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1 | INTRODUCTION

The world population is currently sustained by food produced on
one-third of the world land mass. Population levels are increasing
every year with food demand expected to outstrip production by
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Abstract

Roots are the interface between the plant and the soil and play a central role in
multiple ecosystem processes. With intensification of agricultural practices, rhizo-
sphere processes are being disrupted and are causing degradation of the physical,
chemical and biotic properties of soil. However, cover crops, a group of plants that
provide ecosystem services, can be utilised during fallow periods or used as an
intercrop to restore soil health. The effectiveness of ecosystem services provided by
cover crops varies widely as very little breeding has occurred in these species.
Improvement of ecosystem service performance is rarely considered as a breeding
trait due to the complexities and challenges of belowground evaluation. Advance-
ments in root phenotyping and genetic tools are critical in accelerating ecosystem
service improvement in cover crops. In this study, we provide an overview of the
range of belowground ecosystem services provided by cover crop roots: (1) sail
structural remediation, (2) capture of soil resources and (3) maintenance of the
rhizosphere and building of organic matter content. Based on the ecosystem services
described, we outline current and promising phenotyping technologies and breeding
strategies in cover crops that can enhance agricultural sustainability through im-

provement of root traits.

KEYWORDS

exudation, genetic selection, nitrogen fixation, polyculture, resource capture, root phenotyping,
soil compaction, soil organic matter

2050. Total arable land use worldwide has decreased in the last
decade; however, there is a continued pressure to expand agricultural
land use to meet rising food demand (FAO, 2021). To meet this de-
mand, agricultural intensification practices such as chemical fertiliser
and herbicide inputs have enabled greater food productivity per unit
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area (Bommarco et al., 2013). At present these inputs are cost ef-
fective for maximising yield, but they are not sustainable as they are
dependent on fossil fuels. Intensification of agriculture also has hid-
den costs on the soil, such as reducing soil organic carbon, decreasing
insect and microbial diversity, and increasing soil compaction by
heavy machinery; each of which can eventually reduce yield (Gurr
et al, 2016; Kaspar & Singer, 2011). A shift to sustainable in-
tensification practices that incorporate ecological service into man-
agement and breeding are needed to protect and restore soil and to
reduce our dependence on chemical fertilisers and herbicides, whilst
maintaining or improving crop yields (Tittonell, 2014).

Fallow periods in cropping systems, where the soil is left bare
(typically during the cool season months), are a common practice in
modern intensive agriculture such as Western Europe and the US-
Midwest. Planting and tilling practices leave the soil exposed from
harvest through spring. During the off-season a wide group of plant
species, known as cover crops, can be utilised to cover the bare
ground during this time (Hallama et al., 2019). Having plants growing
in a field all year round and reducing fallow spaces in cropping sys-
tems help to maintain ecological processes which otherwise would be
disrupted (Magdoff & van Es, 2009). Cover crops are primarily used
to provide ecosystem functions in the field and do not necessarily
have a direct economic output or harvestable product. Although
there are emerging exceptions such as alfalfa that provides forage
and pennycress that produces high-quality oilseeds in addition to
ecosystem services (McGinn et al., 2019; Santos et al., 2011). Cover
crops have also been used to help close the yield gap between
conventional and organic farming (Hansen et al., 2021). Cover crop
species are mostly found across the grasses, brassicas and legume
families with the number of proposed species increasing rapidly. Each
of these cover crop families provide a variety of ecosystem functions
(Table 1). The fibrous root systems of grasses are particularly effec-
tive for nutrient capture while the tap root systems of brassicas are
effective at deep rooting and breaking up compacted soil layers
through root swelling. Legumes are able to form root nodules that
provide biological nitrogen fixation through a symbiotic relationship
with rhizobia.

Introducing cover cropping into conventional crop rotation sys-
tems provides economic and ecological benefits over multiple years.
Ecosystem benefits of using cover crops include increasing biodi-
versity, increasing numbers of pollinators, increasing soil organic
carbon content, improving soil fertility and reducing soil erosion
(Abdalla et al., 2019; Eberle et al, 2015; Langdale et al., 1991)
(Figure 1). Specific cover crops can also provide agrosystem services
such as weed suppression and biofumigation for reducing soil pests
and pathogens (Henderson et al, 2009; Osipitan et al., 2019).
Adoption of cover crops in agriculture is a promising approach to-
ward the vision of sustainable intensification of agriculture (Hunter
et al., 2017). The ecosystem services provided by cover crops across
multiple years could help to maintain or increase subsequent cash
crop yields while using fewer chemical fertilisers and herbicides
(Wittwer & van der Heijden, 2020). However, the effectiveness of

cover cropping requires the selection of species appropriate to the

desired ecosystem function and a compatible phenology with the
crop season and management strategy (Osipitan et al., 2019). Yield
penalties are common within the first year, and improvement in soil
quality and subsequent crop yields are often not observed im-
mediately. Therefore, cover cropping is seen as an investment
strategy to maintain and improve soil with observable improvements
in subsequent years (Magdoff & van Es, 2009). Unlike, most major
cash crops, cover crops have not yet undergone intensive selection
and breeding. There is, therefore, a tremendous opportunity for ge-
netic improvements within species used as cover crops in providing
more effective ecosystem services to agricultural systems.

Targets in cover crop breeding are likely not the typical yield
components valued in cash crop breeding; rather, cover crop
breeding will focus on ecosystem services, of which roots are a key
component. Cover crop roots play a critical role belowground in re-
source capture and reducing soil erosion in addition to well-known
above-ground services (Hallama et al., 2019). The root is the organ
for water and nutrient uptake, and roots must establish and arrange
themselves in the soil to intercept passing soil resources or grow into
new areas to forage for resources (Morris et al., 2017). Roots influ-
ence the soil zone around them, termed the rhizosphere; Root growth
and exudation affects the physical, chemical and microbial properties
of soil (Helliwell et al., 2017; York et al., 2016). In recent years, there
has been increased research interest to improve root systems of
plants; however, evaluation of root traits remains a technical chal-
lenge. Well-recognised areas for improvement with root systems
include abiotic stress tolerance, resource use efficiency, and yield
(Reynolds et al., 2021). However, breeding targets need to be more
diverse and include evaluation and improvement of root traits related
to ecosystem service performance.

In this study, we outline the ecosystem services provided by
roots of different families of cover crops. We also provide insights
into promising phenotyping and genetic approaches that will aid
genetic gains of cover crop root traits. Experimental approaches and
insights gained from improving ecosystem service performance will
also accelerate our development of similar root traits in cash crops.
Understanding root function and influence on the soil environment in
cover crop and cash crop systems is important for sustainable

agricultural intensification.

