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Abstract
Vegetable grafting is developing worldwide to cope with biotic and abiotic stresses. This technique faces strong regional
disparities and its potential to improve crop performances is currently underexploited in sub-Saharan Africa. This review
explores the potential of grafting to increase and secure vegetable production in challenging production conditions in sub-
Saharan Africa and to identify the obstacles to its adoption. The major conclusions that can be drawn from the review are
(1) the capacity of vegetable grafting to overcome several agronomic challenges commonly encountered in sub-Saharan
Africa particularly for soilborne diseases; (2) grafting does not systematically lead to higher yields since the performance
of grafted plants is closely linked with the combination of scion–rootstock chosen; (3) resistant rootstocks to the local
soilborne pathogens could be identified through short-term laboratory and field experiments whereas the improvement of
the tolerance to abiotic stresses would require deeper knowledge on underlying mechanisms; (4) the significant increase in
the cost of using grafted plants are warranted in systems where there are no other technical alternatives to manage biotic
and abiotic stresses, where profitability per plant is high, or where the use of grafted plants makes it possible to reach a
profitable niche market such as off-season or organic products; and (5) vegetable grafting should therefore be promoted by
providing evidence for its profitability in different production systems (open field and greenhouse cultivation) combined
with supply-side interventions to build or strengthen the capacity of nursery operators to provide a continuous supply of
good-quality grafted plants.
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1 Introduction

After a prolonged decline, the number of undernourished peo-
ple increased to 821 million in the last 2 years. Africa is the
continent with the highest prevalence of undernourishment
which reached 20.4% in 2017 (FAO et al. 2018).
Diversification of diets with fruits and vegetables, excellent
sources of micronutrients, is essential for reversing malnutri-
tion. However, year-round access to fruits and vegetables is
challenged by the seasonality of production and product per-
ishability exacerbated by the lack of proper storage facilities in
sub-Saharan Africa (SSA), responsible for post-harvest losses
of up to 55.9% for fruits and 43.5% for vegetables (Affognon
et al. 2015).

The main vegetables produced in Africa in 2017 are toma-
toes (Solanum lycopersicum, 21.5 MT), onions (Allium
sativum, 12.2 MT), cabbage and other Brassicaceae
(Brassica oleracea, 3.4 MT), chilies and sweet peppers
(Capsicum annuum, 3.3 MT), and okra (Abelmoschus
esculentus, 3.2 MT) (FAOSTAT 2017). Actual yields of veg-
etables are far below their potential: in most countries in SSA,
the average yield of tomatoes is less than 15Mg ha−1 (Fig. 2a)
whereas models estimate potential yields for open field
cultivation—the maximum theoretical yield achieved in a de-
fined environment—at between 50 and 160Mg ha−1 (Fig. 2c).
Several factors hinder vegetable production in SSA including
abiotic stresses, i.e., drought, flooding, poor soil fertility, and
high temperatures, and biotic stresses related to insect pests,
diseases, and weeds.

Additionally, the productivity of horticultural crops is ex-
pected to be impacted by climate change with an increase in
extreme weather events, i.e., drought, floods, and storm, in the
near future, thereby threatening food security (Schlenker and
Lobell 2010). Poor farmers in developing countries are ex-
pected to be particularly impacted by climate changes because
of the low resilience of their cropping systems (Dube et al.
2016). Climate change is also changing the distribution of
species worldwide. The tomato leaf miner (Tuta absoluta) is
a recent example of an invasive pest, which, after invading the
Mediterranean region, currently threatens tomato production
in SSA (Mansour et al. 2018).

There is an ongoing debate around the most appropriate
agricultural practices to address the double and somehow par-
adoxical challenge of increasing the food production while
reducing the use of synthetic agricultural inputs, i.e., fertilizer
and pesticides, which have largely contributed to increasing
yields. Practices such as the use of improved varieties, drip
irrigation, organic fertilization, reduce tillage, and biological
pest control are often mentioned as ways to take up this chal-
lenge because of their efficiency and ease of integration in
current cropping systems, although it is also claimed that sus-
tainable intensification requires reinventing or profoundly
changing existing cropping systems (Wezel et al. 2013;

Doré et al. 2011). It is generally argued that the limited results
of the green revolution in SSA are partially due to the limited
used of improved varieties, fertilizer, and irrigation. It was
estimated that improved varieties contributed around 20% of
the growth rate of yield in all developing countries during the
early green revolution, i.e., from 1961 to 1980, versus only
8% in SSA, while the introduction of suitable varieties during
the late green revolution from 1981 to 2000 was found to be
the main driver of yield improvement in SSA during this pe-
riod (Evenson and Gollin 2003). The supply of improved and
adapted varieties is still believed to be a key lever to improve
the product iv i ty of vegetable cropping sys tems
(Schreinemachers et al. 2018). Plant breeding is a long process
and is hindered by the complexity of combining various
traits—high yield, quality, resistance to biotic and tolerance
to abiotic stresses—in the same genotype. Grafting, the union
of two plant parts, a rootstock (base of the union that provides
the root system) and a scion (the upper part that carries the
harvestable yield) is seen as a complementary technique to
breeding to combine the genetic potential of two plants. This
technique has been used in Asia and Europe for thousands of
years, as evidenced by the mention of grafting in Chinese,
Roman, and Greek writings several century BCE (Mudge
et al. 2009). Interest in vegetable grafting has increased with
the intensification of cropping systems, notably with the de-
velopment of greenhouse cultivation in the 1950s and the
phasing out of several chemicals used to control soilborne
pathogens such as methyl bromide and carbosulfan.
Although efforts have been made to identify different alterna-
tives to chemicals, including the use of plant extracts (Deberdt
et al. 2012), intercropping (Deberdt et al. 2015), use of com-
post or by-products of compost (Noble and Coventry 2010),
and soil solarization, grafting is considered as one of the most
effective ways to grow fruits and vegetables in soil containing
soilborne pathogens. The advantages of grafting to improve
yields of vegetables by increasing plant tolerance to abiotic
stresses and their resistance to biotic stresses were discussed in
several reviews (Rouphael et al. 2017a; Keatinge et al. 2014;
Louws et al. 2010). Several comprehensive reviews helped
understand the impact of grafting on the plant physiology
(Goldschmidt 2014; Albacete et al. 2015) and quality of fruits
(Kyriacou et al. 2017; Rouphael et al. 2010) and discussed the
potential of vegetable grafting to tackle food security issues
(Keatinge et al. 2014).

Today, grafting is widely used in commercial orchards of
avocado, mango, or citrus in Africa but the potential of this
technique for vegetable crops remains largely unknown and
untapped (Fig. 1), except in the most northern and southern
countries in Africa (Besri 2008). This review explores the
potential of grafting to increase and secure vegetable produc-
tion in challenging environments in SSA and attempts to iden-
tify the factors that hinder the practice. First, we review the
major biotic and abiotic constraints to vegetable production in
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SSA and discuss the advantages of grafting to overcome them.
Both production constraints and advantages of grafting valid
for SSA are often also valid for regions with similar climatic
conditions in the world and are therefore described exemplary.
In the second part, we discuss the limitations of grafting and
potential bottlenecks to its diffusion in SSA. The results of this
review should help identify the work that remains to be done
and help choose a suitable approach to promote vegetable
grafting in SSA.

