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Abstract

The necessity for sustainable agricultural practices has propelled a renewed interest
in legumes such as faba bean (Vicia faba L.) as agents to help deliver increased diver-
sity to cropped systems and provide an organic source of nitrogen (N). However, the
increased cultivation of faba beans has proven recalcitrant worldwide as a result of
low yields. So, it is hoped that increased and more stable yields would improve the
commercial success of the crop and so the likelihood of cultivation. Enhancing bio-
logical N fixation (BNF) in faba beans holds promise not only to enhance and stabilize
yields but also to increase residual N available to subsequent cereal crops grown on
the same field. In this review, we cover recent progress in enhancing BNF in faba
beans. Specifically, rhizobial inoculation and the optimization of fertilizer input and
cropping systems have received the greatest attention in the literature. We also sug-
gest directions for future research on the subject. In the short term, modification of
crop management practices such as fertilizer and biochar input may offer the benefits
of enhanced BNF. In the long term, natural variation in rhizobial strains and faba bean
genotypes can be harnessed. Strategies must be optimized on a local scale to realize
the greatest benefits. Future research must measure the most useful parameters and

consider the economic cost of strategies alongside the advantages of enhanced BNF.

KEYWORDS
biological nitrogen fixation, faba bean, legume, mineral nutrition, residual nitrogen, rhizobia,
yield variability

benefits of faba beans in cropping systems (Jensen et al., 2010).

Faba beans (Vicia faba L.), also known as fava, horse, tic, or field
beans, are a globally important grain legume crop. In 2021, 6 Mt of
faba beans were harvested globally. China is the leading producer,
followed by Ethiopia and the UK (FAOSTAT, 2023). An extensive
review has covered the various environmental and economic

Many of these arise as a result of their capacity for obtaining their
own nitrogen (N) via the process of biological nitrogen fixation
(BNF), which is one of the most ecologically important biochem-
ical reactions on a global scale (Unkovich et al., 2008). BNF in le-
gumes results from a symbiosis they establish with diazotrophic

soil bacteria (“rhizobia”) housed within specialized structures
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mainly on their roots called nodules. Faba bean nodulates most
widely with certain strains of Rhizobium leguminosarum symbiovar
viciae (Rlv), which are now considered to be part of the Rhizobium
leguminosarum complex (Rlc) (Young et al., 2021). The crop exhib-
its substantial BNF ability; under favorable conditions, faba beans
can derive up to 96% of their N from the atmosphere (Palmero
et al., 2022). Moreover, they lower the N demand of non-legume
crops in cropping systems through a range of above- and below-
ground mechanisms (Figure 1).

Despite these benefits, the global harvested area for faba beans
has halved over the past six decades, from 5.4Mha in 1961 to
2.7Mha in 2021 (FAOSTAT, 2023). This decline in area sown partly
reflects the global shift in farming practices in the latter half of the
20th century from legume rotations as a source of N to crops which
are dependent on synthetic N fertilizers. Moreover, as for the ma-
jority of legume crops, the low yields of faba beans are considered
a major deterrent to farmers to incorporate the crop into their ro-
tations more widely (White et al., 2022). However, it is hoped that
higher crop yields will encourage farmers to cultivate faba beans
more frequently.

Although numerous factors contribute to yield in faba beans,
there is an established correlation between the amount of ni-
trogen fixed and yield (Maluk et al., 2022). Hence, it is practical

Decomposition of
discarded Consumption of
nodules and foliage by
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FIGURE 1 The major routes of nitrogen (N) transfer from
the legume to the non-legumes in cropping systems. The size
of the arrow indicates the importance of that route as a means
of N transfer, based on Thilakarathna et al. (2016) and Peoples
et al. (2015).

to focus on improving BNF as a means of achieving higher and
more stable yields for this crop. In addition to lower yields, low
BNF may result in legumes such as faba bean contributing neg-
atively, rather than positively, to the soil N balance (Nebiyu,
Vandorpe, et al., 2014). Optimizing BNF in legumes, therefore, is
proposed as a valuable tool for sustainable agriculture (Del Papa
et al., 2024).

Historically, research on BNF has primarily focused on the de-
velopment of methodologies to determine the quantity of N fixed
via BNF per unit area, hereafter referred to as BNF in this re-
view (kgNha™) (EI-Ghandour & Galal, 1997; Papastylianou, 1987;
Senaratne & Hardarson, 1988). A comprehensive and widely scien-
tifically accepted tool for BNF is now widely used, specifically the
15N natural abundance technique (Unkovich et al., 2008), so it can
be argued that any further studies on a similar vein may no longer
be necessary.

Previous studies that specifically examine the response of BNF
to changing factors have been largely exploratory. Limited research
has examined the effects of crop management practices, such as
inoculation with Rhizobium or fertilizer input, with varying degrees
of success (Smith et al., 2009; Talaat & Abdallah, 2008). Many of
the environmental factors and management practices contributing
to BNF were described in an extensive review more than a decade
ago, in the broader context of cropping systems involving the crop
(Jensen et al., 2010). Therefore, given the unexplored opportunity
to optimize BNF in the crop (Del Papa et al., 2024), there is a clear
need for an updated review of the state of the literature, with clear
signposts for directions for future research.