2 | BELOWGROUND ECOSYSTEM
SERVICES PROVIDED BY COVER CROPS
2.1 | Soil structure remediation

Soil is a vital living ecosystem that sustains plants, animals, and hu-
mans, and soil health reflects the continued capacity of soil in
maintaining environmental quality and biodiversity (Binemann
et al., 2018; Lehmann et al., 2020). In agricultural systems, soil health
is important in supporting crop productivity and healthy ecosystems.
The composition and structure of soil can affect measures of plant
resource availability such as water infiltration, water holding capacity,



753

39-WILEY

OPTIMISATION OF ROOT TRAITS

(sanunuo))

I8} ul pajueid
|les 10 Sunds ul pajueld
I8 ul pajueid

|ley 4o Sunds ui pajueld

Jawwins
y3noayy Sunds ul pajueld

seadmod

pue sueagAos a8eJo) ypum

paxiw Ajuowwod ‘Jawwns
y3nouyy Sunds ul pajueld

seadmod

pue sueagAos a3elo)

yum Jo douad jesymdng

e YUM XIW ‘Jawwns
ysnoayy Sunds ul pajueld

Jawwins
y3nouyy Sunds ul pajueld

I8} ul psjueid

J9AOD pue ‘yYd3an ‘sead
UM paxiu Ajluowwod
‘[le 40 Suuds ul pajue|d

sead p[aly

pue yojaA Alley ‘ejjejje

UHM paxiw Ajuowwod
‘|les 4o Suuds ul pajue|d

J9A0[D pal
JO UOSWLID pue ‘sjeo ‘sead
UYHM paxiu Ajuowwod
‘[le 40 Suuds ul pajue|d

S9J0N

2in)onJ3s [10sqns  aunyonJis j1osdo|

(bdba paisspag) diuiny adeioy
‘(snaips snupbydpy) ysipes a3elo4

(asuanup 1dsbjy ) ssaudAuusd
(pAnIDS PoNIF) BINSNIY

("dds paisspig) ejoued ‘pieisnin

(423 s13s048013) oL

(0211031 DLDIBS) 3R

[IEIX04 (WiNaNpj8 Wn3asiuuad)

19||lw [ead ‘(p3uajnasa
pojyoouIyd3) 39||Iw dsaueder

(asaubpng JbA
10j021q S x 10]021q WnyEios)
sses8uepns-wnysJos ‘sseasuepng

(wnyuanasa
wniAdoBb) 1eaymdng

mC_m._w |enuue uosess-wJdepn

(3]pa432 3|p23g) AL JSJUIAN

("dds wnoui)
}|ads ‘ajedniy Jeaym

(pAIIDS DUBAY) 1BQ

(2408nA wnapioH) Asjieg

sujeJ8 |enuue UOSEaS-|00D)

aweN

s9129ds doJd J9A0D JO S3004 AQ papiAoid suo(3duNy WS3SAS0d9 Alewlld



GRIFFITHS ET AL

WILEY-/3Y

754

|le4 40 Sunds ul pajueld

|ley 4o Sunds ul pajueld

Jawwns
ysnouyy Sunds ul pajueld

's|eaJad
JoUIM ypm pajueld
Ajuowwod ‘||ej ul pajueld

ssel3

|eluuasad Jo doud uiesd

|lews e yum umous 3saq
SI ‘||es 40 3unds ul pajueld

Jawwins
y3nouayy 3unds ul pajueld

|les 410 Sunds ul pajueld

|y 4o Sunds ul pajueld

||es 10 Sunds ul pajueld

S9JON

uonexy N
[eaiSojorg

aoue)sisal
uasoyjed |l10S

uojjelpawal
2Jn)onJ3s [1osqns

uone|pawal
ain3nss [1osdoj

Jyozes, 1ajem
pue juaLnN

JuL3U0d NOS
paseaudu|

X

uoijdajoud
uolsoUd |10S

Jpd'55GT80TqpAd[IS
/SININNDOA ISH/32uU423ul /A0S BPSN S2IU MMM/ /:sd13Y :apInd uolzedlydads jueld dos) JoA0D) SOYN wody pajdepy "921AI9S WISAS0I9 Jendiied e uoj aduewsopiad y3iy saiedipul Unojod pay 210N

("dds wnjjojli]) 4902

UBaUELIIGNS “JSAO]D Wa3sIa]
‘J3A0JD UOSWIID) 'SIBA0JD [BnUUY

(sipuidyjo

SN30[Ija) J19A0[2199MS

MO|[9A ‘("dds wnijojii])

JDAO[D |IS|E UDAO[D SUYM
‘JAAO|D Py "SISAO|D [elUUDIDd

(snAibs snIAYIDT) Yyozaa SulppIyd

(psojjia bI2IA) Y239A AlleH

(pA1DS 08D2IPaIN) Ble)Y

(p1DIN2INBUN DUBIA)

eadMod ‘(xbw auldA|9) ueagqAos

(wnApbs wnsid) ead plai4

(asuaipid wnajyd) Ayowny

‘(p3vI2WO|8 SIjA1PDQ) SsesdpIeydio

("dds wnijo7) ssed3aA4
|eluuasad ‘sseu3aAl |enuuy

aweN

(panunuo?)

Qeadeqe

sawnga

sasseln)

Ajwe4

T 314avl


https://www.nrcs.usda.gov/Internet/FSE_DOCUMENTS/stelprdb1081555.pdf
https://www.nrcs.usda.gov/Internet/FSE_DOCUMENTS/stelprdb1081555.pdf

OPTIMISATION OF ROOT TRAITS

B9-wiLey— 2

a) Root topsoil foraging

« Foraging & uptake of insoluble nutrients in infiltration
topsoil such as P

« Interception of passing water & N

b) Root foraging at depth

. articles by roots
« Capture of water & soluble nutrients such as P Y

- Formation of bio-pores

c) Soil structure remediation
- Soil structural anchorage with reduced erosion - Reduction in surface sealing with improved water « Nodule formation in legumes with rhizobia

« Reduction in soil compaction with root penetrat-
ing & swelling in compacted layers
« Increased soil porosity with displacement of soil

nitrate - Formation of soil organic matter
« Reduction in N leaching into groundwater d) Formation of rhizosphere « Production of compounds with alleopathic
« Rhizodeposition for maintenance of microbiome & properties e Nitrogen
&Eﬁi P recruitment of beneficial mlcr}obes . ) © Phosphorus
¥ v ¥ ’ - Exudation of compounds for improving soil ® Carbon
v ‘,:,' hydraulic resistance & solubilization of inorganic P 4 Water
i @ Microbes
Mycorrhizal hypha
:", e Exudates
s Nodule
e @ Soil particle

e) Biological nitrogen fixation

« Rhizosphere recruitment of free-living rhizobia

f) Decomposition & formation of soil organic
matter

« Biomass decompositon and mineralization by
saprotrophic microbes

FIGURE 1 Cover crop root traits and mechanisms of action in providing ecosystem service

nutrient absorption, nutrient release, gas exchange and root devel-
opment (Aravena et al, 2014; Carminati et al, 2010;
Comerford 2005; Pires et al., 2019; Tracy et al., 2015). Technological
advances of the 'Green Revolution' were instrumental in agricultural
intensification of cropping systems; however, these technologies are
causing the physical, chemical and ecological degradation of soil.
Therefore, improvement in soil management is needed to help pro-
tect soils and make agriculture more sustainable.

