantly impacted by the presence of soil
extractives, but in this case the soil extractives caused
a decrease in AAMPO levels (Supplem Table 3). The

is grown in the presence of D) two ryegrass plants, E four
ryegrass plants or F) six ryegrass plants compared with no
ryegrass plants. One factor ANOVAs were performed for data
from each density of ryegrass. Letters identify significant dif-
ferences between means (P <0.05) as determined by pairwise
comparisons with the Benjamini-Hochberg (BH) procedure

levels of APO and AMPO were significantly differ-
ent among genotypes, and this effect for AMPO dif-
fered with culturing water (the interaction between
water and genotype was significant for AMPO at
P <0.05) (Supplem Table 3). The levels of APO
were greatest for Yitpi, the recurrent selection, high
vigour germplasm C6 and Chopper, and smallest for

@ Springer
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Fig. 6 Competitive ability
of wheat and triticale geno-
types in field soil at GS25.
The reduction of ryegrass
biomass was measured for abc
the high vigour W lines,
their respective commercial
cultivar parents (W010709
and W670704 generated
from Wyalkatchem, and
W400203 and W470201
generated from Yitpi),

the recurrent selection for
shoot vigour parent (C3).
The error bars represent
standard errors (n=12).
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Wyalkatchem and Mace (Supplem Table 4). Levels of
AMPO in root dips of the 11 genotypes varied with
culturing water. Specifically, when plants were grown
in distilled water, the root dips of Yitpi and the high-
vigour W670709 line derived from Wyalkatchem
contained the highest levels of AMPO while the high-
vigour line W470201 derived from Yitpi had the low-
est levels. By contrast, when plants were grown in
soil-infused water, Condo had the highest levels of
AMPO and Wyalkatchem had the lowest levels (Sup-
plem Table 5).

Heat maps showing the abundance of metabo-
lites and similarities in the patterns of abundance are
shown in Figs. 7 and 8. The groupings of genotypes
do not closely follow what might be expected by the
relatedness of the genotypes, but there is some con-
sistency in patterns of abundance of metabolites. For
example, the benzoxazinoid glycosides are well-clus-
tered in the root dips from seedlings cultured in soil
water (Fig. 7B) and in the root extracts from seedlings
cultured in distilled water (Fig. 8A).

Correlation heat maps showed that abundance of
MBOA in root dips of seedlings cultured in soil water
was positively correlated only with the abundance
of AMPO (Supplem. Fig. 4B), the first breakdown
product of MBOA by soil microbes. However, in root
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extracts, MBOA was most strongly correlated with
the abundance of HMBOA-glc and DIM2BOA-glc
(Supplem. Fig. 4D) which are the primary metabo-
lites produced by the plant metabolism.

Discussion

This study demonstrated that the incorporation of
shoot vigour into commercial wheat cultivars sig-
nificantly modified root growth. Compared with their
commercial parents, the TC-vigour lines had signifi-
cantly longer roots and larger rhizosheaths which pos-
itively correlated with root hair length. Larger roots
would enable the vigour lines to grow and rapidly
occupy a larger volume of soil contributing to their
weed competitiveness (Craine and Dybzinski 2013).
The vigour lines had significantly larger root systems
compared with their commercial cultivar parents.
Therefore our results are in agreement with the “func-
tional equilibrium” model of Brouwer (1963) sug-
gesting a coordination between shoot and root growth
parents and similar root-to-shoot ratios. Similarly,
Palta and Watt (2009) found that wheat genotypes
varying for above-ground vigour had similar ratios of
root carbon to total plant carbon. These findings are
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Fig. 7 Heatmap showing relative abundance of benzox-
azinones and aminophenoxazinones in root dips of wheat seed-
lings cultured in root pouches with A) distilled water and B)
soil water. Colouration of cells indicates normalised abundance

consistent with other studies showing wheat selected
for increased leaf area also exhibited more vigorous
root growth (Richards et al. 2007). The competition
experiments performed in pouches and in field soil
indicate that both tolerance to weeds and the ability to
suppress weed growth was significantly greater in the

v0L0L9M

AMPO
MBOA

opuo)

92
Jaddoy)
uonelapay

(dark red to dark blue, from highest to lowest abundance).
Similarity in patterns of abundance by genotype and by metab-
olite are indicated by the dendrograms along the top and left
side, respectively, of the table

TC-vigour lines compared with the parental lines and
other commercial genotypes.