2 Is vegetable grafting a suitable technique
to overcome agronomic constraints
in sub-Saharan Africa?

In their review, Lee et al. (2010) listed 16 major advantages of
grafted plants including notably improved productivity, an
extended harvest period, increased resistance to soilborne
pathogens, and higher tolerance to abiotic stresses (sub- and
supra-optimal temperatures, drought, and soil salinity).
Improved traits of grafted plants are generally attributed to a
more vigorous root system that improves plant water and nu-
trient uptake, a stronger antioxidative defense system, changes

in hormonal balances, and improved photosynthetic efficiency
(Albacete et al. 2015). The following sections identify in what
ways the improved traits of grafted plants would help to ad-
dress agronomic constraints in SSA.

2.1 Biotic stresses

The main families of vegetables cultivated worldwide, called
global vegetables, Solanaceae (tomato, eggplant, pepper),
Cucurbitaceae (cucumber, pumpkins, and squash), Allium
(onion, shallot, and garlic), Fabaceae (common bean, pea),
and Brassicaceae (cabbage, cauliflower) are also widely culti-
vated in SSA. Other vegetables, called traditional vegetables,
such as African nightshade (Solanum scabrum), okra
(Abelmoschus esculentus), amaranth (Amaranthus spp.), and
African eggplant (Solanum aethiopicum and Solanum
macrocarpon) are also important for both household income
and diets, although statistics on their production are lacking
(Schreinemachers et al. 2018). Several soilborne pathogens
affect both global and traditional vegetable species. Due to
their severity, their wide range of hosts and their distribution
in Africa (Fig. 2), Root-knot nematodes (Meloidogyne spp.),
Verticilliumwilt, Fusariumwilt, and Ralstonia solanacearum

Fig. 1 Vegetable grafting and grafted tomatoes in Tanzania (a, f), Benin
(b, d), and Mali (c, e) and equipment used as a grafting healing chamber
in Mali (h tunnel under shade nets) and in Tanzania (i underground
chamber) and for recovering grafted plants in Mayotte Island (g). Photo

credit: Elias Shem (a, f, i World Vegetable Center), Judith Honfoga (b,
d), Wubetu Legesse (c, e, World Vegetable Center), and Joël Huat (g,
CIRAD)
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are the main soilborne vegetable pathogens in SSA (Fufa et al.
2009; Perez et al. 2017).

2.1.1 Root-knot nematodes

Over 90 species ofMeloidogyne have been described but only
four species are critical for vegetable production,
M. incognita, M. javanica, M. arenaria, and M. hapla.
M. incognita, M. javanica, and M. arenaria are common in
tropical and sub-tropical regions, whileM. hapla is only found
at higher altitudes in the tropics. Recent studies also reported
the importance ofM. enterolobii (M. mayaguensis) in several
regions in Africa (Onkendi et al. 2014).

It is estimated that root-knot nematodes account from 10 to
20% of vegetable crop losses worldwide (Sikora et al. 2018)
but losses due to these pathogens is assumed to be
underestimated especially in Africa (Onkendi et al. 2014).
Most cultivated vegetables, along with the weeds commonly
associated with them, are sensitive to or hosts of nematodes.
The root systems of infested plants develop abnormally with
the formation of typical galls that alter water and nutrient
uptake and hence affect the water and mineral balance of the
plant. Aboveground symptoms vary depending on the severity
of the infestation from slight loss of vigor to death of the plant.
The impacts of root-knot nematodes are worsened by the pres-
ence of fungal, i.e., Fusarium spp., or bacterial, i.e.,
R. solanacearum, soilborne pathogens that enter the plant

through the root lesions caused by the galls (Sikora et al.
2018).

Root-knot nematodes are considered as an increasing threat
in Africa especially since commonly used nematicides, i.e.,
carbofuran and ethoprophos, are gradually disappearing
(Onkendi et al. 2014; De Bon et al. 2014). Methods of control
such as sanitation, soil management, organic amendments,
fertilization, biological control, and heat-based methods only
reduce nematode populations in the uppermost soil layers and
for a limited period of time, so varietal resistance is considered
as the most suitable method of control (Castagnone-Sereno
and Djian-Caporalino 2011).

More than half the commercial solanaceous rootstocks of
tomato listed in the USDA Horticultural Research Laboratory
database are considered as resistant or highly resistant to root-
knot nematodes (see http://www.vegetablegrafting.org/).
Major genes have been identified in Solanaceae crops (i.e.,
Mi and Me genes in tomato and pepper, respectively) that
confer resistance against the main species of root-knot nema-
tode (M. arenaria,M. incognita, andM. javanica). However,
these resistances break down at temperatures of 30 °C and
more, and the pathogenic variability of root-knot nematodes
combined with the widespread use of the same resistant gene
raise concerns about continued resistance (Castagnone-Sereno
and Djian-Caporalino 2011; Jacquet et al. 2005).

In cucurbits, resistance to root-knot nematodes has been
reported in some species including the African horned

Fig. 2 Actual (a) and simulated national average yields of tomato
cultivated in a rain-fed system with low inputs (b) and in an irrigated
system with high inputs (c) for a baseline period 1961–1990. Actual
yields were uploaded from FAOSTAT, and simulations of national
average yields were uploaded from the GAEZ platform (www.gaez.fao.
org) and converted from dry to fresh yield (in t ha−1) considering a water

content of 94.5% for fresh tomato. The high levels of inputs assume that
high yielding varieties were used, crop nutrient and water requirements
were fulfilled, and pest and diseases were fully controlled. In contrast, low
levels of inputs assume that local varieties were used with minimum
inputs
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cucumber (Cucumis metuliferus) (Walters and Wehner 2002)
and a wild species (Cucurbita pustulatus) (Liu et al. 2015) but
incorporation in commercial varieties has not yet been suc-
cessful (Castagnone-Sereno and Djian-Caporalino 2011).
Several studies stressed the interest of C. metuliferus and
C. pustulatus as rootstocks for cucurbits (cucumber, melon,
and watermelon) to increase their resistance to root-knot nem-
atodes (M. incognita) (Sigüenza et al. 2005; Liu et al. 2015).
At the time of writing, less than a quarter of commercial cu-
curbit rootstock is said to be resistant to root-knot nematodes
(see http://www.vegetablegrafting.org/). So, work is still
required to propose farmers a range of effective cucurbit
rootstocks to control nematodes.