Planting cover crops in bare fallow can greatly reduce soil ero-
sion. Traditional agricultural practices involve fallow periods and til-
lage; both of which are primary drivers of soil erosion. Without plant
cover, soils are susceptible to erosion as topsoil dries between
cropping cycles. Rainfall events on bare, hard soil can cause poor
water infiltration and high levels of surface runoff which displaces
topsoil (Gyssels et al., 2005). Topsoil, water and nutrients are all lost
during this process. Roots stabilise soil through structural anchorage
and reduce displacement by flowing water. Cover crops usage in-
creased aggregate stability by 1% every year, an important measure
of soil erosion resistance (Wood & Bowman, 2021). Grasses are
particularly effective for preventing soil erosion as they often pro-
duce more root length density in the topsoil compared to taproot
species. Shallow and dense rooting plays a role in determining ero-
sion resistance, with increasing root mass leading to decreased water
erosion rates (Gyssels et al., 2005). Soil infiltration is also very im-
portant with greater infiltration reducing surface runoff and topsoil
erosion. At the soil surface, roots displace soil and make channels for
water which reduces surface sealing (Y. Liu et al., 2019). Lateral roots
also displace soil as they grow, and these roots increase the free

space inside and connectivity between soil pores increasing the ca-
pacity for water storage and gas exchange (Helliwell et al., 2017).
A fallow field being devoid of roots will be more compacted posing a
narrower water content range and reduced water flow and will have
an increased risk of surface runoff in high rainfall events (Magdoff &
van Es, 2009). Breeding and selection of cover crop varieties that
have a greater root biomass and exploration in the topsoil is highly
desirable for improved water infiltration, soil porosity, and soil
stability.

Cover crops can be used during fallow periods to reduce soil
compaction and improve cash crop yields in subsequent periods. The
use of heavy machinery has been instrumental for intensifying agri-
cultural practices, but mechanisation increases soil compaction. The
high mechanical impedance of compacted soils limits root explora-
tion. A size-limited root system reduces foraging capacity for water
and nutrients and in turn, affects plant growth. Root growth in
compacted soils is both by poor aeration under high moisture content
and impeded by higher soil strength during drier conditions (Magdoff
& van Es, 2009). Cover crops can reduce soil compaction by different
mechanisms dependent on family type. Both tap- and fibrous-root
systems effectively penetrate highly compacted soil layers (Burr-
Hersey et al., 2017). Tap-rooted plants like forage radish, alfalfa and
chicory can penetrate and break up compacted subsoil by root
swelling leaving soil biopores (Chen & Weil, 2011; Han et al., 2015).
Biopores generated by root growth from previous plantings can in-
(Han

et al., 2015). Roots of the cash crop following a cover crop will have

duce and facilitate root growth for subsequent crops

less impediment to grow deeper by following existing biopores and
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capture soil resources located in deeper soil layers (Huang
et al., 2020; Zhou et al., 2021).

2.2 | Soil resource capture

Chemical fertilisers are unsustainable resources that involve manu-
facturing processes reliant on fossil fuels, and mining of finite re-
serves such as phosphorus, which are damaging to the environment.
However, fertiliser application is a current necessity for agricultural
intensification practices with nitrogen (N) and phosphorus (P) often
being the limiting nutrients for attaining the maximum yield potential.
Maintaining yields with fertiliser application is the highest capital cost
for farmers with rising fertiliser prices affecting the price of food for
consumers. Lack of accessibility to fertilisers disproportionately af-
fects poor countries since land quality differences between rich and
poor countries do not justify the yield gaps (Adamopoulos &
Restuccia, 2021). Fertiliser use is also inefficient in intensive agri-
cultural practices with as little as 18%-49% N fertiliser recovery rate
across maize, rice and wheat fields (Cassman et al., 2002). Nutrient
losses then enter and pollute waterways and groundwater which
causes eutrophication and hypoxic zones (Dodds 2006; Malhi
et al., 2001).

One strategy to improve soil nutrition and fertiliser use efficiency
is with the use of ‘catch’ cover crops (e.g., radish, wheat and su-
dangrass) (Table 1). During a fallow period, catch cover crops im-
mobilise residual nutrients and are incorporated into plant biomass
that are released to subsequent crops after crop termination. Catch
cover crops influence nutrient cycling in the field by capturing rem-
nant fertiliser applied to the previous cash crop that otherwise would
be lost from the root zone or by scavenging and mobilising P
(Heuermann et al., 2019). Nutrient use efficiency is an established
target of improvement for cash crops, which consists of uptake and
utilisation of a nutrient into the harvestable product. For cover crops,
the utilisation of a nutrient by a particular tissue of the plant is often
of less importance. Nutrient capture and conversion into plant bio-
mass can reduce nutrient losses in fields. The spatial distribution of
roots in time and space, referred to as 'root system architecture'
(RSA), determines the exploratory volume of soil where nutrient and
water uptake can occur. Key rhizosphere processes, essential for
capturing often dynamic and heterogenous soil resources, happen at
the root surface (Hallama et al., 2019). Thus, the spatial distribution
of root over time is important to consider (Morris et al., 2017). Root
development of cover crops can also indirectly influence nutrient
cycling with soil structural changes benefiting root exploration of
following cash crops through formation of biopores. Biopores that
facilitate deeper rooting can uplift limiting elements for plants via
nutrient remobilisation and litter fall (Kautz et al., 2013).

For increasing nutrient and water capture whilst reducing losses,
root traits affecting soil exploration such as deep rooting and ab-
sorption are promising targets that are of particular importance for
catch cover crops. Nitrate is a highly soluble form of N that leaches

into the deeper soil layers in climates with high precipitation, and

therefore, increasing effective nitrate interception and foraging at
depth by roots is paramount (Kristensen & Thorup-Kristensen, 2004;
Trachsel et al., 2013). A linear relationship has been shown in the
field between root density and °N uptake at different depths as
evaluated across three cover crop species: ryegrass, winter rye and
fodder radish (Kristensen & Thorup-Kristensen, 2004). Deep rooted
perennial catch cover crops, tall fescue, chicory and lucerne, were
shown to increase soil nutrient bioavailability in the topsoil with
subsequent yield improvements of short-season cereals grown in the
plots (Han et al., 2021). Uplift of N by deep-rooted cover crops is
likely to be advantageous even if the cover crop root system is more
extensive than the subsequent cash crop and able to forage further
soil zones. Phosphate in comparison is highly immobile and is most
abundant in the topsoil as plant available orthophosphate forms in-
soluble complexes with soil. Topsoil foraging by roots is an effective
strategy for uptake of phosphate with greater growth and P accu-
mulation in shallow-rooted genotypes compared to deeper-rooted
genotypes (Ho et al., 2005; B. Sun et al., 2018; J. Zhu, et al., 2005).
However, effectiveness of having a deep only or shallow only root
system is specific to the environment and management strategy and
incurs tradeoffs in multiple resource acquisition (Ho et al., 2005). In
parallel with effective root exploration, roots also need to absorb
nutrients from their surroundings. Heritable variation has been
shown for specific nutrient uptake rates within species indicating that
evaluation and genetic improvement of uptake will likely improve
plant performance and yield while reducing fertiliser losses (Griffiths
et al., 2021; Pace & McClure, 1986). Root evaluation during seedling
establishment is also important as seedling vigour has been corre-
lated with yield and quality in cash crops (Louvieaux et al., 2020;
Thomas et al., 2016). For cover crops that overwinter, research
programmes that focus on improving seedling vigour will be im-
portant as early capture of nutrients in the fallow period will benefit
growth and development of the plant later in the season with fewer
nutrient losses. Future cover crop research should focus on optimi-
sation of the spatial distribution of roots in soil and root development
processes that have implications on resource capture.