To conduct the literature search, we utilized Google Scholar
and Web of Science. The search terms employed to find literature
on faba beans were ‘faba bean,’ ‘broad bean,’ ‘field bean,’ ‘vicia
faba,” in combination with ‘nitrogen fixation,” ‘BNF, ‘SNF,” ‘rhi-
zobi*, or ‘nodule’. Additional papers on other legumes were found
ad hoc using a similar method if the literature was missing for faba
beans. Generally, only papers published in the last decade, start-
ing from February 2024, are reported to capture the most recent
state of literature. Given the difficulties and costs associated with
measuring BNF (Unkovich et al., 2008), many papers in the liter-
ature opt to measure related and correlated parameters such as
the number of (effective) nodules or nodule dry weight. Where
studies report BNF, values are reported as either the percentage
of N in plant tissue derived from the atmosphere (%Ndfa) and/
or the amount of N fixed (De Notaris et al., 2023). As the latter is
a function of the former and total N yield per unit area, the few
studies that report only %Ndfa are omitted from this review since
this parameter does not give a useful indication of the quantity of
N fixed, which is more important in the context of agriculture and
environment as this value quantifies the N services provided by
the grain legume.

The aims of this paper are twofold: (1) to assess recent advance-
ments in enhancing BNF in faba beans (Figure 2) and (2) to suggest
potential avenues for future research to allow the crop to realize its
full global potential (Figure 3).
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FIGURE 2 Simplified representation of factors that can be targeted to enhance biological nitrogen fixation (BNF) in faba beans (Vicia faba
L.). The first number in each circle (e.g., 2.1) relates to the subsection in the review that covers that factor. The size of the circle is related
to the number of research publications that have attempted to enhance biological nitrogen fixation (BNF) and/or nodulation by targeting
the factor; the number in parentheses in each circle quantifies the number of papers. PPP, plant protection product; PGPR, plant growth-

promoting rhizobacteria.
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FIGURE 3 Schematic diagram to show some of the potential directions of future research to increase biological nitrogen fixation (BNF) in
faba beans (Vicia faba L.). Crop management, inoculation, and plant breeding can be targeted in the long term and the short term to enhance
this important parameter. The most important directions for research are given in bold.

2 | CROP MANAGEMENT
2.1 | Optimizing sowing density
As BNF is a function of N yield per unit of dry plant biomass, opti-

mizing cultivation practices to maximize plant biomass may offer

significant benefits to enhancing BNF. One way of achieving this

is by optimizing sowing density, which would be relatively simple
for growers to implement. Sowing at too low of a density leads
to suboptimal yields due to patchy establishment, but sowing at
densities that are too high leads to increased competition and a
consequent decrease in the number of established plants (Sobko
et al.,, 2019). There have been no recent peer-reviewed papers
that have assessed the effect of sowing density on BNF in faba

95U8917 SUOLULLOD aA 1R 9|dedl|dde ay) Aq peuseAob afe sopiLe VO ‘8sN J0 S3|NJ J0j AkeiqiTauljuQ /8|1 UO (SUONIPUOD-PpUe-SLLB)L0Y" A3 | I Ale.q 1[pul uo//SAny) SUONIPUOD pue Wi 1 8u) 88S *[202/50/2z] Uo Ariqiauliuo Aoim 1se L Ag yTOT €ed/Z00T 0T/I0p/wod Ao |Im Afelqiuljuoy/Sdiy Wolj papeoiumod ‘€ ‘7202 ‘G9295/52



JITHESH €T AL.

beans (Figure 2) since Sprent and Bradford (1977) revealed that
BNF decreases with higher sowing densities at all the growth
stages measured in the small-seeded faba bean Maris Bead. The
effect of sowing density on BNF in other legumes is inconsist-
ent. For example, in soybeans, a study in Central Europe found
the highest BNF rates from the highest sowing densities (Radzka
et al., 2021), whereas in China, the opposite trend was observed
(Wei et al., 2021). This may reflect the variation in optimal sowing
density between varieties and growing regions for plant biomass
and yield as a result of varying growth habits and/or environ-
mental factors (Gezahegn et al., 2016; Tamrat, 2019). To enhance
BNF, therefore, it is necessary to conduct localized studies that
focus on optimizing the sowing density of newer varieties of
faba beans. These studies should aim to maximize plant biomass
but must also measure BNF directly to confirm the positive cor-
relation between sowing density, yield, and BNF in faba beans
(Figure 3).

2.2 | Application of plant protection products
(PPPs)

Another crop management practice that can be optimized to en-
hance BNF is the application of plant protection products (PPPs).
The term “PPP” encompasses all chemicals used to control pests,
weeds, and diseases including insecticides, fungicides, and her-
bicides. In addition to their effects on plant growth, the effects
of PPPs on BNF may be largely a result of their impact on the
survival and efficacy of rhizobia in the soil (Burul et al., 2022).
For example, studies based on other crop species have shown
that the input of chemicals into agricultural soils can decrease
the diversity, abundance, and reproduction of rhizobial species
(Johnsen et al., 2001) or increase their reproduction, perhaps by
acting as a substrate for their growth (Trimurtulu et al., 2015).
Generally, in faba beans, it appears that PPPs have no signifi-
cant effect. Glyphosate, which is among the world's most widely
used herbicides, sprayed in pots 2 days before sowing did not af-
fect nodulation or BNF of faba beans (Aynalem & Assefa, 2017).
Similarly, no negative effect was found of the application of
the herbicide pendimethalin on the nodulation process (Ntatsi
et al., 2018). There is limited literature examining the effect on
BNF in the field of most other PPPs approved for use in faba
beans (Figure 2). However, other studies report no effect of sev-
eral commonly used PPPs on the symbiosis or nodulation with
related legumes such as peas (Pisum sativum) and common beans
(Phaseolus vulgaris) (Laabas et al., 2022; Oliveira et al., 2016).
Given that the use of PPPs is standard agricultural practice for
faba bean cultivation in most climates to maximize crop produc-
tivity, it may be useful to examine how these affect rhizobial
populations and BNF in more detail, despite current evidence
suggesting that the use of many of these PPPs may not reduce
BNF in this crop (Figure 3). However, this should not be consid-
ered a priority for research.