2.1.2 Bacterial wilt

Bacterial wilt caused by R. solanacearum is a major disease
affecting vegetables and is widespread in SSA (Fig. 3).
Bacterial wilt can cause up to 100% crop losses and is conse-
quently considered as one of the most serious diseases for
solanaceous crops, including tomato, eggplant, sweet pepper,
and African eggplant (Charrier et al. 1997; Fufa et al. 2009)
and was also reported to affect Amaranthus (Sikirou et al.
2019) and cucurbit crops (Wicker et al. 2002) in tropical re-
gions. The pathogen enters the plant through the roots and
colonizes xylem tissue, thereby reducing the movement of

water through the plant. The incidence of bacterial wilt varies
with region, the crop, and the season. In Kenya, bacterial wilt
was reported in 70% of potato fields (Muthoni et al. 2014), in
96% of hot pepper fields in Ethiopia (Assefa et al. 2015), and
in between 60 and 80% of tomato plants in major tomato-
producing areas in the southwestern parts of Nigeria
(Adebayo 2010). Increasing the resistance of Solanaceae va-
rieties to bacterial wilt has been one of the main objectives of
vegetable breeders for decades (Charrier et al. 1997; Fufa et al.
2009). Some commercial tomato varieties have been reported
to have good resistance to bacterial wilt but this resistance is
challenged by the high genetic diversity of the pathogen
(Lebeau et al. 2011). Genetic markers enabled the classifica-
tion of R. solanacearum strains in four phylotypes subdivided
into sequevars. The phylotypes are linked to different geo-
graphical origins: I (Asian), II (American), III (African), and
IV (Indonesian). Although the strains of the phylotype III
have only been found in Africa so far, strains of phylotypes
I and II are also widespread in SSA. The few studies conduct-
ed on the genetic diversity of R. solanacearum in SSA report-
ed that the prevalence of each phylotype varies with the re-
gion. A higher proportion of phylotype I strains was reported
in Ivory Coast (N’Guessan et al. 2012) than in Cameroon
(Mahbou Somo Toukam et al. 2009). Grafting has long been
used in Europe, North America, and Asia as a way to control
bacterial wilt, but the resistance of the rootstock varies

Fig. 3 Current known
distribution of major soilborne
pathogens for vegetable crops,
i.e., root-knot nematodes, e.g.,
Meloidogyne incognita,
Meloidogyne hapla, and
Meloidogyne Arenaria (a),
Ralstonia solanacearum (b),
Fusarium wilt, e.g., Fusarium
oxysporum lycopersici (c) and
Verticillium wilt, e.g.,
Verticillium dahliae and
Verticillium albo-atrum (d). Data
from EPPO (https://www.eppo.
int/) and CABBI (https://www.
cabi.org/) databases were used
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depending on local strains of the pathogen (Louws et al.
2010). An extensive study was conducted by Lebeau et al.
(2011) who assessed the resistance of 30 accessions of tomato,
eggplant, and sweet pepper known for their resistance to bac-
terial wilt to a core collection of 12 strains of the pathogen
representative of its phylogenetic diversity. Their results
highlighted marked variations in resistance between acces-
sions but also notable differences in the sensitivity of the same
plant to the different strains of the pathogen. Although higher
resistance was found in eggplant accessions than in tomato
and sweet pepper, the best accession, i.e., MM853 (INRA),
was only fully resistant to four out of the 12 strains tested.

Few reports are available on the capacity of grafting to
control bacterial wilt in SSA. A study in Nigeria stressed the
interest of using a tomato landrace variety as a rootstock to
increase the resistance to bacterial wilt but the impact on the
yield was not reported (Ganiyu et al. 2016). A latter study
conducted by the same authors reported the interest of grafting
sensitive tomato varieties (‘Beske’ and ‘UCB82-B’) on a re-
sistant tomato landrace rootstock (‘Tomachiva’) to improve
the yield in infested soils by bacterial wilt (Ganiyu et al. 2018).

In Kenya and in Tanzania, some studies not only reported
higher resistance of grafted plants to bacterial wilt but also
pointed out that some rootstocks may have a detrimental im-
pact on yield (Waiganjo et al. 2013; Mpinga 2013). Although
the tomato rootstock ‘Hawaii 7996’ has been promoted as
increasing the resistance of tomato to bacterial wilt in Asia
(Black et al. 2003), it was found to be sensitive to some local
strains in Ivory Coast (N’Guessan et al. 2012). Better results
with the eggplant rootstocks ‘EG203’ also promoted in Asia
were reported by these authors. Experiments conducted in
Mayotte Island (Huat 2003) indicated that grafting tomatoes
on ‘EG203’ and ‘Hawaii 7796’ delayed the appearance of
wilting symptoms but this partial resistance was not sufficient
to significantly improve the yields.

Different results were obtained in Tanzania on the use of
‘Hawaii 7796’ as a rootstock to improve the yield of tomatoes
grown in soil infested by bacterial wilt. Experiments conduct-
ed in northern Tanzania indicated that grafting tomato cv.
‘Tanya’ on ‘Hawaii 7796’ significantly improved the yield,
whereas further experiments in other sites did not establish
significant differences between grafted and non-grafted plants
(personal communication). Similarly, grafting tomatoes on
‘EG203’ rootstocks gave contrasting results in Mali which
were thought to be related to different infection pressure levels
and/or different strains.

Assessing the resistance of numerous rootstocks to a
core collection of strains of R. solanacearum present in
a given region under laboratory conditions, followed by
multi-location trials conducted over several seasons,
would help to identify resistant rootstocks that would im-
prove yields of grafted solanaceous plants in soils infested
by bacterial wilt.

2.1.3 Fusarium wilt

Fusarium is a large genus of imperfect fungi widely distribut-
ed around the world including several species that cause con-
siderable damage to different crops including cereals and veg-
etables. Some Fusarium fungi are also a serious threat to hu-
man and livestock health because of the mycotoxins they pro-
duce. Fusarium mycotoxins are particularly preoccupying in
SSA because of their high incidence in crops and food prod-
ucts (Chilaka et al. 2017). The traditional classification of
Fusarium was based on morphology, leading to the inclusion
of species with markedly different physiological traits. Host
specificity, using the forma specialis system, was introduced
to differentiate levels of virulence on host species or to group
species among the Fusarium species (Suga and Hyakumachi
2004). In the Fusarium genus, oxysporum and solani species
are the most serious pathogens for vegetables. Few reports on
the impacts of these species on vegetable crops in SSA are
available despite the fact their presence has been detected in
different countries (Fig. 4). Wokoma (2008) reported
F. oxysporum f. sp. lycopersici (FOL) to be a serious pathogen
for tomato production in southern Nigeria. About 2 and 7% of
wilted tomato plants collected in Benin were reported to be
infested by F. solani and F. oxysporum, respectively (Sikirou
et al. 2017).