Another strategy to increase soil N is the use of legumes. Le-
guminous cover crops, such as pea, vetch and alfalfa, are specialists in
facilitating biological N fixation with a symbiotic relationship with
rhizobia (Table 1). Leguminous cover crops are often referred to as a
'green manure' fixing atmospheric N into plant usable forms at rates
ranging between 30 and 280kgha™! depending on species and
conditions (Brady & Weil, 2002). Legumes can be used to improve N
supply to succeeding cash crops, or they can be intercropped with a
cash crop providing N fixation during growth. The use of legumes
compared to catch cover crops is often considered situational as the
effectiveness of legumes for N uptake falls with N supply. Therefore,
reducing N losses with catch cover crops would be more effective
than N fixation by a legume (Torbert et al., 1996; White et al., 2017).
Legumes can also be effectively grown as part of a mixture with non-
legumes for N capture whilst adding more N to the system with
fixation (Wittwer et al., 2017). Cover crop mixtures can be self-

regulating with a negative correlation between growth of legume and
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nonlegume species, and so, greater legume growth occurs in low
N environments where biological N fixation is advantageous (De Notaris
et al, 2021). Optimisation of nodulation traits including count, mass,
morphology, and longevity are important targets for improving legume
N fixation irrespective of high local nitrate presence (Herridge &
Rose, 2000; Roy et al., 2020). For phosphorus, plant roots can release
compounds into the soil environment and influence nutrient cycling
with carboxylates promoting P mobilisation (Hinsinger et al., 2011).
Plants in the Proteaceae family including white lupin (Lupinus albus) have
highly specialised root systems that respond to P deficient soils by
forming root clusters with large surface area for exuding nutrient-
solubilizing compounds (Shane & Lambers, 2005). In a meta-analysis of
multiple field experiments, services provided by cover crops were found
to provide a measurable enhancement to main crop yield and P uptake
with a greater benefit found in low available P environments (Hallama
et al., 2019). Genetic improvement in cover crop N fixation rate and
efficiency as well as P solubilisation could eventually displace chemical
fertiliser application needs.

2.3 | Maintenance of the rhizosphere and building
soil organic matter content

By modifying the biotic and abiotic properties of the soil in which
they grow, cover crops create soil legacies that can affect the ability
of future plants to grow in that particular soil and interact with other
organisms (Barel et al., 2018; Pineda et al., 2020). This phenomenon,
referred to as plant-soil feedback, is well known to ecologists and
farmers. Negative plant-soil feedbacks most often arise from nutrient
depletion or the progressive build-up of species-specific soil patho-
gens in the rhizosphere of plants. These negative feedbacks de-
termine the relative performance of plant species in a community and
can affect crop yields when the same species is grown on the same
soil for several years (van der Putten et al., 2013) as demonstrated
with yield penalties found in constant corn and constant soybean
fields (Seifert et al., 2017).

The effect of plants on the biotic and abiotic properties of the
soil strongly depends on species as well as on plant traits (Baxendale
et al.,, 2014; Cortois et al., 2016; Henneron, Cros et al., 2020). The
quantity and quality of organic compounds that are exuded by plant
roots vary among species and environmental conditions (Oburger &
Jones, 2018; Williams & de Vries, 2020). For example, exudates
collected from drought-stressed plants showed increased soil re-
spiration compared to exudates collected from well-watered plants
despite a lower exudation rate in stressed plants (de Vries
et al., 2019). Recent evidence showed that interspecific differences in
root exudation rates and composition can be partly explained by
differences in root traits, with higher root exudation rates and rhi-
zodeposition observed in productive species with a low root tissue
density and a high root N concentration, such as legumes (Henneron,
Cros, et al., 2020; L. Sun et al., 2021; Williams et al., 2021a). Root
exudates have been shown to have a strong positive effect on soil

carbon dynamics (de Vries et al., 2019; Henneron, Cros, et al., 2020;
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Henneron, Kardol, et al., 2020). Root exudation also plays a central
role in creating soil microbial and chemical legacies (Delory
et al, 2021). Plants mediate belowground biotic interactions and
structure the rhizosphere microbiota through root exudation (Hu
etal., 2018; Sasse et al., 2018; N.-Q. Wang et al., 2021). For instance,
while leguminous species can maintain associations with N,-fixing
bacteria and increase the abundance and diversity of arbuscular
mycorrhizal fungi in the soil, non-mycorrhizal species with a high
glucosinolate content, such as brassicas, can have the opposite effect
and decrease fungal diversity (Vukicevich et al., 2016).

Cover crop polycultures, where several cover crop species are
planted at the same time, can provide multiple ecosystem services
with increased benefits compared to monocultures. Long-term bio-
diversity and ecosystem function experiments in ecology have re-
peatedly demonstrated the crucial role that plant species and
functional group richness plays in enhancing ecosystem processes
such as biomass production and biogeochemical cycles (Hector
et al.,, 1999; Weisser et al., 2017). In comparison with low diversity
mixtures, diverse plant communities often sustain a greater number
of functions and services simultaneously, showing greater multi-
functionality (Meyer et al., 2018). This positive relationship between
biodiversity, ecosystem processes, and the provisioning of ecosystem
services has motivated the development of cropping strategies aim-
ing to increase multifunctionality in managed ecosystems by in-
creasing biodiversity in both time and space (Barel et al, 2018;
Finney & Kaye, 2017; Tiemann et al., 2015). In addition to increasing
weed suppression and N retention (Finney & Kaye, 2017), cover crop
polycultures are often more productive than their monoculture
counterparts. Barel et al. (2018) found that two-species cover crop
polycultures overyielded in aboveground biomass (Raphanus sati-
vus + Vicia sativa) or belowground biomass (Lolium perenne + Trifolium
repens), but the legacy effect of the cover crop polyculture on the
productivity of the following crop was dependent on the mixture of
species used as a cover crop. Increased species complementarity has
been one of the main causes cited to explain the positive effects of
biodiversity on ecosystem functioning (Barry et al., 2019; Cardinale
et al, 2007; Loreau & Hector, 2001). Species complementarity,
however, encompasses several mechanisms that are likely to operate
simultaneously in the field, such as resource partitioning, abiotic fa-
cilitation (e.g., microclimate amelioration and N facilitation by le-
gumes), and biotic feedback (Barry et al., 2019). Although all these
mechanisms may play a role in increasing complementarity between
species grown in polycultures (Barry et al, 2019; Postma &
Lynch, 2012), their relative contributions in determining positive
biodiversity-ecosystem functioning relationships in agroecosystems
remain elusive.