2.3 | Application of biochar

The potential of biochar in improving BNF in legumes has been
covered in detail in a recent meta-analysis (Farhangi-Abriz
etal., 2022). Generally, increases in BNF and associated nodulation
parameters are greater when biochar is added to sandy and loamy
soils with low N, carbon (C), and cation exchange capacity (CEC).
The addition of the C-rich soil amendment is thought to contribute
positively to the physicochemical properties of the soil, thereby
optimizing conditions in the rhizosphere. Indeed, amelioration of
soil pH and plant nutrient status was reported to contribute to
enhanced BNF in faba beans grown in acidic soils with the addi-
tion of biochar (Van Zwieten et al., 2015). Biochar derived from a
variety of sources, including soybean straw, maize, papermill, and
poultry shed waste, has been shown to increase nutrient uptake
of faba beans and therefore contribute to increased nodule num-
ber and/or nodule activity (Egamberdieva et al., 2020; Mohamed
et al., 2017; Van Zwieten et al., 2015) (Figure 2). Given the growing
interest in biochar as a low-cost soil amendment for agriculture
(Das et al., 2023), its routine application in regions with unproduc-
tive or infertile land growing faba beans may be beneficial for en-
hanced BNF. For example, it may be beneficial to determine which
locally available source of biochar offers the greatest benefits in
terms of BNF or to determine the optimum timings and/or rate of
its application to the crop (Figure 3).

2.4 | Application of fertilizer

When nutrient levels are deficient, nodulation is limited as a re-
sult of the important role these nutrients play in the biochem-
istry of BNF, which is a highly energetically costly process. For
example, N-fixing legumes have high phosphorus (P) require-
ments as a result of the ATP demand of BNF (Haling et al., 2016).
Similarly, reduced BNF under sulfur (S) starvation was found to be
due to limitations in ferredoxin, leghemoglobin, and ATP supply
(Scherer, 2008). On the other hand, when nutrient levels are high,
BNF is also limited. In the case of N, this may be attributed to faba
beans not engaging in BNF because of the high energy and carbon
costs associated with the symbiosis compared to the uptake of N
from the soil as nitrates or ammonium (Mohammadi et al., 2012).
Nevertheless, compared to other legumes, faba beans are ob-
served to maintain BNF at high soil N levels (Guinet et al., 2018;
Rose et al., 2016) providing the rate of photosynthesis is sufficient
(Etemadi et al., 2019).

A summary of recent studies attempting to optimize macronutri-
ent fertilizer input for nodulation and BNF in faba beans is given in
Table 1. Among the macronutrients, the optimization of N, P, and po-
tassium (K) has received substantial attention in the literature. The
pattern appears to be that optimum recommendations for fertilizer
rates must return levels of nutrients in the soil to a particular opti-
mum level. For example, in studies that have focused solely on opti-
mizing P in the field, optimum rates vary from 20kg P ha ! (Amanuel

85UB01 7 SUOWILLIOD AR 3|deotdde 8y Aq peusenob 8fe el VO ‘88N JO 3N oy Akeiq 18Ul UO /8|1 UO (SUORIPUOD-PUe-SWIBHLI00" A3 | 1M Afe.q | [Bu JUO//SAHY) SUORIPUOD Pue SWB | 8U1 89S *[202/50/2Z] Uo AreiqiTauiuo AB|im 8L Aq SiTOT €Rd/200T 0T/10p/wod A8 | M AReIq 1 Buljuo//SANY WO14 papeo|umoq ‘€ ‘¥20Z ‘5929552



25756265, 2024, 3, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/pei3.10145 by Test, Wiley Online Library on [22/05/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

JITHESH €T AL.

passasse JON
ajes Aue
1e 98ueyd juediylusis oN

so3ed |[e YyHM paseatou]

%66 AQ paseatdu|

%91 AQ paseatou|

S93ed ||B YyHM paseatou]