Three physiological races, termed 1, 2, and 3, are known on
tomato. The incidence of Fusarium wilt of tomato was con-
siderably reduced by the introduction of a single resistance
gene, I, I2, and I3, in commercial cultivars (Inami et al.
2012). Grafting is nevertheless used to produce tomato varie-
ties that do not exhibit resistance (Louws et al. 2010). Around
85% of tomato rootstocks were reported to be resistant to
Fusarium wilt race 1 and race 2 but only a third is resistant
to race 3 (see http://www.vegetablegrafting.org/). Another
study reported the presence of race 3 of F. oxysporum f. sp.
lycopersici in the Eastern Cape area of South Africa (Jacobs
et al. 2013). It worth noting that several open-pollinated vari-
eties commonly cultivated in sub-Saharan Africa including
Mongal, Thorgal, and Tengeru 97, are sensitive to Fusarium
wilt and the control of this pathogen still relies on regular
drenching with fungicides (Worku and Sahe 2018). F.
oxysporum f. sp. melongenae was reported to affect eggplant
and African eggplant (S. aethiopicum) production in Tanzania
(Mwaniki et al. 2016). This study indicated that only 17 of the
93 accessions of African eggplant tested (S. macrocarpon, S.
aethiopicum, S. anguivi, and S. dasyphyllum) were resistant to
F. oxysporum f. sp. melongenae (Mwaniki et al. 2016). The
highest resistance was found in S. macrocarpon and S.
aethiopicum accessions, underlining their interest as potential
rootstocks. Fusarium spp. was identified in 17% of wilted hot
pepper plants in Ethiopia; nevertheless, wilting symptoms
cannot be only attributed to this fungus since R. solanacearum
was also identified in all plant samples (Assefa et al. 2015).
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Several pepper rootstocks, i.e., ‘Weishi’ and ‘Buyeding’ were
reported to increase the resistance of grafted plants to F. solani
by increasing the development and change the secondary me-
tabolism of the root system (Duan et al. 2017).

Cucurbit crops are also affected by Fusarium wilt caused
by F. oxysporum f. sp. niveum (FON), F. oxysporum f. sp.
melonis (FOM), and F. oxysporum f. sp. cucumerinum, which
are responsible for significant crop losses in the USA, Europe,
and Asia (Martyn 2014; Louws et al. 2010). Several reports
referred to the impacts of these species on cucurbit production
in North Africa and the advantage of grafting to control this
pathogen (Boughalleb and El-Mahjoub 2010; Boughalleb and
El Mahjoub 2006), but little information is available on
Fusarium wilt of cucurbit crops in SSA. Further work would
be so required to establish the pressure of Fusarium wilt in
SSA and assess the interest of grafting.

2.1.4 Verticillium wilt

Verticillium dahliae and Verticillium albo-atrum are two fun-
gi that can affect more than 400 herbaceous annual and peren-
nial species and are considered as serious pathogens for sola-
naceous and cucurbit crops. V. dahlia is mainly found in trop-
ical and subtropical regions whereas V. albo-atrum occurs
predominately in temperate regions since growth stops at tem-
peratures above 30 °C (Klosterman et al. 2009). Little infor-
mation is available on the pressure of this fungus on vegetable

crops in SSA. This may be partly explained by the fact that
symptoms can be confused with those of Fusarium wilt. A
study conducted in the south of Nigeria indicated that al-
though Fusarium was the most prevalent in tomato crops, in
certain fields, Verticillium was the causal agent of wilting of
60% of plants (Wokoma 2008). Similarly, a study conducted
in Ethiopia indicated that around 12% of wilted hot pepper
plants were infested by Verticillium spp. (Assefa et al. 2015).
The impacts of Verticillium on tomato have been reduced by
introducing resistance in commercial varieties (Gao et al.
2009), and most tomato rootstocks sold are resistant to
Verticillium (see http://www.vegetablegrafting.org/).
Verticillium wilt is considered as an emerging threat for
melon production in Tunisia because of the lack of resistant
varieties (Jabnoun-Khiareddine et al. 2007). Several studies
reported the interest of grafting watermelon, melon, and cu-
cumber to control Verticillium wilt (Paplomatas et al. 2000;
Wimer et al. 2015).

2.1.5 Other wilting diseases and pests

Many other fungi and bacteria in addition to those mentioned
in the previous sections are known to induce decay, damping
off, or wilting in vegetable crops. Notably Phytophthora spp.,
Pythium spp., and Rhizoctonia solani are known to cause
damping off on vegetables in the nursery and in the field. In
tropical conditions, the impacts of these fungi are seasonal and

Fig. 4 Diversity of climatic
conditions (a), rainfall deficit (b),
organic matter content in the 0–30
cm topsoil layer in sub-Saharan
Africa (c), and average annual
temperature (d). Climate
conditions are described using the
Köppen-Geiger climate
classification for the period 1980–
2016 with data adapted from
Beck et al. (2018). The rainfall
deficit was estimated using the
aridity index as an indicator, i.e.,
annual rainfall over potential
evapotranspiration, using data
adapted from Antonio and Robert
(2019). Average annual
temperatures were computed
from data provided by Fick and
Hijmans (2017). Soil organic
matter content was computed
from the soil organic carbon
content data provided by Hengl
et al. (2015) using a conversion
factor of 1.724
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limited to the coldest periods of the year. Since in the nursery,
they can be managed by sterilizing the soil and in the field by
drenching fungicides, grafting is not considered as a real op-
tion although several reports demonstrated the efficiency of
different rootstocks (Louws et al. 2010). Clavibacter
michiganensis, the causal agent of the bacterial canker, can
cause considerable damage to Solanaceae crops. The disease
is transmitted through seeds and during cultural operations,
trellising and pruning plants. The percentage incidence of bac-
terial canker was reported to be 90% in tomato fields in the
southern highlands of Tanzania (Black et al. 1999). The dis-
ease has also been reported in Madagascar, South Africa,
Morocco, Kenya, and Egypt (EPPO 2019). Since this disease
can penetrate the plant through the aboveground parts, stoma-
ta, and wounds, managing bacterial canker by grafting is lim-
ited in scope. A survey conducted in Benin reported that
around 50% of wilted tomatoes plant collected were infested
by Athelia rolfisii (= Sclerotinium rolfsii, the Southern blight)
(Sikirou et al. 2017). The disease caused by A. rolfisii is par-
ticularly severe in the tropics and subtropics and can be man-
aged using grafted plants (Rivard et al. 2010a; Louws et al.
2010).

Vine decline caused byMonosporascus cannonballus cur-
rently threatens melon production in Europe (García-Jiménez
et al. 2000; Aleandri et al. 2016; Chilosi et al. 2008) and the
USA (Bruton et al. 1995), but except in South Africa, it has
yet not been reported in SSA (EPPO database).

Root parasitic weeds, including witchweed (Striga spp.)
and broomrape (Orobanche spp. and Phelipanche ssp.) are
considered as the most devastating agricultural weed pests
worldwide. In Africa, several species of Striga cause consid-
erable damages on cow pea (Vigna unguiculata) and on sev-
eral cereals such as maize, rice, and sorghum (Samejima and
Sugimoto 2018). Efforts have been made to screen resistant or
tolerant tomato lines against broomrape which make consid-
erable losses in the Mediterranean basin (Samejima and
Sugimoto 2018) and a recent study even reported the interest
of grating tomatoes on the ‘Eldorado’ rootstock (Draieab
2017). The occurrence of broomrapes in vegetable crops is
sporadic in SSA and few reports on their impacts are available
to date (Parker 2009).

Although underlying mechanisms are not well-known,
several authors reported the interest of grafting to im-
prove the plant resistance to virus, foliar pathogens,
and arthropods (see Louws et al. 2010 for a review).
The results on the improved resistance of grafted toma-
toes to whiteflies (Bemisia tabaci) (Alvarez-Hernández
et al. 2009) and transmitted virus (Mahmoud 2014)
would be of interest in sub-Saharan regions where the
apparition of resistance to pesticides makes it difficult
to control this pest (Gnankine et al. 2013; Houndété
et al. 2010). Nevertheless experiments conducted by
Waiganjo et al. (2013) in Kenya did not confirmed the

interest of tomato grafting for such application with the
tested rootstock (‘MT56’).