As with root exudation, both the quantity and quality of the
cover crop litter, which greatly vary among species, influence
the biotic and abiotic properties of the soil, litter decomposition, and
the performance of the subsequent crop (Barel et al., 2019;
Haramoto & Gallandt, 2004). In a field experiment, Barel et al. (2018)
found that the productivity of subsequent crops can be stimulated by

winter cover crops with a high biomass production and a high shoot
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N concentration, such as the legumes T. repens and V. sativa. The use
of cover crops in rotations can positively affect the soil microbiome
by enhancing microbial biomass and activity (Barel et al., 2019;
McDaniel et al., 2014; Tiemann et al., 2015), which can then con-
tribute to the formation and greater stability of soil aggregates
(Tiemann et al., 2015). Cover crop litter inputs in the soil modulate
the structure and diversity of soil microbial communities. Litter de-
composition rates by saprotrophic microbes also depend on plant
litter composition as lignin and dry matter content have been shown
to be negatively correlated to decomposability (Barel et al., 2019;
Freschet et al., 2012; Vukicevich et al., 2016). Compounds produced
during degradation of cover crop residues can also help mitigate
weed proliferation in the field. For instance, glucosinolate hydrolysis
products, such as isothiocyanates that are released by decomposing
brassicas, have allelopathic properties and suppress weed popula-
tions by inhibiting or delaying seed germination, affecting plant es-
tablishment, and/or reducing plant growth (Haramoto &
Gallandt, 2004). However, the non-target impacts of biofumigation
on biodiversity in the field are not clear (Henderson et al., 2009).
Decomposition and mineralisation of cover crop residues in soils can
increase soil organic matter content and improve soil fertility for the
next crop (Barel et al., 2019). Although a decrease or a lack of change
in soil organic matter content after cover crop cultivation has been
reported in the short term (Barel et al., 2018), increasing agricultural
crop diversity through the inclusion of cover crops in rotations can be
an efficient way to increase soil organic carbon stocks (McDaniel
et al., 2014; Tiemann et al., 2015). Cover crop mixtures were shown
to improve soil health after 4 years in a continuous corn system,
independent of soil tillage practiced (Nunes et al., 2018). Utilisation of
cover crops meant that there was a longer period of time with living
plants and roots in the agroecosystem which contributed to an in-
crease in soil organic matter content and quality. Soil organic matter
content has been ignored in recent years as high levels of fertiliser
and irrigation practices are used to increase and maintain yields.
Formation of higher soil organic matter content soils can offset this
dependency on inputs for more sustainable agriculture. A diversified
cropping system incorporating cover crops and polyculture offers soil
health benefits and more sustainable crop production options for

farmers.

3 | PLANT SPECIES AND FUNCTIONAL
GROUPS CURRENTLY IN USE AS COVER
CROPS

Cover crop species at present span across the grasses, brassicas and
legume families, all of which provide soil erosion protection com-
pared to fallow land and each providing additional ecosystem func-
tions (Table 1). In a single-year harvest of multiple cover crop species,
the phenotypic traits measured were found to cluster by plant family,
with brassicas and legumes more closely associated in function
compared to the grasses (Figure 2A). Details regarding our cover crop
field study including images, data, and statistical analysis scripts are

available at 10.5281/zenodo.5039308. Shoot biomass density, root
mass fraction, root length and biomass density in topsoil, weed se-
verity score, and shoot count were the greatest contributing traits to
the first principal component explaining 46% of the variation. Total
biomass and root biomass density in topsoil were the main con-
tributing traits to the second principal component explaining 20% of
the variation. For the root traits, the grasses had an overall higher
root biomass density in the topsoil, a larger specific root length, and
deeper maximum root length, which are ideal for preventing soil
erosion and high nutrient capture (Figure 2B-D). Legumes, being the
only family that can form nodules, provided a unique mechanism of
action for N capture via N fixation. The grasses overall had the
greatest total biomass production with a higher shoot biomass den-
sity, but the higher shoot biomass density did not translate into ef-
fective weed suppression (Figure 2E,F). The legumes and brassicas
were the most effective at weed suppression (Figure 2F,G). High
canopy cover in legumes may result in weed suppression, while the
mechanism of weed suppression in brassicas is likely root exudation
and biofumigation. Cover crops available at present are functionally
diverse and vary in the eco-agrosystem services that they provide.
This diversity will affect the utilisation of a particular cover crop

variety and choice of mixtures for multifunctionality.

4 | OPPORTUNITY FOR IMPROVEMENT
OF COVER CROP ROOT TRAITS

Unlike major cash crops, which have passed through significant ge-
netic bottlenecks during millennia of breeding, most species used as
cover crops are untouched. As a result, the heritable genetic variance
lost during domestication of cash crops remains available to most
cover crop breeders. Targeted improvement in root resource capture,
soil structure remediation, rhizosphere formation, biological N fixa-
tion, and carbon sequestration are highly desirable (Figure 3). How-
ever, this diversity also complicates traditional breeding efforts—not
only are the ecosystem service targets of selection variably affected
by cover crop species, environments, and cropping systems, but the
genetic and physiological mechanisms that determine these traits
often differ dramatically and non-linearly across environments.
Despite the great potential for cover crop improvement, selection for
traits that consistently enhance ecosystem services represents a
fundamental challenge to breeders. Development of phenotyping and
genetic tools will be integral to characterising diverse root functional

strategies of cover crops and facilitating genetic improvement.

41 | Phenotyping approaches for characterising
cover crop root traits

Evaluation of root traits is important for assessing root function and
selection of improved resource capture and abiotic stress tolerant
varieties. However, root phenotyping is technically challenging and
time consuming. In recent years image-based root phenotyping
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FIGURE 3 Root system ideotypes for cover crop species that provide greater ecosystem function [Color figure can be viewed at
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approaches have become more widely utilised (Atkinson et al., 2019).
Root phenotyping approaches have been primarily developed and
utilised in phenotyping roots of model plant species, such as Arabi-
dopsis thaliana, and cash crop species, such as maize, wheat and rice.
These methods can be directly applied to cover crops with further
development warranted for measuring ecosystem service perfor-
mance. Phenotyping approaches vary widely in the realism of the
growth system, infrastructure requirements, and information content
of the extractable measurements (Topp et al., 2016). At present,
there is no perfect system for evaluation of root system architecture,
with each method having their own trade-offs.

Methods of root evaluation range from high-precision benchtop
measurements to coarse field-scale techniques. As roots are hidden
in soil, much of the fundamental root research uses plants grown in
clear agar, hydroponics, or seedling pouches. Growing in soil-less
media allows clear visualisation of roots from background, control of
environment for treatment evaluation, and measurement of nutrient
and root respiration fluxes with methods that are often high-
throughput (Paez-Garcia et al., 2015). In contrast, evaluation of plants

grown in soil is more representative but comes with the cost of often

slower, coarser, and more destructive root analysis techniques (J. Zhu
et al.,, 2011). Pot and tall mesocosm studies often require a root
washing step to remove soil before root imaging, but this processing
can destroy fine roots and affect the root system architecture.
Nevertheless, these studies have been instrumental for evaluating
rooting depth, root branching, resource capture and abiotic stress
tolerance (Gao & Lynch, 2016; Guo & York, 2019; Zhan &
Lynch, 2015). Root evaluation in the field is the most challenging with
current approaches being mostly destructive excavation analyses
that provide limited viewpoints of the root system. One field ap-
proach for root evaluation in the topsoil is called 'shovelomics' where
a soil monolith is collected, washed, and imaged with crown root
system architecture being discernable if strongly lignified (Das
et al.,, 2015; Seethepalli et al., 2020; Trachsel et al., 2011), or the root
length parameters determined without spatial orientation using a
flatbed scanner (Seethepalli et al., 2021). For root evaluation at
depth, soil coring is a widely used approach with root quantification
either after a root washing and flatbed scanning or by a soil-break
method in combination with fluorescence spectroscopy imaging
(Wasson et al., 2016). The gold standard approach to measure root