|043u0d 03
patedwod pIalA uo 32943

%89T Aq Ajanpoe
9seuasoJ3iu ul 9sealdu|

%LC
Aq (,_WN8) 4Ng Ul asea.09Q

passasse J0N

passasse JON

%L9 Ad (;_BUN3Y)
4Ng pue %g5¢ Aq sajnpou
(yuid) 9A11094J9 Ul 9se2.OU|

passasse J0N

|o43u0d
03 paJjedwod {Ng uo 129})3

passasse J0N
%EY

AqQ 3y81am Aup ajnpou ul asealdaq
s93el || Yym jy3iom Aup

3[NPOU pue Jaquinu 3|Npou uj aseadu|

%T€ Aq 3ySom s|npou pue
%/ Aq Jaquinu a|npou ul asealdsq

%62 Aq 1ysiam Alp ajnpou pue
%6271 A Jaquinu 9|Npou Ul 9sealdu|

sajel ||e

U}IM SWN|OA 3[Npou pue ‘Jysiam
AJp 9|npou Jaquinu 3|Npou uj 9seadu|

]o43u0d
0} paJedwod UOIIR|NPOU UO 333443

GTiS+ST N
0:N
pai1oads 10N

09 :N+0¥ d

0¢C d ‘0C ‘N

payy1aads JoN

(;-eu)
jJusWIeal)
lewndo

JnyIns ‘s ‘snuoydsoyd ‘4 ‘usdoujiu ‘N ‘wnissejod Yy :suoljeinaiqqy

0S ‘ST°0S

09T ‘08 ‘0% ‘0 M
091

‘0¢T ‘08 ‘0¥ ‘0N

0SC ‘GZT ‘S'C9 N

0807 ‘0d

06 ‘09 ‘0€ ‘0N

0Z ‘0T ‘0d
9% ‘0 ‘0T ‘0N

Ot ‘0T ‘0d

(;-eu)
sjuswijeas)

S

d

paipnis
(s)usnN

puejod

Aley

beu|

Aaxpany

eidoiyig

eidoiyig

Apnis
Jo Aiauno)

(STOT) "IB39
e)SWOpeIMaIN

(8T02) '|e 32 euedweyd
(0202) ‘e 32 uooueH

(9102) 1PYqIH
pueepy

(0202) "B 32 UYSdN

(ST02) "[e 32 BIS2Q

ERITEYEIEN

‘pISIA doud

U0 123449 pajeldosse ay3 pue (] bgbJ bIdIA) sueaq eqe] ul (4Ng) uollexiy COMO\EC _mu_wo_o_n pue uole|npou Jo) Indul 4321|1349 JuUsLIINUOIdeW MC_N_E_H—QO S9IpN}s Juadald Jo Alewwnsy T 379VL



JITHESH €T AL.

etal., 2000) to 40kg P ha™! (Desta et al., 2015) for enhancing nodule
numbers in Ethiopia, where these were the highest rates tested in
the respective experiments. This difference could be explained by
the initial difference in the availability of P; the soil where 40kg P
ha™! was optimum had a third of the P present before fertilization
compared to soils with a higher P baseline where 20kg P ha™ was
found to be optimum. The optimum P application rates, therefore,
varied according to the amounts already present in the soil, as well
as other environmental factors specific to growing regions, within
the same country.

This is also true for fertilizers applied in combination. For ex-
ample, in Turkey, Adak and Kibritci (2016) reported that a combi-
nation of 80kg P ha™ and 30kgNha™* was optimal for nodulation
parameters, while in Ethiopia it was a combination of 20kg P ha™
and 20 ngha'1 that was optimum for BNF and nodulation (Mesfin
et al., 2020). Both studies report similar levels of P in the soil before
sowing. Therefore, the optimal level in the soil is not only deter-
mined by the nutrient levels in the soil alone, but also according to
other environmental factors. This suggests that fertilizer rates must
be optimized on a local scale if they are to ultimately increase BNF
(Figure 3).

The direct effect of magnesium (Mg) on BNF in faba beans has
not been studied, despite its application being standard agricul-
tural practice in many countries including the UK (AHDB, 2022).
Similarly, little attention has been paid to S nutrition of legumes;
it is generally not applied to faba beans as standard agricultural
practice (AHDB, 2022; GRDC, 2017). Similarly, although yield
benefits and increased nodule numbers have been reported fol-
lowing application of boron (B) fertilizer in combination with zinc
(Zn) and molybdenum (Mo) (Adissie et al., 2020; Mohamad &
Mohammed, 2020), there have been no attempts to optimize the
rates of these micronutrients for BNF. Therefore, in addition to
optimizing N, P, and K to local regions, future studies focusing on
elucidating the roles of Mg, S, and macronutrients such as B and
Mo in BNF and optimizing the application of these nutrients may
also be beneficial. Any studies optimizing N as “starter N” must
also bear in mind the environmental and economic costs associ-
ated with its application. In addition, it is also important to con-
duct an economic analysis of field trials to determine the marginal
rate of return of fertilizer inputs, considering both yield and the
associated N benefits to subsequent crops (Figure 3).

2.5 | Cropping system

An alternative approach is to optimize the cropping system for BNF
(De Notaris et al., 2023). Given the environmental benefits of sus-
tainable cropping systems, optimizing BNF provides synergistic
benefits. There is increased interest globally in no-tillage and or-
ganic farming systems reflecting the shift toward more sustainable
agricultural practices (Singh et al., 2023; Yue et al., 2023). These
practices may be beneficial for BNF in faba beans but not always
(De Notaris et al., 2023), perhaps suggesting the importance of

optimal seasonal growing conditions too. For example, cultivating
faba beans under two Mediterranean no-tillage systems increased
BNF (Simon-Miquel et al., 2024; Tedone et al., 2023). Similarly, the
addition of sheep manure (Yfantopoulos et al., 2022) and municipal
compost (Maluk et al., 2022) is both reported to lead to increased
BNF compared to the conventional mineral synthetic PK inputs in
Greece and Scotland, respectively. These findings can be attributed
to these farming systems creating more favorable conditions in the
soil for rhizobial growth and colonization (Tedone et al., 2023) as
well as lower levels of soil N (Yfantopoulos et al., 2022). Future stud-
ies, therefore, may consider quantifying complementary soil rhizobia
or soil N under various cropping systems as a means to determine
BNF potential in a particular field (Figure 3).