2.2 Abiotic stresses

Around 8% of the African continent is hypothesized to be
relatively free of natural constraints to agriculture (Jones
et al. 2013). Production constraints vary between regions, par-
ticularly climate conditions and soil proprieties. SSA is char-
acterized by a wide range of climate conditions (Fig. 4a). The
most common climates are tropical (52%), arid (32%), and
temperate (14%) (Beck et al. 2018). In arid regions like the
Sahel, the horn of Africa, and the western parts of South
Africa, vegetable production is generally hindered by lack of
access to water; vegetable production relies on rainfall be-
cause of the lack of and the high cost of irrigation water
(Fig. 4b). In contrast, vegetable production in tropical regions
is usually impacted by high rainfall, high temperatures, i.e.,
always higher than 18 °C, and strong pathogen pressure.
Maintaining the health status of the crop and the costs linked
to the use of pesticides reduce vegetable production (Fufa
et al. 2009). Temperate climate conditions prevail in the high-
lands in East Africa, the eastern part of South Africa, Zambia,
southern Angola, the northern part of Botswana, and central
Madagascar. In these regions, vegetable production can be
hampered by low temperatures in the coldest season.
Climate changes, notably changes in the amount and distribu-
tion of rainfall and heat waves, have a negative impact on
agricultural production in SSA and modify the seasonality of
vegetable production (Muthoni et al. 2018; Russo et al. 2016).
The low fertility of the soil in SSA is one of the main obstacles
to agricultural production (Smaling et al. 1997). Soil fertility
varies with many soil traits including its capital reserve,
leaching potential, organic carbon content, acidity, and cation
exchange capacity (Tully et al. 2015). Soil organic matter
(SOM) has been used as an indicator of the heterogeneity of
soil fertility in SSA (Fig. 4c) because of its impacts on soil
texture and on the water and nutrient retention capacity of
soils (Andriesse and Giller 2015). Many uncertainties remain
as to the desirable SOM content in soils depending on the
methods used, i.e., expert panel or field experiments, the re-
gion concerned, and the soil texture (Loveland and Webb
2003). A recent study conducted under tropical conditions
reported a critical SOM threshold varying from 3.3 to 3.8%
(Musinguzi et al. 2016), in the same range as those in a review
indicating that studies in temperate regions converge toward a
threshold value of 3.4% (Loveland and Webb 2003). The
average value of SOM in the topsoil (0 to 30 cm) in SSA is
about 2.1% (Fig. 4c). It is estimated that about 40% of the land
in SSA has a low nutrient capital reserve, 25% presents alu-
minum toxicity, 18% has a high leaching potential, and 8%
has a high phosphorus fixation rate (Tully et al. 2015).
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A lot of hope is invested in genetic improvement and the
breeding of resilient varieties as an efficient and easy tech-
nique to increase farming success (Tester and Langridge
2010). However, plant tolerance to abiotic stress, such as high
temperatures, drought, or salinity results from a combination
of different fairly complex and multi-gene traits. For this rea-
son, the lack of practical selection tools like genetic markers
hinders the introduction of the complex traits into commercial
cultivars and makes this approach slow and inefficient so far
(Deikman et al. 2012; Tester and Langridge 2010).
Furthermore, in developing countries, the development of
breeding programs to support small farmers is also challenged
by national research centers’ lack of human and financial re-
sources and by the limited economic incentives for private
companies (Afari-Sefa et al. 2012). An appropriate method
of adapting plants to offset abiotic stresses is by grafting com-
mercial cultivars, local heirloom, and open pollinating varie-
ties on selected elite rootstocks. The enhanced vigor and root
growth of the rootstock can maintain or even increase yield
independently of mechanisms to tolerate abiotic stress condi-
tions. Numerous works have already highlighted the advan-
tage of grafting vegetable species, including Solanaceae and
Cucurbitaceae, to increase their tolerance to abiotic stresses
(Rouphael et al. 2017a), particularly to drought (Kumar
et al. 2017), heat (Schwarz et al. 2010), flooding, salinity
(Colla et al. 2010a), and nutrient deficiency and soil imbal-
ances (Savvas et al. 2010; Schwarz et al. 2010), and even
toxicity of heavy metals (Edelstein and Ben-Hur 2018;
Kumar et al. 2015). Here, we summarize the most important
findings and discuss them under the special conditions exem-
plary for SSA but typical also for climatic similarly areas.

2.2.1 High temperatures

Supra-optimal temperatures have a complex series of effects
on the vegetative and reproductive development of plants
caused by direct damage to cells and by associated secondary
stresses, such as osmotic and oxidative stresses (Wang et al.
2003). Among others, photosynthetic rate, respiration, assim-
ilate partitioning, and water and ion balances of the plant are
adversely affected by high temperatures. Reproductive devel-
opment, i.e., pollen viability and fruit set, of Solanaceae and
cucurbit crops is particularly sensitive to high temperature. An
increase in average temperature from 25 to 28 °Cwas reported
to reduce the fruit set of tomato from 90% to less than 40%,
thereby reducing the yield more than fivefold (Harel et al.
2014). Similar results were reported for African eggplant: an
increase in temperature from 30 to 40 °Cwas reported to cause
a more than threefold reduction in the number of fruit and to
reduce the yield by 45% (Nkansah 2001). Annual tempera-
tures higher than 25 °C are recorded in 36% of SSA (Fig. 4d)
(Fick and Hijmans 2017). Although the impact of grafting
under sub-optimal temperatures has been widely studied and

reviewed, knowledge on the impact of grafting at supra-
optimal temperatures is poor (Schwarz et al. 2010; Rouphael
et al. 2017a). Several trials indicated that grafted tomato, pep-
per, and cucumber plants were more tolerant of high temper-
atures than non-grafted plants, based on physiological indica-
tors such as dry mass accumulation and phenolic content
(Rivero et al. 2003; Abdelmageed and Gruda 2009).
Grafting cucumber plants on luffa (Luffa cylindrica) rootstock
increased the tolerance of plants to a temperature of 40 °C in
the air and/or root zone. This seems to be a systemic response
based on an ABA-dependent H2O2-driven mechanism (Li
et al. 2016). However, until now, only the commercial root-
stock cultivar ‘SQ60 F1’ is available for cucumbers to im-
prove heat tolerance (Rouphael et al. 2017b). Testing tomato
rootstocks under hot and wet conditions in the tropics revealed
‘Hawaii 7996’ as a candidate rootstock. However, this was
related to its resistance to bacterial and Fusarium wilt, which
often occur under hot and wet conditions (Black et al. 2003).
Eggplant was suggested as a rootstock to improve the heat
tolerance of tomato, since eggplant is better adapted to hot
dry climates. However, several trials produced contradictory
results. In Egyptian experiments, the use of eggplant root-
stocks had no advantage (Abdelmageed and Gruda 2009).
On the other hand, using grafted eggplant was reported to
prolong the growth period under high temperatures (Wang
et al. 2006). This led to the recommendation to use the egg-
plant varieties ‘VI046103’ (‘EG195’) and ‘VI045276’
(‘EG203’) as rootstocks for tomato production under hot wet
conditions (Keatinge et al. 2014). Only one seed company,
Top Seeds Ibérica, recommends rootstocks with heat toler-
ance: the cvs ‘Top Bental,’ ‘Top Gun,’ and ‘Top Pittam.’
Mechanisms how rootstocks are able to increase tomato toler-
ance to heat have only been demonstrated using a transgenic
rootstock in which the fatty acid desaturase 7 (LeFAD7) gene
was silenced (Nakamura et al. 2016). This reduced the amount
of unsaturated fatty acids, which in turn, increased high-
temperature tolerance. Palada and Wu (2008) compared the
performances of grafted sweet pepper plants with non-grafted
plants during the hot dry season in Taiwan. These authors
tested 23 combinations of different Capsicum species, includ-
ingC. chacoense,C. baccatum,C. frutescens, andC. annuum,
but only three C. annuum produced a significantly higher
yield than non-grafted plants (e.g., cvs ‘Toom-1’ and ‘9852–
54’).