The competitive advantage of high vigour wheat
lines was observed during early growth in the field
(Hendriks et al. 2022a). This work shows that the
competitiveness of wheat based on the suppression
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Fig. 8 Heatmap showing relative abundance of benzox-
azinones and aminophenoxazinones in root extracts of wheat
seedlings cultured in root pouches with A) distilled water and
B) soil water. Colouration of cells indicates normalised abun-

of weed growth occurred as early as the second leaf
stage, a developmental stage in which wheat seed-
lings are less likely to be competing with weeds for
light or space. This study also showed that the more
competitive wheat lines and cultivars all had longer
seminal roots and larger rhizosheaths than the less
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dance (dark red to dark blue, from highest to lowest abun-
dance). Similarity in patterns of abundance by genotype and by
metabolite are indicated by the dendrograms along the top and
left side, respectively, of the table

competitive cultivars. The increase in rhizosheath
size and total root length indicates that breeding
greater above-ground vigour also modifies root traits
at early seedling stages. Moreover, increased vigorous
early root growth was associated with greater nitro-
gen uptake (Liao et al. 2006) potentially providing
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a competitive advantage against weeds (Bingham
1995). Similarly, crop-weed competition modelling
concluded that intensity of soil foraging (plant den-
sity and branch spacing) and the rate with which root
systems are established are key factors enabling crops
to out-compete weeds because they allow for the
rapid occupation of a greater soil volume from which
resources can be extracted (Dunbabin 2007).

In contrast to the findings above, it has been argued
by others that cereal root systems can be unnecessar-
ily large and wasteful (Lynch 2018; Passioura 1983).
Researchers have expressed concerns that early vig-
our might be associated with excessive water use dur-
ing pre-anthesis growth (Figueroa-Bustos et al. 2020;
Lemerle et al. 2001a) without impacting on weed
suppression (Lemerle et al. 2001b) and perhaps even
having negative effects on harvest index (Palta et al.
2011). However, these outcomes are likely to depend
on the other weed management practices being under-
taken and on environmental conditions. In dry sea-
sons, vigorous wheats produced higher grain yields
and a greater water-use efficiency (Botwright et al.
2002). Under terminal drought, the better early com-
petitor remained the superior competitor throughout
the season up to maturity (Cousens et al. 2003a, b).
On the other hand, semi-dwarf wheat cultivars grown
in a controlled environment could grow their root sys-
tems deeper into the soil profile in case of drought
stress (Friedli et al. 2019). Smaller root systems may
well be sufficient to support reasonable yields if the
supply of water and nutrients remains high (Van
Noordwijk and de Willigen 1987) but larger root sys-
tems can reduce risk when the environmental condi-
tions are uncertain, especially at the end of season
(Van Noordwijk and de Willigen 1987) and when
weeds are present (Craine 20006).

The root dip experiments performed in this study
showed there were abundant levels of the benzoxazi-
noids on the surface of living roots and our results
found no significant effect of shoot vigour on the exu-
dation of secondary metabolites. Interestingly, some
vigorous wheat genotypes showed greater abundance
of both benzoxazinoids metabolites and aminophe-
noxazinones compared with cultivar parents. In fact,
root extracts of Wyalkatchem and Yitpi seedlings cul-
tured in distilled water contained no detectable levels
of DIMBOA-glc. However, when challenged with
soil extractives, root exudates showed abundant levels
of DIMBOA-glc which is readily converted by soil

microbes to bioactive and herbicidal metabolites such
as aminophenoxazinones. Moreover, the observed
correlation between MBOA and AMPO levels in root
dips is entirely expected as MBOA is first degraded to
the bioherbicidal compound AMPO by soil microbes
(Reiss et al. 2018). Because aminophenoxazinones
are generated by soil processes (Belz 2007), their
presence in the root samples is likely to be inciden-
tal only. Reduced levels of aminophenoxazinones and
parent BX metabolites were noted in aqueous extracts
containing soil extractives in where microbial activ-
ity was likely maintained. This confirms that soil
microbes actively degrade both BX and aminophe-
noxazinone compounds. Benzoxazinoids have not yet
been targeted for selection in plant breeding programs
(Niculaes et al. 2018) with the exception of the devel-
opment of a wheat variety with higher allelopathic
ability in Sweden (Bertholdsson 2007). Our findings
show that, in controlled environment, the Australian
heritage wheat cultivar Federation released more BX
metabolites than modern cultivars. These results align
with previous studies (Bertholdsson et al. 2012; Van-
deleur and Gill 2004) suggesting that wheat’s historic
allelopathic ability may have reduced with ancient
cereal cultivars or landraces found to be more com-
petitive with weeds than modern cultivars. For exam-
ple, Federation was found to have higher abundance
of MBOA than recent wheat cultivars tested in multi-
ple sites and years (Mwendwa et al. 2021). However,
the impact of climatic factors on the regulation of
biosynthesis of BX and their transformation is further
needed (Hussain et al. 2022).