Unlike the no-tillage cropping system, legume/cereal intercrop-
ping is an increasingly prevalent sustainable cropping practice that
may negatively affect BNF in faba beans in some circumstances
(Rodriguez et al., 2020); their meta-analysis found that although the
%Ndfa in faba beans increased in intercropped systems, BNF may
decrease under certain conditions, depending on additional factors
such as the input of N fertilizer. This may be attributed to the lower
biomass of the legume crop in intercropped systems compared to
a sole crop of legume. Compared to other N-fixing legumes, BNF
in faba beans in intercropped systems is less susceptible to inhibi-
tion after the application of synthetic or mineral N fertilizer (Guinet
et al., 2018; Rose et al., 2016). Nevertheless, BNF was inhibited
in intercropping systems where mineral N was applied at rates of
over 100kgN hat (Fan et al., 2006; Rose et al., 2016). However, Mei
et al. (2021) reported increased BNF in faba beans intercropped with
maize with rhizobial inoculation and the addition of synthetic N at
150kgN ha™ in reclaimed desert soil in China. Therefore, BNF ben-
efits due to intercropping may only be realized in particular growing
regions and conditions. Optimizing fertilizer input and sowing rates
for biomass of faba beans in intercropping systems involving the
crop will mutually benefit the partner cereal crop as a result of en-
hanced BNF leading to greater N transfer (Figures 1, 3).

3 | INOCULATION
3.1 | Inoculation with elite rhizobial strains

Given the variation in rhizobial compatibility with legumes, and
therefore symbiotic effectiveness, the maximum BNF capacity of
faba beans, and legumes in general, is rarely reached in most agri-
cultural settings (Allito et al., 2020; Mekonnen & Mnalku, 2021). It is
therefore suggested that “elite” Rlv strains (i.e., strains that have the
potential to increase legume growth and BNF above than allowed
by other strains), applied as inoculants, might be favored by the host
legume over strains that are less efficient in the symbiosis in the soil,
leading to increased BNF (Maluk et al., 2022; Westhoek et al., 2021).
Therefore, in addition to sufficient numbers of complementary soil
rhizobia, it is also important that the complementary strains of rhizo-
bia are present for optimal BNF.
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In the UK, it was observed that appropriate strains of Rlv per-
sist in agricultural soils for decades, even in the absence of legume
cropping (Maluk et al., 2022), and this may be true for other temper-
ate regions, especially those in which relatives of faba beans (other
Vicia spp. and Lathyrus spp.) are native, possibly negating the need
for inoculation. Indeed, increases in nodulation, BNF, and yield as
a result of inoculation are not always found (Fogelberg et al., 2023;
Maluk et al., 2022; PGRO, 2023), and hence, inoculation is not rec-
ommended as standard practice, especially in Europe. Interestingly,
effective inoculation can be limited, even in regions where Vicia spp.
are not native and in which inoculation is generally recommended,
such as in Australia. This is thought to result from the presence of
less effective rhizobia already present in the soil from previous in-
oculations, since Denton et al. (2013) only showed increased BNF
when the inoculant was applied at 100 times the normal rate.

The presence of appropriate complementary rhizobial strains
in the soil remains an important determinant of BNF in faba beans
and other legumes such as soybean (Maluk et al., 2023). Although
inoculation is yet to show increased BNF and/or a yield benefit in
European studies, numerous field studies elsewhere, particularly in
Africa, report significantly increased nodulation and/or BNF when
inoculating soil or faba bean seeds with certain Rlv strains (Table 2).
Considering these factors, future research on inoculation to increase
BNF should also consider the economic cost of the practice and
should be a priority in regions where complementary (i.e., potential

competitor) strains are not native to the soil (Figure 3).

3.2 | Inoculation with stress-tolerant
rhizobial strains

The physiological mechanisms of the adverse effects of abiotic
stresses such as drought, salinity, and heat on BNF in legumes have
been summarized recently (El Sabagh et al., 2020). Extended periods
of drought cause a decrease in soil Rhizobium populations, which is
often associated with poor nodulation of legumes during dry sea-
sons (Atieno & Lesueur, 2019; Mohammadi et al., 2012). This further
reinforces the recurring theme that quantification of soil rhizobia is a
useful determinant of BNF potential (Figure 3). Decreased BNF can
also in part be attributed to hypoxia as a result of compaction of the
nodule structure during drought stress, leading to perturbed respira-
tion (Chammakhi et al., 2022).

Inoculation may offer benefits in faba bean growing regions that
frequently experience environmental stresses such as tempera-
ture extremes, desiccation, drought, salinity, pH, and heavy met-
als. The isolation of RIv strains that survive in soil and can nodulate
under stress and their subsequent assessment in the field under
abiotic stress may be a useful future avenue for research. For ex-
ample, L'taief et al. (2019) found that inoculation with salt-tolerant
RIv strains increased nodulation and shoot N in faba beans in the
presence of salinity in a glasshouse study, presumably as a result of
enhanced rhizobial survival. Moreover, given that both the plant and
the bacteria are important in the symbiotic relationship, potentially

combining a tolerant faba bean genotype with an appropriate toler-
ant Rlv strain may provide the greatest opportunity to enhance BNF
under a particular environmental stress (Figure 3). These stresses
will become more prevalent due to global climate change (Beacham
et al., 2018), making it increasingly important to harness the natural
variation in both faba bean and rhizobial populations to safeguard

the future production of the crop.