These results demonstrate that grafting does not systemat-
ically lead to higher tolerance to high temperatures. If toler-
ance is available, plants call on several protection mechanisms
against heat but the mechanisms may vary even in different
genotypes of the same species. Most heat tolerance mecha-
nisms have not been investigated in rootstock–scion combi-
nations. Underlying traits can be demonstrated in different
profiles of gene expression and metabolites (Paupière et al.
2014). If no tolerance is available, sufficient growth and yield
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might be obtained by selecting a vigorous rootstock with a
larger root system. Since high temperature is a major con-
straint for vegetable production in hot dry regions, further
research is urgently required to identify suitable combinations
of scion and rootstocks to enhance adaptation of grafted plants
to supra-optimal temperature.

2.2.2 Drought and flood events

Although it is reported that almost 20% of cropland in the
world is currently irrigated, less than 5% of agricultural land
in SSA benefits from irrigation (Burney et al. 2013). In SSA,
rainfall ranges from 60 to more than 3100 mm/year
(HarvestChoice 2015) resulting in major variations in rainfall
deficits (Fig. 4b). Reduced water resources are often accom-
panied by increasing soil salinity and acidification (Jones et al.
2013). In addition to spatial variations, non-uniform distribu-
tion of rainfall over the year leads to alternating climate ex-
tremes, from drought to flooding.

Although tomato shoot biomass, mainly leaf area, of ‘BHN
602’ grafted on ‘JjakKkung’ was reduced compared with
‘Cheong Gang’ and self-grafted, this combination represented
a strategy for water conservation because the scion was able to
maintain mean midday CO2-saturated photosynthesis at lower
water potentials (Nilsen et al. 2014). Comparing reciprocal
grafts, the combination ‘Josefina’ (drought-sensitive, scion,
cherry type) and ‘Zarina’ (drought-tolerant, rootstock) re-
vealed a favorable relative water content in the leaf and en-
hanced growth response under moderate water stress of 50%
crop evapotranspiration (Sánchez-Rodríguez et al. 2013).
‘Josefina’ grafted on ‘Zarina’ improved N, P, K uptake and
uptake fluxes and enhanced the antioxidant enzyme activities
while reducing membrane lipid peroxidation (Sánchez-
Rodríguez et al. 2014; Sánchez-Rodríguez et al. 2016).
Under moderate water stress (80% crop evapotranspiration),
it might be sufficient to just use a vigorous rootstock (cv.
‘Unifort’) to improve water use efficiency (Ibrahim et al.
2014). Under water deficit, i.e., 50% of optimal irrigation,
grafting the commercial sweet pepper variety ‘Hermino’ on
different commercial rootstocks increased the yield from 10 to
25% depending on the rootstock used, ‘Creonte,’ ‘Terrano,’ or
‘Atlante’ (López-Marín et al. 2017). Another study on sweet
pepper reported more contrasted results since the tolerance of
grafted plants to water stress varied with the rootstock used
(Penella et al. 2014). Grafting ‘Verset’ on the rootstocks
‘Atlante,’ ‘PI-152225,’ or ‘ECU-973’ produced higher mar-
ketable yields than non-grafted plants while the five other
rootstocks tested did not increase the yield. The same study
also reported that grafting of sweet pepper did not increase the
yield under well-watered conditions, whatever the rootstock
used. Higher yields under water stress were obtained by
grafting mini-water melon plants on a commercial interspecif-
ic rootstock, i.e., ‘PS 1313’ (C. maxima × C. moschata),

enabled mainly by higher N, K, Mg uptake and higher net
CO2 assimilation (Rouphael et al. 2008a). Increasing water
use efficiency and consequently higher tolerance to drought
was also confirmed in cucumber (cv. ‘Jinyan No. 4’) when it
was grafted on luffa (L. cylindrica cv. ‘Xiangfei No. 236’)
(Liu et al. 2016). All the cases mentioned above have in com-
mon that a specific rootstock–scion combination is important
since screenings also revealed many combinations in which
the rootstocks were unable to induce drought tolerance
(Sakata et al. 2005).

Tomato grafting on eggplants (e.g., cv. ‘Arka Neelkanth’)
was suggested to increase plant tolerance to flooding during
the hot wet season in the tropics (Genova et al. 2013; Black
et al. 2003; Bhatt et al. 2015). Similarly, the use of chili root-
stocks was recommended to increase tolerance of grafted
sweet pepper plants to flooding (Palada and Wu 2009).
Several authors also reported the interest of grafting cucurbits
to increase their tolerance to flooding, among which water-
melon on bottle gourd (Lagenaria siceraria) (Yetisir et al.
2006) and bitter melon and bitter gourd on luffa (Liao and
Lin 1996; Davis et al. 2008). Different modes of action were
mentioned for these successful combinations, such as an in-
crease in chlorophyll content, leaf CO2 exchange rate, stoma-
tal conductance and transpiration rate, the development of
aerenchyma and adventitious roots, and finally changes in
glucose and sucrose concentrations.

2.2.3 Nutrient deficiency or imbalances in the soil

There is a consensus on the need to improve soil fertility in
SSA and to prevent soil degradation (Jones et al. 2013), al-
though the role of mineral fertilizers in soil fertility manage-
ment is the subject of debate (Vanlauwe and Giller 2006).
Several interlinked and unevenly spread phenomena threaten
soil fertility in Africa such as water and wind erosion, the loss
of nutrients and organic matter, and, to a lesser extent, salini-
zation and soil contamination which are restricted to specific
regions. It has been estimated that around 22% of productive
land in Africa is impacted by soil degradation (Jones et al.
2013). Vegetable crops are sensitive to soil fertility since their
mineral exports are high, from 150 to 250 kg and from 100 to
150 kg of nitrogen per hectare for solanaceous and cucurbit
crops, respectively.