FIGURE 2 Phenotypic trait evaluation of cover crop species grown in a single field trial. (A) Principal component analysis of plant phenotypic
traits clustered by family with root mass fraction and weed severity scores the greatest contributors to PC1 and total biomass having the
greatest contribution to PC2. (B-G) Boxplots showing individual phenotypic trait scores per cover crop species. Alfalfa (Medicago sativa), dundale
pea (Trifolium incarnatum), milkvetch (Astragalus spp.), crimson clover (Pisum sativum), hairy vetch (Vicia villosa), mustard (Brassica juncea), barley
(Hordeum vulgare), wheat (Triticum aestivum), winter rye (Secale cereale) and triticale (xTriticosecale) [Color figure can be viewed at

wileyonlinelibrary.com]
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distribution at depth in the field is trench excavation. Yet, the highly
destructive and labour-intensive nature prohibits wide utility
(B6hm 1979; van Noordwijk et al., 2001). Proxies have also been
used to predict root length. For example, shoot manganese con-
centration positively correlated with carboxylate exudation in the
rhizosheath and root size traits in chickpea (J. Pang et al., 2018).

Non-destructive root analyses are particularly valuable as the
root system architecture and root processes are intact, and the same
plant can be analysed across time. While most non-destructive root
phenotyping approaches use plants grown in artificial environments
(Nagel et al., 2012), soil-grown methods include rhizotrons and field
minirhizotrons also provide 2D snapshots of the roots in contact with
a clear wall (Arnaud et al., 2019). Specialised equipment is required to
extract the 3D root system architecture deep in soil without dis-
turbing root structure. Technologies such as X-ray computed tomo-
graphy (CT), magnetic resonance imaging (MRI) and positron emission
tomography (PET) are proving to be useful for non-destructive root
4D view of the rhizosphere (Duncan et al., 2021; Helliwell
et al.,, 2017; Pflugfelder et al., 2017; N.-Q. Wang et al., 2014; Zhou
et al., 2021). Combining multiple imaging modalities, such as PET-CT,
is an emerging direction that can observe both structural and biolo-
gical function such as nutrient flow with nutrient uptake to under-
stand more complex rooting behaviour (Garbout et al., 2012). Scaling
up these high-precision approaches to be high-throughput is a cur-
rent challenge with complex segmentation analysis and a tradeoff in
scan resolution with pot size and scan time. Common to all root
imaging techniques described, image analysis is often the limiting
factor. Deep learning approaches are now allowing faster and more
accurate plant image analysis (Han et al., 2021; Smith et al., 2021;
Soltaninejad et al., 2020). Promising applications that can be scaled
up in the field include electrical resistance tomography, electro-
magnetic inductance and ground penetrating radar; however, these
methods require species-dependent optimisation as many factors
affect root biomass estimations including soil texture, soil water
content, and organic matter (X. Liu et al, 2018; Weigand &
Kemna, 2017).

Advancements in root phenotyping approaches show promise in
detangling individual contributions in polyculture systems. Root
characterisation of polycultures can help in understanding the me-
chanisms of species complementarity and in designing effective
species mixtures under various environmental conditions. Due to the
difficulty in visually separating roots of different species and ob-
taining species-specific data on root distribution in the soil, de-
termining the extent to which species grown in mixtures partition
belowground resources in time and space has always been a very
challenging task in ecology and agriculture (Rewald et al., 2012). In
recent years, direct tests of spatial resource partitioning between
species have been made possible due to technological breakthroughs
allowing the quantification of species relative abundances in mixed
root samples. Both Fourier-transform mid-infrared attenuated total
reflection spectroscopy (Meinen & Rauber, 2015) and the amplifica-
tion of species-specific DNA sequences using reverse transcription
polymerase chain reaction (RT-PCR) (Haling et al., 2011; Heuermann
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et al., 2019; Mommer et al., 2008, 2010) have been successfully used
for this purpose. However, both methods have a relatively low
throughput and require a labour-intensive calibration that prevents
their use in species-rich mixtures (Rewald et al., 2012). Recently, a
new high-throughput next generation sequencing-based method was
developed to quantify species proportions in mixed root samples
(Wagemaker et al., 2021). This method, referred to as multispecies
genotyping by sequencing (msGBS), proved to be as accurate as the
PCR-based method of (Mommer et al., 2008). It is also more sensitive
and less labour-intensive. In addition, it does not require the devel-
opment of species-specific DNA primers, which makes it possible to
analyse root samples collected from species-rich polycultures and
measure traits such as rooting depth for each species individually (in‘t
Zandt et al., 2020; Wagemaker et al., 2021). Root phenotyping in
polycultures can also be facilitated using crop lines that were ge-
netically modified to express a green or red fluorescent protein
(Faget, Nagel, et al., 2013). For each transformed species, this ap-
proach allows the visual detection of roots growing in rhizoboxes or
along minirhizotron tubes (Faget et al., 2009; Faget, Blossfeld,
et al., 2013), which makes it possible to non-destructively measure
morphological and architectural root traits as well as root prolifera-
tion in different soil zones (Weidlich et al., 2018).

In recent years, advances in root imaging approaches have
shown great promise for evaluation of root system architecture.
Evaluation of rhizosphere processes such as nutrient cycling, root
exudation, and microbiome changes are also important for improving
ecosystem service performance. Stable isotope labelling can be used
with mass spectrometry to trace C and N pools in plant or soil
samples. Changes in the 3C/*2C ratio in root-adhering soil can be
used to quantify root exudation rates for plants labelled with 1°CO,
(Guyonnet et al., 2018; R. Pang et al.,, 2021). In recent years, na-
noscale secondary ion mass spectrometry (NanoSIMS) has become
popular as it enables simultaneous imaging and isotopic discrimina-
tion of stable isotopes at a subcellular resolution (Kilburn et al., 2010).
For quantifying nutrient fluxes by plants and the respiration cost of
roots, recent experimental protocols have been scaled up to phe-
notype large mapping populations (Griffiths et al., 2021; Guo
et al., 2021). At a broader scale, continuous in situ soil nitrate sensors
are showing promise to track the fate of fertiliser across the year
(Y. Zhu et al., 2021). For root exudation and P solubilisation estima-
tion, carboxylates and acid phosphatase activity can be estimated
from collected roots and rhizosheath (soil that tightly adheres to root,
Shen et al., 2003; Wen et al., 2019). Root exudation profiling ap-
proaches from soil grown plants currently have low reproducibility,
and therefore, artificial systems such as hydroponic culture accu-
mulate sufficient quantities of exudate for isolation and identification
by liquid chromatography-mass spectrometry (LC-MS), despite the
exudation profile being less representative compared to soil (Vives-
Peris et al., 2020; Williams et al., 2021b; Zhalnina et al., 2018). Root
colonisation by AMF can be quantified by root intersection method
on roots stained with Trypan blue (Freschet et al., 2021; McGonigle
et al., 1990; Walker, 2005). For identification of beneficial soil mi-
crobes, 16S and ITS rRNA gene amplicon sequencing analysis can be
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used for bacteria, archaea, and fungi in the root microbiome (George
et al., 2019; McPherson et al., 2018). Isolated root exudates and
microbes from field soil can then be used in more controlled ex-
periments to functionally characterise modes of action on the plant
and rhizosphere (Hao, Zhang, et al, 2021; Macias-Benitez
et al., 2020).