3.3 | Inoculation with plant growth-promoting
rhizobacteria (PGPR)

PGPR act in the rhizosphere surrounding roots and benefit plant
growth in a variety of direct and indirect ways (Mohanty et al., 2021).
The exact mechanism by which BNF is enhanced by PGPR inocu-
lation is poorly understood, but the suppression of pathogens and
solubilization of phosphate, both of which enhance BNF, may play a
role. Indeed, in faba beans, inoculation with PGPR has been shown
to increase resistance to diseases (Abdelkhalek et al., 2022) and tol-
erance to salinity stress (Metwali et al., 2020), which may indirectly
enhance BNF, although this parameter was not directly measured
in the mentioned studies. Presently, no studies that the authors are
aware of have assessed the effect of PGPR inoculation on BNF in
faba beans (Figure 2), although work in other legumes suggests a po-
tential benefit. For example, in the common bean (Phaseolus vulgaris
L.), nodule numbers, nodule dry weight, and, most importantly, BNF
were increased as a result of inoculation with PGPR strains (Yadegari
et al., 2010). Future studies, therefore, need to gain a deeper un-
derstanding of the mechanism by which PGPR inoculation enhances
BNF. This requires BNF and associated parameters to be measured
directly in studies involving PGPR inoculation of faba beans, in ad-
dition to the measurement of the effect of PGPR activity such as
disease resistance and tolerance to stresses. Understanding the
mechanism will enable a more focused approach to selecting the
PGPR strains with the most beneficial properties for enhancement
of BNF to further test on faba beans (Figure 3).

3.4 | Co-inoculation of rhizobia and PGPR

It is thought that when applied together, PGPR strains increase root
growth of the legume to allow more sites for nodulation by rhizo-
bia, therefore leading to a synergistic increase in BNF (Barbosa
et al., 2021). Indeed, in soybean cropping in South America, the
co-inoculation of its nodulating symbiont Bradyrhizobium with the
well-studied PGPR Azospirillum brasilense is now standard practice,
as it not only improves BNF and grain yield, but also confers greater
crop tolerance to water stress (Prando et al., 2024). However, this
is not yet the case with other crop legumes, such as faba beans,
even though there is increasing evidence for its potential benefits.
For example, co-inoculation with one RIv and two PGPR strains led
to significant increases in nodule number, plant growth, and shoot
N content of faba beans in a pot experiment (Mowafy et al., 2022).

85UB01 7 SUOWILLIOD AR 3|deotdde 8y Aq peusenob 8fe el VO ‘88N JO 3N oy Akeiq 18Ul UO /8|1 UO (SUORIPUOD-PUe-SWIBHLI00" A3 | 1M Afe.q | [Bu JUO//SAHY) SUORIPUOD Pue SWB | 8U1 89S *[202/50/2Z] Uo AreiqiTauiuo AB|im 8L Aq SiTOT €Rd/200T 0T/10p/wod A8 | M AReIq 1 Buljuo//SANY WO14 papeo|umoq ‘€ ‘¥20Z ‘5929552



25756265, 2024, 3, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/pei3.10145 by Test, Wiley Online Library on [22/05/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

JITHESH €T AL.

<
i
'
o
©

aseaJoul Juediyiusis oN

%02 Aq paseatou|

%08 03 dn Aq paseasdu|

passasse J0N
%8¢ Aq paseasou|
%/ET 03 dn Aq pasea.ou|

(1eaA
auo ul) %16 Ag paseatdu|

%91 Aq paseatou|

%TTT Aq paseatou|
%0EZ 03 dn Aq paseaudu|

%9€T 031 dn Aq paseaudu|

%ZT Ag pasealou|
%G Aq paseatou|

passasse J0N
%G T Aq paseatou|

paje|ndouiun o}
paJedwod p[alA uo 329})3

sa|npou (juid) aAnoe
ul aseaJtoul Juediiusis oN

passasse JoN

%0.€ 03 dn Aq sa|npou
(»jurd) aA130E Ul 9SEAIDU|

dNg ul
%/LT 03 dn Aq pasea.tou|

passasse J0N

passasse J0N

passasse JO0N

passasse JoN
passasse JoN

passasse JoN

passasse JoN

passasse J0N
passasse J0N
passasse JoN
passasse J0N

paiejndouiun
0] paiedwod 4Ng U0 393443

passasse JoN

Jaquinu a|Npou Jo 3yS1am AJp 3|npou Ul aseaJdu] Juedlyiusis oN
%9ZT 03 dn Ag S9|Npou Jo Jaquinu [e}0} U] 5e3JdU|

S9I31914eA Uea( eqey ||e ul Jy31om Alp a|npou ul paseaJdu|
%t/ AQ IYS19m Ap S|npou pue %4€ Aq Jaquinu 3|NPouU Ul 9SeaJdu|
%/.6 01 dn Aq Jaquinu a|Npou ul 3seaJdu|

JYjoue Ul 92UaJa44Ip Juedijiusis ou
‘1e9A auo Ul %18T AQ 3y31om Ap a|npou pue % T/ AgQ Jaquinu 3|Npou Ul 9seatdu|

%<9 Ad 1ys1am Aip ajnpou
pue ‘%6/ Aq jue|d Jod sawn|oA 3|npou ‘%11 Aq jueld uad sajnpou uj aseadu|