Because of their more vigorous root system that improves
plant water and nutrient uptake, grafted plants are believed to
be more tolerant to depleted soils. Several studies on tomatoes
(Schwarz et al. 2013; Savvas et al. 2017), eggplant (Leonardi
and Giuffrida 2006), and watermelon (Colla et al. 2010b;
Colla et al. 2011; Huang et al. 2013) reported that grafting
can increase plant nutrient uptake and nutrient use efficiency.
Field experiments confirmed these results since yields of
grafted tomato (Djidonou et al. 2015; Suchoff et al. 2019)
and grafted melon (Colla et al. 2010b) were significantly
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higher than those of non-grafted plants even with a reduced
supply of nitrogen. As mentioned above, the scion–rootstock
combination is important for success in these cases too.
Studies on melon indicated that grafting may reduce the ab-
sorption and translocation of minerals (Edelstein et al. 2016).
Successful rootstocks under low-nitrate supply were cucurbit
hybrid ‘P360’ for melon and ‘Multifort’ and ‘Beaufort’ for
tomato. Recombinant inbred lines derived from a cross be-
tween two species closely related to cultivated tomato
(S. lycopersicum var. cerasiforme × S. pimpinellifolium) are
able to convert the scion into a nutrient-efficient phenotype
with better K, S, and Ca assimilation and micronutrient (Zn,
Mn, Fe, and B) uptake and transport to the shoot (Martínez-
Andújar et al. 2016). As also mentioned above, salinity issues
are restricted to some regions in SSA where rainfall and irri-
gation are not sufficient to leach salts. In these regions,
grafting could increase plant tolerance to salinity. Increases
of + 25 to + 80% in yield were obtained using grafted tomato
plants under saline conditions. Results varied with the degree
of salinity stress and the scion–rootstock combination used
(Estan et al. 2004; Martinez-Rodriguez et al. 2008). Similar
results were obtained with sweet pepper since doubling the
yield was obtained under saline conditions with certain root-
stocks (Penella et al. 2017). Grafting has also been reported to
be a valid strategy to improve salt tolerance of cucurbit crops
since it increased the yield of watermelon (Colla et al. 2006a),
cucumber (Huang et al. 2009), and melon (Colla et al. 2006b),
by up to 80%, 98%, and 44%, respectively, under saline con-
ditions. Lastly, the interest of grafting in reducing transloca-
tion of persistent organic pollutant, such as pesticides, and/or
heavy metals from the soil to the plant has been investigated
by several authors. One study revealed that specific rootstocks
reduced the concentration of the pesticide dieldrin, in cucum-
ber fruit when the plants were grown in contaminated soil with
low carbon content (Otani and Seike 2007). Similar works on
eggplant (Arao et al. 2008), cucumber (Rouphael et al.
2008b), and tomato (Kumar et al. 2015) reported that grafting
may reduce translocation of heavy metals, i.e., cadmium and
copper, from the soil to the plant. These results may be of
interest in some regions in SSA where soils are contaminated
by heavy metals due to mining or to the presence of industrial
effluents (Jones et al. 2013).

3 Adaption to economic and cultural contexts

Although grafting is used in Northern Africa and in Asia to
improve the plant resistance several abiotic and biotic stresses,
this practice is not frequently used on vegetable crops in SSA
despite they are impeded by similar agronomic challenges. In
the following section, we analyze obstacles to the adoption of
this technique for use with vegetable crops.

3.1 Grafting is not a silver bullet

Ranking of the major constraints to vegetable production
varies with the location and the crop. Nevertheless, several
pests are considered to be major constraints in most vegetable
production regions in SSA, including whiteflies and associat-
ed virus, i.e., tomato yellow leaf curl virus (TYLCV), aphids,
spider mites, and bollworms. The number of applications and
the range of synthetic pesticides, e.g., organophosphates, car-
bamates, pyrethroids, and organochlorines, used to control
pests on vegetable crops in SSA testify to the challenges faced
by farmers (De Bon et al. 2014), to which must be added the
emergence of resistance to pesticides in major insect pests of
vegetables in SSA (Houndété et al. 2010). Crop losses due to
aerial insect pests are expected to increase with the emergence
of new species such as fruit flies (Bactrocera spp.), and the
tomato leaf miner (T. absoluta) which recently invaded SSA
and causes significant damage to solanaceous and cucurbit
crops (Mansour et al. 2018; Goergen et al. 2011). Although
some studies reported that grafted plants may be more resis-
tant to foliar pathogens and to whiteflies and related viruses,
TYLCV (Mahmoud 2014; Louws et al. 2010), grafting alone
cannot overcome aerial pests.

The marked spatial and seasonal variations in pressure
from soilborne pathogens can reduce farmers’ incentives to
use grafted plants, as underlined by an impact assessment of
the introduction of tomato grafting in Vietnam (Genova et al.
2013). Although tomato grafting was adopted by 100% of
producers in the southern region (Lam Dong Province), the
technique was used by less than a half the producers in the
northern region (Red River Delta), because the pressure of
bacterial wilt is irregular. Similar conclusions were reached
in studies conducted in Washington State (USA) indicating
that when the pressure of soilborne diseases is low, the advan-
tages offered by the use of grafted plants do not suffice (Miles
et al. 2014; Buller et al. 2013).

Several studies have provided evidence for the ability of
grafting to increase plant resistance to abiotic stress, i.e.,
flooding, drought, low soil fertility, and high temperatures.
However, the benefits of grafting to overcome such
constraints need to be compared with the benefits of other
agricultural practices including irrigation, raised bed, fertility
management, or protected cultivation.

3.2 Finding suitable combinations of scions and
rootstocks

In their extensive review of the performances of tomato
grafted plants, Grieneisen et al. (2018) notably concluded that
“the perception that rootstocks magically work to drive higher
yields with any scion is an oversimplification.”

Although the tomato rootstock ‘Hawaii 7996’ and the
eggplant rootstocks ‘EG203’ varieties have been
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promoted as increasing the resistance of tomato to bacte-
rial wilt in Asia (Black et al. 2003), their performances
reported by the scarce published and non-published stud-
ies varied between sites and seasons in SSA (see section
II. A. ii.).

These results are backed up by laboratory trials stressing
the sensitivity of these rootstocks to several strains of
R. solanacearum (Lebeau et al. 2011). When screening plants
for grafting, the management of genotype × environment in-
teractions is made more complex by interactions between the
scion and the rootstock (Albacete et al. 2015). These complex
interactions make it necessary to assess the individual perfor-
mance of rootstock–scion combinations in multiple environ-
ments (Keatinge et al. 2014).