A promising research direction is in developing a 'controlled field'
system that bridges between plants in single pots and the field. Pot
experiments are inherently limited by the container size; they have
pot-bound roots and lack neighbouring plant competition as would
be found in the field. In contrast, root phenotyping approaches in the
field are challenging, lack precision, and lack control of environment
parameters. A modern mesocosm system has been fitted with
moisture, gas, and temperature sensors allowing for daily tracking of
environmental fluxes and measurement of unrestricted 3D root
system architecture (Dowd et al., 2021). Advancing this concept with
the development of a larger 'controlled field' system will allow for
crop stand evaluation of root and ecosystem service performance,
such as resource capture, in a more representative and high-precision
manner. Incorporating these root phenotyping systems with func-
tional traits and ecosystem service measurements will be important
for evaluating and improving cover crop root systems. Phenotyping
of stand root traits, such as root length density and biomass per
volume soil, is more representative of field scale ecosystem service
performance than working with single plants in isolation. Coupling
root system architecture analyses of unrestricted roots with 1°N and
2H dual-labelling approaches or nitrate sensors will also provide
functional insights into how stand establishment and root pheno-
types affect short-term dynamics of water and N uptake (Chen
et al.,, 2021; Y. Zhu et al,, 2021).

4.2 | Leveraging genetic variation and tools to
improve cover crop root traits

The underlying genetic variation behind key traits is fundamental to
generating improved cultivars. Genetic bottlenecks have regularly
occurred during domestication of major crop species, such as maize,
wheat, rice and soybean (Caicedo et al., 2007; Eyre-Walker
et al., 1998; Haudry et al., 2007; Hyten et al., 2006). Efforts have
been made to introgress near- and distant-ancestral material back
into modern crops to reintroduce genetic diversity that has been lost
(Reynolds et al., 2009; X. Wang et al., 2019; Yang et al., 2019). Cover
crops have undergone minimal domestication and genetic selection
compared to cash crops and represent an opportunity to incorporate
more genetic variation from the outset. Collections of natural ac-
cessions and wild relatives are often available and can serve as re-
servoirs of genetic diversity during the ongoing domestication of
cover crop species. Multivariate analysis reports that modern pea
cultivars have a close genetic relationship to each other in contrast to
the diversity detected in accession collections (Smykal et al., 2012).
Pea species can be crossed with wild varieties to enrich the genetic

pool to prevent further loss of genetic diversity; cowpea has over 200

wild relatives and wild Pisum fulvum, Pisum sativum ssp. elatius, Pisum
sativum ssp. sativum and Pisum abyssinicum could be introgressed
with domesticated pea, P. sativum, to increase genetic diversity (Tani
et al., 2017). Thlaspi arvense (pennycress) has extensive resources as
diverse germplasms have been collected worldwide and over 500
natural variants have been sequenced (Frels et al., 2019). Vast genetic
variation can be maintained in Triticale (x Triticosecale), a hybrid of
wheat and rye, by crossing together cultivars of wheat and rye as well
as crossing to diploid, tetraploid or hexaploid wheat varieties (Ayalew
et al., 2018; Baker et al., 2020; Oettler et al., 1991). Selection for
improved traits while maintaining genomic diversity is crucial for
long-term success of cultivars to preserve alleles that may confer
adaptability under shifting environmental conditions or resource
availability. New phenotyping methods, an increased attention to
root structure and biomass, and large sources of genetic diversity in
cover crops can be leveraged to create elite cultivars with desirable
above and belowground traits (Figure 3).

Identifying and understanding the molecular basis of phenotypic
diversity of root traits is advantageous for breeding cover crop cul-
tivars with improved ecosystem services and must precede precise
trait introgression or engineering efforts through synthetic biology
approaches. Modern breeding programmes often incorporate mole-
cular or genomics-assisted breeding to efficiently generate improved
varieties. Genetic resources for cover crop species are not as ex-
tensive as those for major crops but many species now have re-
ference genomes, transcriptomes, and genetic tools—including single-
nucleotide polymorphism (SNP) maps and diversity panels to perform
genome-wide association studies (GWAS) and quantitative trait locus
(QTL) analysis—to conduct functional genomic analysis (Ayalew
et al., 2018; Boukar et al., 2016; Frels et al., 2019; Jones et al., 2020;
Smykal et al., 2012). Literature from related species can be exploited
to direct breeding or targeted modification by identifying candidate
genes. For example, greater than 70% of the predicted peptides of
the pennycress genome have more than 80% sequence similarity to
those of A. thaliana, and mutations in homologues result in compar-
able phenotypes (Chopra et al., 2018; Dorn et al., 2015). Triticale has
a similar advantage as functional studies from wheat and rye are
directly applicable, but phenotypes may be less predictable due to
the multiploidy and hybrid nature of its genome (Mergoum
et al,, 2009; Oettler et al., 1991).

Improved agronomic traits are often determined by SNPs or a
few base changes in a single gene (Doebley et al., 2006; J. Li
et al.,, 2017; Mishra et al., 2020). Mutagens can introduce genetic
diversity in species where genomic resources are limited or gene
editing technology is not a viable tool. Random mutagenesis with
radiation or chemical mutagens has been used since the 1920s to
perform forward genetic screens for mutants with improved traits
and has resulted in hundreds of released crop varieties (Holme
et al., 2019). Reverse genetics with a mutagenized population is now
possible using targeting induced local lesions in genomes (TILLING) to
identify mutations in any gene of interest (Holme et al., 2019;
Jankowicz-Cieslak et al., 2017; Kurowska et al., 2011). TILLING is not
limited by species or genome size making it a promising tool to
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identify novel alleles in cover crops. An ethyl methanesulfonate
(EMS) mutant library has already been generated for pennycress and
will accelerate identification of genetic alleles to improve root ar-
chitecture or function (Marks et al., 2021). The integration of 'speed
breeding' approaches that use prolonged photoperiods and early
harvesting of seed to reduce generation time in cover crops species
would accelerate the generation of inbred lines (Hickey et al., 2019;
Wasson et al., 2016).