%S AQ 1y31am Aup s|npou pue %99 Aq jue|d Jad sa|Npou Ul 3seaudu|
%1811 01 dn AQ JyS1om Aup a|npou ul aseasdu|

%008/ 03 dn AQ a|npou Jo 1y31om a3etaAe pue ‘%000€
03 dn Aq 3yS1am Aup ajnpou ‘94008 03 dn Aq jue|d uad Jaquinu ajnpou Ul aseatdu|

%/¢ Aq 1ueld yad sa|npou pue %1 AQ JY3I9M Ysalj 3|Npou Ul 3seaudu|
%9£9 AQ sa|npou Jo JySiam AJp pue %8cH Aq S9INPOU JO JaquINU Ul 9583.0U|
%005 AQ 3YS1am ysaly 3|npou pue %04 AQ S3|NPOU JO JSGWNU U] 3SE3IdU|
%€9 Aqjueld uad sajnpou pue %8z Aq JySiom Aup a|npou paseasdu|

pa3jejndouiun o} paJedwod UOIIE|NPOU UO 133443

‘uonexiy ussoJiiu [ed18ojoiq ‘{Ng :UoljeInaiqqy

eidoiyig
eidoiyig

eldoip3

eldoiyig
eidoiyi3
eldoiyig

eidojyig

eidoiyig
eldoiyig
1dAS3

1dAS3

1dA33

beu|
uep.or
ysape|3ueg

Apnis
Jo Aijuno)

pIet4
PI=!4

pIol4

pIe!4
pIal4
pIe!4

pIai4

CIETE
10d
CIETE

pIol4

pIe!4
pIal4

10d
pIat4

el
JoadAl

(2z0T) 2122 pue 3399
(8T02) "B 32 npexa4

(T20T) 'le 19 nausn

(0207) yeso
pue ‘Yyesus|n-ISnm3 ‘oY

(STOT) '|e 39 €3S3Q
(¢z02) 2191 pue apagayy

(£T0Z) njjeuln pue mesiy

(0202) "[e 32 3Issipy
(8T02) & 12 SsoJIYap|oAA
(£T02) " 33 J19SNOA

(STOT) ‘|2 32 pakes |3

(0Z02) powweyoN
pue peweyo|n

(0207) "|e 33 uooueH
(97T07) lwiwe] pue uewylo
(cz0z) 1B 312 3j1woyg

ERITEYEIEN

"pI3IA pue ‘4Ng ‘Uolje|npou uo suleJ}s [ewi3do Jo 309}42 PaleIdOSSE 3Y) pue (] pgpj bIdIA) Suead eqey Joj UleJ}s [elqoziyd Jueindoul Suiziwido saipnis jo Adewwnsy z 379V1



JITHESH ET AL.

The latter finding may suggest increased BNF as a result of the co-
inoculation, although this trait was not specifically measured. In ad-
dition, co-inoculation with a PGPR (Pseudomonas putida) and an RIv
strain led to enhanced tolerance to drought and increased yields,
although BNF itself was not measured (Mansour et al., 2021). This
perhaps suggests that co-inoculation of PGPR with Rlv strains may
indirectly enhance BNF by ameliorating environmental stresses and,
therefore, may benefit certain regions globally where these stresses
are limiting faba bean production (Kaschuk et al., 2022). As with in-
oculation with Rlv alone, the economic cost of co-inoculation must
be considered alongside any increases in BNF and/or yield in future
studies; that being said, in the case of soybean the costs per dose
of the co-inoculants are sufficiently low that the yield benefits out-
weigh them (Barbosa et al., 2021; Prando et al., 2024). Moreover,
studies must directly measure BNF in order to confirm the benefit of

co-inoculation to this parameter under various conditions (Figure 3).

3.5 | Fungalinoculation

Inoculation with arbuscular mycorrhizal fungi (AMF) increases P up-
take by roots and therefore theoretically enables legumes to meet
the high P demand of BNF (Beslemes et al., 2022; Shi et al., 2021).
Inoculation with another fungus, a species of white-rot fungus
(Ceriporia lacerate), has been shown to increase BNF in faba beans in
a pot trial (Yin et al., 2022). Like AMF inoculation, this increase can
be attributed to the fungus increasing the availability of nutrients
including P in the soil and by inducing changes in root morphology
providing more sites for nodule formation. This practice, therefore,
may be particularly beneficial in soils with moderate or low levels of
P as an alternative to applying additional P fertilizer to enhance BNF.
Inoculation of AMF both with and without rhizobia led to increased
productivity of faba beans, potentially through increased BNF, al-
though this was not specifically measured (Pereira et al., 2019). The
incorporation of these fungal inoculants in crop management prac-
tices has the potential to be explored further, assuming similar re-
sults are found in field trials. The benefit to BNF as a result of fungal
inoculation, however, must first be confirmed. In addition, given the
C cost to the plant of associating with both the fungi and the Rlv, the
effect of an increased tripartite symbiosis on BNF and yield in the
field must be assessed (Figure 3).