Interestingly, two of the benzoxazinoids detected
in our study (DIM,BOA-glc and HDMBOA-glc) have
previously been reported from maize but not wheat
(Kumar et al. 1993). We could not confirm the iden-
tity of these compounds with authentic standards but
mass spectral data for these analytes were consistent
with the nominal molecular formulae for these metab-
olites. In addition, formate adducts of these putative
compounds were evident, as was observed for the
other benzoxazinoids monitored in this study (i.e. the
formate ion arises from the formic acid used in the
HPLC mobile phase). Detailed MS analysis and com-
parison with authentic standards of these compounds,
if available, would be required to confirm their pres-
ence in these samples.

The competitive growth experiments indicated
that below-ground competition between wheat and
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ryegrass commenced earlier and was greater than
the above-ground competition. No significant differ-
ences in weed suppression or tolerance were detected
up to the beginning of tillering between plants that
were competing above and below-ground and the
plants competing below-ground only. These observa-
tions agree with meta-analyses in wheat concluding
below-ground competition occurred earlier and was
more intense than above-ground competition (Kizr
et al. 2013; Wilson 1988). One possible explanation
for this is that during the early stages of growth cano-
pies typically do not overlap, so competition between
crops and weeds for water and nutrients is greater
than the competition between canopies for light and
space (Weaver et al. 1992). The early establishment
of a large and robust root system would affect the sub-
sequent development of shoots (Zimdahl 2004) thus
enhancing a plants overall competitiveness (Hodge
et al. 1998).

There is ongoing discussion whether vigorous root
genotypes release more carbon into the rhizosphere
(e.g. Palta and Watt 2009). Root and shoot growth are
linked as root system growth depends on the assimi-
lates supplied by shoots while the size and activity
of the root system determine the rate at which the
shoot is supplied with water and nutrients to fix car-
bon (Manschadi et al. 2013). Vigorous wheat geno-
types assimilated up to 60% more carbon than less
vigorous genotypes and accumulated more carbon in
their root systems (Palta and Watt 2009). The amount
of carbon deposed in the soil fluctuates between 10
and 40% depending on plant (Grayston et al. 1996).
More recently it was suggested that approximately
20% of total plant carbon allocated below-ground
(Iannucci et al. 2021). Exudates have been reported
to only represent a small part of the total carbon
rhizodeposition (Lambers 1987). Plants with vigor-
ous root growth have previously been suggested to
exude less organic carbon to the rhizosphere per root
length (Watt et al. 2006). However, others speculated
that more vigorous wheat lines containing larger root
systems with longer and denser root hairs, may also
exude a greater amount of carbon into the rhizos-
phere, which may include allelochemicals useful
for the suppression of competing species (Venturelli
et al. 2015; Niculaes et al. 2018; Mwendwa et al.
2021). Previously Wu et al., (2000) suggested that
allelopathic interference was not well correlated with
other traits related to competitiveness. In this study
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we show that an increased investment of carbon in
longer root systems, we note that the TC-vigour lines
appear to maintain the expression and production of
key allelopathic metabolites. Therefore, it is unlikely
that the introgression of early shoot vigour wheat has
adversely affected the allelopathic potential of the HV
lines. Our study reported exudation per root weight.
While our results suggest no significant differences
in allelopathic metabolites, we also showed increased
root weight in the TC-vigour lines; also, one might
suggest that the overall release of allelopathic mol-
ecules in the surrounding of vigorous lines could be
greater than in the less vigorous lines.

Conclusions

This study demonstrated that competition between
plants grown under controlled environments com-
mences below-ground. Introgression of increased
shoot vigour had strong pleiotropic effects on key
root traits including total root length and rhizosheath
size without negatively affecting exudation of second-
ary metabolites. The TC-vigour lines displayed up to
50% increased weed suppression and weed tolerance
compared with their commercial parents. Genetic
improvement of the competitive ability of wheat is
potentially a cost-effective tool in integrated weed
management as it does not require growers to invest
in new equipment or adopt drastically new manage-
ment practices (Lowry and Smith 2018).

Watt et al. (2013) reported that root traits meas-
ured in controlled environments and the field cor-
relate well during the early stages of growth but
not at crop maturity. Others found poor correlations
between seedling root architecture in glasshouse and
field-grown plants (Rich et al. 2020) and that root
traits vary even with different types of growth media
in controlled environment conditions (Wojciechowski
et al. 2009). This highlights the uncertainty associ-
ated with genotype-environmental interactions and
the need to extend this work to the field. Field trials
will avoid some of the pitfalls inherent in small-scale
pot and plot experiments (Colbach et al. 2020) and
provide a more realistic view of the economic gains
that are possible using competitive wheats. Therefore,
although challenging to perform, it would be useful to
assess wheat growth from seedling stages to maturity
under field conditions to evaluate root architectural
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traits and determine whether the observed differences
between early TC-vigour lines and commercial culti-
vars are maintained under diverse environments.
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