Gene editing technologies can accelerate trait improvement
through precise editing of genes to introduce novel or proven alleles.
Clustered regularly interspaced short palindromic repeats (CRISPR)
technology allows for the simultaneous targeting of unique genes to
multiplex alleles in a single generation to alter independent traits and
circumvents linkage constraints encountered in crosses (Cong
et al,, 2013; Jinek et al., 2012; Lowder et al., 2015; Ma et al.,, 2015;
Xing et al., 2014). CRISPR has most widely been used to edit coding
regions to generate null alleles, however, editing of cis-regulatory
elements is also advantageous and often yields subtle phenotypic
changes desired by breeders with fewer pleiotropic effects
(Rodriguez-Leal et al., 2017; Vats et al., 2019). Powerful new tech-
nologies, such as base editing and prime editing, precisely target
specific residues of the defined sequence to introduce a SNP or a
specified edit at single-base resolution (Mishra et al., 2020). Prime
editing uses a template to directly integrate a desired genetic se-
guence into the specified genomic target. Prime editing is being op-
timised in plants and has the potential to generate insertions,
deletions, and all possible base substitutions to engineer genes
(Anzalone et al, 2019; Hao et al, 2021; H. Li et al, 2020; Lin
et al., 2021; Tang et al., 2020). The power of functional genomics
combined with gene editing technologies can be harnessed to rapidly
domesticate cover crops and improve root traits, particularly in
species with limited natural genetic diversity. Applying the cap-
abilities of gene editing tools is primarily limited by the capacity to
transform the target species. Pennycress is well-positioned for direct
genetic modification due to its ease of transformation, diploid gen-
ome, low genetic redundancy and self-fertility allowing for propa-
gation of true breeding lines. Transformation of pennycress via a
floral dip method has already been optimised (McGinn et al., 2019)
and lines expressing transgenes or harbouring novel gene knockouts
generated with CRISPR have been used to manipulate seed oil pro-
files (Jarvis et al., 2021). Together, this supports that pennycress is
malleable and well-suited for targeted genetic modifications to en-
hance and stack desirable traits. Transformation of crimson clover,
T. pratense, and white cover, T. repens, has been accomplished
through callus induction to regenerate plants with disrupted flavo-
noid production to investigate the role of flavonoids in nodule for-
mation (Dinkins et al., 2021), but is most successful in lines optimised
for regeneration in tissue culture. Trifolium is an outcrosser meaning it
cannot self-fertilise, and therefore, transgenic lines must be clonally
propagated to maintain the transgene or gene edits. Alternatively,
mating with a line carrying a self-compatible locus increases suc-
cessful mating between the progeny to generate homozygous lines
(Dinkins et al., 2021; Riday & Krohn, 2010), but this method limits
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introgression of diverse genetic backgrounds. Preliminary studies in
hairy vetch demonstrate that transformation may be possible but
have yet to produce a stable transgenic line (Nguyen & Searle, 2022).
Transformation in monocot systems has become routine in major
cereal crops but is at its infancy in most cover crop varieties.
Transformation protocols for oat (Dattgonde et al., 2019; Gasparis
et al., 2008), buckwheat (Kojima et al., 2000), and wheat and triticale
(Hensel et al., 2009; Nadolska-Orczyk et al., 2005) are available; all
require tissue culture and plant regeneration with varying effi-
ciencies. Thus, advancing transformation capabilities of cover crop
species will reduce barriers to use gene editing technology for trait
improvement.

Information about genes affecting root function can be leveraged
to modify cover crops and improve root traits. It was recently de-
monstrated that roots of ethylene-insensitive mutants in rice and
Arabidopsis continued to elongate in compacted soil unlike those of
wild-type (Pandey et al., 2021) suggesting that subtle alleles of genes
involved in ethylene signalling may be promising targets to improve
rooting depth in compacted soils. Homologues of DEEPER ROOTING
1 (DRO1) are found across diverse phyla and are prime candidates to
mine for, or create alleles in, cis-regulatory and genic regions that
may confer desirable changes in root depth, root angle, and root
biomass at depth (Arai-Sanoh et al., 2014; Guseman et al., 2017; Uga
et al., 2013). With the expansion of genetic tools and resources for
cover crops, identifying the underlying genetics controlling root traits
and alleles that confer superior root traits are possible and will fa-

cilitate rapid improvement of cover crop root function.

4.3 | Potential for 'phenomic selection' to
accelerate gains in ecosystem service

With technological advancement and decreasing costs in high-
throughput genotyping tools, genomic selection is possible for many
species. Diploid annual cover crops such as pennycress (T. arvense)
are particularly amenable to available genetic improvement (McGinn
et al., 2019). However, there are many cover crop species that are
outcrossers, have high levels of heterozygosity, and are polyploid, in
which development and implementation of genomic tools comes at
high cost. For such cover crops with large, complex genomes, an
alternative plant selection methodology called 'phenomic selection' is
promising (Rincent et al., 2018). Phenomic selection can cheaply
screen many individuals and make selections with no pre-existing
genetic data, which could potentially reduce or eliminate the need for
genotyping in some cases (Rincent et al., 2018). Instead of relying on
genetic variances, phenomic selection uses an indirect phenotypic
measurement as a selection index for other traits of interest. Phe-
notypic variables can be used directly to replace genetic marker in-
formation in traditional selection methodology and thus can be
applied cheaply and widely to many species (Rincent et al., 2018). As
an example, near-infrared reflectance spectroscopy has been suc-
cessfully used to predict grain yield and heading date (Rincent
et al, 2018). This methodology appears to be a reliable and
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consistent method that can help breeders in ranking and selecting
varieties in breeding programmes (Lane et al., 2020). For widespread
adoption of cover crops by farmers, an array of species and varieties
are needed that are optimised for different climates, soil types,
cropping systems, and ecosystem services (Thorup-Kristensen
et al., 2003). A phenomic selection methodology could help accel-
erate cover crop breeding efforts by domesticating locally adapted
species without the need for any genotypic tools. Utilising native
species as cover crops would be beneficial in that they can be locally
adapted, ecologically diverse, and restore the habitat. Currently, only
spectra from near-infrared reflectance spectroscopy have been used
as a phenomic selection model input. Phenotypic values from other
root phenotyping methods may be utilised to predict plant perfor-
mance traits. Development and implementation of a phenomic se-
lection pipeline for ecosystem service performance could provide a
framework for rapid and wide improvement of cover crop species. In
addition, phenomic selection could facilitate simultaneous selection

for multiple species, individually or in mixtures.

5 | CONCLUSION AND FUTURE
PROSPECTS

For agriculture sustainability, protecting soil health and reducing our
dependence on chemical fertilisers is paramount. To attain this goal,
the ecosystem services provided by cover crops; soil structural re-
mediation, capture of soil resources, maintenance of the rhizosphere,
and building soil organic matter content have the potential to provide
an immediate and high impact to the farmer at a low cost. Under-
standing mechanisms of action behind ecosystem services and how
plants coordinate their diverse root functional traits will be important
for improving ecosystem service performance (Wen et al., 2019).
Cover crop varieties available today have generally had very minimal
genetic improvement from wild species and may be amenable to
rapid genetic gain. With recent advancements in genetic tools, the
domestication process can be accelerated by the stacking of multiple
traits (Chopra et al., 2020). In addition, advancement in phenotyping
approaches allow the simultaneous selection of root and shoot traits
and devising cover crop mixes that provide multifunctional ecosys-
tem services and enhance functional diversity in the field. Most cover
crops, at present, are investment strategies with yield benefits to the
cash crops realised after several years. Encouragingly, some ecosys-
tem services provided by cover crops show immediate tractable
benefits such as a strong reduction in soil erosion, N leaching, and
weed suppression (Osipitan et al., 2019; Thorup-Kristensen
et al., 2012). Widespread adoption of cover cropping systems is
unlikely to occur without short-term economic gains, and therefore,
‘cash cover crops' such as pennycress could provide the required
financial incentive. In addition, government- and industry-level sup-
port to cut greenhouse gas emissions from agriculture may stimulate
adoption by offering payments to farmers embracing conservation
practices (Reuters, 2021; The Wall Street Journal, 2021).
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