4 | SELECTIVE PLANT BREEDING

Currently, the focus in faba bean breeding for enhanced BNF is
generally on selecting varieties that have a high BNF or %Ndfa. As
discussed, the latter parameter does not indicate the quantity of
fixed N. Moreover, there does not appear to be a clear indication
of genetic diversity for %Ndfa among faba bean varieties (Boots-
Haupt et al., 2022), although this could be as a result of limitations
of the method of measurement (Nebiyu, Huygens, et al., 2014). The
agronomically important parameter, BNF, is additionally influenced

by numerous environmental and management factors, which makes
it a poor target in breeding programs. For example, although BNF is
reported to vary significantly among germplasm (Nebiyu, Huygens,
et al., 2014; Neugschwandtner et al., 2021), this trend is not consist-
ent across the literature (Maluk et al., 2022). These findings reflect
the fact that other environmental factors associated with the crop-
ping regions are contributing to BNF. Indeed, in the common bean
(Phaseolus vulgaris L.), a related legume, the heritability of traits as-
sociated with BNF varies up to sixfold depending on the stresses

present in the environment (Farid et al., 2017).

4.1 | Selecting for rhizobial selectivity

An alternative, and more effective, way to improve BNF through
breeding may be to focus on selecting for faba bean germplasm
that effectively selects for the most efficient rhizobial strains in soil
with which to engage in symbiosis (Dwivedi et al., 2015; Skovbjerg
et al., 2023). The natural diversity of rhizobial strains in agricultural
soils is large, and rhizobial strains are not equal in their effectiveness
within the symbiotic association with the host plant and, therefore,
their BNF capacity (Allito et al., 2020; Maluk et al., 2022). The ca-
pacity to select for more efficient strains for nodulation and BNF
clearly exists in pea (Westhoek et al., 2021), so it is also likely to
occur in its close relative, faba bean. Indeed, there is unexplored
variation among faba bean germplasm for strain selectivity (Adhikari
et al., 2021), and this strain selectivity may be less influenced by the
environment and is, therefore, a potential target for breeding pro-
grams (Dwivedi et al., 2015). On this basis, the selection for faba
bean germplasms that effectively select for efficient N-fixing rhizo-
bial strains remains an objective in faba bean breeding programs
such as ProFaba (Adhikari et al., 2021).

Although there has not been any progress reported to date
(Figure 2), the recent publication of the extensive 13 Gb faba bean
genome offers exciting prospects for this genomics-based breeding
platform, poised to accelerate breeding aims (Jayakodi et al., 2023).
Moreover, a genome-wide association study (GWAS) in MAGIC pop-
ulations has been used to identify genomic regions associated with
numerous traits including disease resistance and flowering time
(Skovbjerg et al., 2023), raising the possibility of a similar study fo-
cusing on loci associated with efficient rhizobial selectivity, which is
necessary (Figure 3). Indeed, this approach has already been demon-
strated in other grain legumes with promising results in terms of en-
hanced BNF (Dwivedi et al., 2015).

4.2 | Selecting for tolerance to
environmental stresses

For effective BNF, the growth of both the legume partner and the
rhizobial partner in the nodulation symbiosis must be adequate.
Environmental stress can cause suboptimal BNF by inhibiting proper
growth of the legume.
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Like all crops, faba bean varieties vary in their tolerance to dif-
ferent levels of environmental stresses (Mansour et al., 2021). This
suggests that there is potential to select for these traits in breeding
programs. For example, a faba bean genotype with tolerance to salt
in Mediterranean-type climates has been identified from pot stud-
ies (Benmoussa et al., 2022), although it is not clear whether the in-
creased tolerance is a result of increased BNF. Selecting for further
genotypes with increased tolerance to particular stresses and sub-
sequently assessing their performance for BNF and yield under field
conditions in future studies are a potential route to enhancing these
traits in faba beans (Figure 3).

5 | CONCLUSIONS AND OUTLOOK

The renewed interest in legumes globally is a result of an ever-
pressing need for more sustainable cropping systems. This is shed-
ding light on the importance of enhancing BNF in faba beans, both
as a means to potentially stabilize yields and to further reduce the
N fertilizer needed for subsequent crops. Most recent progress has
been due to optimization of fertilizer input (Section 2.4 and Table 1),
rhizobial inoculation with elite strains (Section 3.1 and Table 2), and
optimization of cropping systems (Section 2.5).

A summary of some of the potential directions for future re-
search to enhance BNF is given in Figure 3. Modification of crop
management practices, such as optimization of fertilizer inputs
and/or cropping system type, to increase plant biomass and/or
BNF will provide relatively easy-to-implement solutions. In the
long term, a genomics-based approach to select for faba bean
genotypes with greater rhizobial selectivity may be part of the
solution. Regardless of the strategy, future research must focus
on making the appropriate measurements that can track progress
toward the goal, that is, BNF rather than simply %Ndfa. Another
recurring theme is not just the presence of complementary rhi-
zobia in the soil, but also their presence in sufficient numbers for
adequate BNF. Thus, quantification of soil rhizobia with gPCR or
a similar method will be an important parameter to measure in fu-
ture field studies. Moreover, future studies must also consider the
economic cost to growers of implementing particular strategies
alongside their environmental and economic benefits. There is
evidence, particularly in the case of optimizing fertilizer rates or
rhizobial inoculation, to suggest that the optimum strategy for one
region may not be the case for another. Therefore, strategies must
be optimized on a regional scale for local conditions, rather than
blanket recommendations.

Improving BNF in faba bean can have significant economic and
environmental benefits, promoting the wider adoption of faba bean
agriculture and food and feed systems more broadly, through in-
creased yield potential and decreased yield variability. Success in
this regard would also facilitate broader adoption of this underuti-
lized species as a pivotal crop diversification measure via its high
potential to also help realize more sustainable and resilient cropped
systems regionally and globally.
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