Today, more than 50 solanaceous and 27 cucurbit root-
stocks are commercially available and their resistance to
soilborne pathogens is relatively well described (http://
www.vegetablegrafting.org/). Most of these rootstocks
are hybrids or interspecific hybrids: S. lycopersicum ×
S. habrochaites, and C. maxima × C. moschata (King
et al. 2010). Vegetable production in SSA mainly relies
on the use of open-pollinated varieties (OPVs), although
hybrid varieties are being increasingly used (Perez et al.
2017). Old OPV varieties like ‘Moneymaker,’ ‘Roma,’
‘Tanya,’ or ‘Rio Grande’ are still widely grown in SSA
because of the lack of a reliable seed supply system and
breeding efforts (Afari-Sefa et al. 2012). Because of the
limited use of hybrid seeds so far, rootstock screening in
SSA should therefore focus on suitable OPV varieties
alongside commercial varieties adapted to local market
requirements, i.e., post-harvest shelf life, color, and shape.
Use of local landrace or wild species may be an interest-
ing alternative to reduce the cost of grafting and insure the
availability of seeds, as is the case in some Asian coun-
tries including India and Thailand where the S. torvum is
used as a rootstock for grafting tomatoes and eggplants.
The interest of using wild species like S. torvum as root-
stocks to increase plant resistance to soilborne pathogens
was stressed in several studies but their use is hampered
by their heterogeneous germination and development rate,
grafting incompatibility, and detrimental impact on plant
vigor (Nordey et al. 2020). It is also worth noting that
there is often a marked difference in stem diameter be-
tween the scion and the rootstock with heterografting
which may weaken the grafting point. Despite production
costs and challenges to grafting tomato on S. torvum, a
few producers in Reunion Island have adopted this tech-
nique to grow indeterminate tomato varieties under shelter
under high bacterial wilt pressure to respond to the in-
creasing demand for organic products (Huat, personal
communication). It can be assumed that breeding pro-
grams would help improve the grafting compatibility of
wild species.

3.3 Problems involved in obtaining grafted plants

Challenges associated with grafting are well known and have
been discussed by several authors (Lee 1994; Louws et al.
2010). Among the main limiting factors of vegetable grafting,
cost, labor, technique, and the necessary equipment are the
most often cited. To overcome these limitations, it has been
suggested to promote vegetable grafting by nursery operators
who would be responsible for supplying quality grafted plants
to producers (Genova et al. 2013). Although this approach has
been successful in Asia (Genova et al. 2013), its implementa-
tion in SSA is hindered by the fact that most vegetable pro-
ducers in SSA are not used to producing or buying seedlings
grown in seedling trays. Another challenge related to vegeta-
ble grafting is the need to synchronize scion and rootstock
seedling development. Depending on the species, rootstock
seedlings have to be sown from a few days to several weeks
before the commercial scion seedlings to obtain the right stem
diameter in both plants used for grafting (Nordey et al. 2020).
The control of climate conditions in large commercial vegeta-
ble grafting nurseries facilitates the synchronization of the
development of scion and rootstock seedlings (Kubota et al.
2017), but seasonal changes in temperature complicate the
management of sowing schedules in low-cost nurseries.
Grafting success also varies with climate conditions, i.e., tem-
perature and air moisture. While graft–take ratios higher than
80% are commonly reported for vegetables (Vu et al. 2013),
lower ratios are reported in hot climates (Huat 2003; Nordey
et al. 2020).

A recent study showed that the grafting success rate of
tomato declined from 90 to 20% with a temperature increase
from 20 to 40 °C (Nordey et al. 2020). Similar results were
reported by Vu et al. (2013) who indicated that increasing the
temperature from 23 to 26 °C reduced grafting success by 13
to 26% depending on the rootstock used. This study stated that
90% air moisture should be maintained up to 3 days after
grafting and then reduced to 70% during the healing and ac-
climatization phase to prevent the development of fungal
diseases.

The use of low-cost grafting chamber such as a shaded low
tunnel (Fig. 1h) or an underground chamber (Fig. 1i), was
suggested to reduce temperatures and maintain a high humid-
ity during the healing process (Nordey et al. 2020; Black et al.
2003). Combined with removal of leaves from the scion, re-
ducing air moisture content also reduced the incidence of ad-
ventitious roots, which jeopardized the resistance of grafted
plants to soilborne diseases (Meyer et al. 2017). The causes of
appearance of adventitious roots are still unclear but the phe-
nomenon varies with rootstock–scion combinations and is as-
sumed to be caused by several factors including wounding,
nutritional status, and climatic conditions (Geiss et al. 2018).
There are also several points of divergence on the best prac-
tices for grafting vegetables, including the most suitable
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technique, equipment used, i.e., tube or clips, the position of
the grafting point above or below cotyledons, the importance
of staking, all of which require further investigation (Lee and
Oda 2003; Black et al. 2003).

3.4 The profitability of using grafted plants

The profitability of grafting is linked to production costs (in-
cluding the cost of grafted plants), the resulting increase in
yield, and the market targeted. As discussed above, the in-
crease in yield made possible by grafted plants varies with
rootstock–scion combinations and production conditions, in-
cluding the severity of soilborne pathogen pressure. A recent
study indicated that among the 949 combinations of tomato
grafted plants reviewed, only 35% produced higher yields
than non-grafted plants (Grieneisen et al. 2018). On the other
hand, the authors mentioned studies reporting that using
grafted plants more than doubled yields. The cost of produc-
ing grafted plants varies with the species and techniques used.
In the USA, production costs of grafted tomato plants were
reported to be from 2.5 to 4.5 times higher than that of non-
grafted seedlings (Rivard et al. 2010b; Barrett et al. 2012).
These estimations were in the same range as those reported
in a study conducted in Vietnam where grafted tomato plants
were on average 2.7 times more expensive than non-grafted
plants (Genova et al. 2013). An extensive analysis of produc-
tion costs of grafted plants in the USA indicated that the
switch from a low volume production system, i.e., manual
grafting of one million of plants per year, to a high volume
production system, i.e., automatic grafting of 100 million
plants per year using robots, would reduce the cost of grafted
plant fromUS$0.15 to US$0.12 for tomato and fromUS$0.20
to US$0.09 for watermelon (Lewis et al. 2014).

In Vietnam, the use of tomato grafted plants in the open
field increased production costs by more than 75%, but this
was offset by the 2.5 times higher profits thanks to a 44%
increase in yield (Genova et al. 2013). It is worth noting that
the profitability and incentives to use grafted plants differ with
the production system, i.e., open field or greenhouse cultiva-
tion, as well as with the target market, i.e., local, export, or-
ganic, or off-season. In Morocco, about 95% of tomatoes
grown in greenhouses, mainly aimed at the export market,
are grafted as an alternative to using methyl bromide (Besri
2007). Similar results were reported in Turkey where the sup-
pression of methyl bromide encouraged farmers who use
protected cultivation (low and high tunnels) to use grafted
plants (Yetişir 2017). Although problems of soilborne patho-
gens are not limited to greenhouse production, intensive cul-
tivation of high-value solanaceous and cucurbit crops for high
profits favors the development of such pathogens. A recent
survey in Kenya indicated that more than 80% and 60% of
tomato producers using high tunnels reported problems with
bacterial wilt and root-knot nematodes, respectively, even

though the majority of farmers surveyed had started produc-
tion less than 2 years previously (Ireri et al. 2018). It worth
noting that the higher profits obtained per plant grown in a
greenhouse offset the increased cost of a grafted plant better
than the same plants grown in the open field. All the more
since the indeterminate varieties commonly used in green-
house cultivation are grown from8months tomore than 1 year
in contrast to determinate varieties that are cultivated in open
fields for only 3 to 4 months.

Vegetable grafting can be also used to reach market niches.
Grafting tomato on eggplant is used to increase the tolerance
of plants to flooding, thereby enabling production in the hot
wet season and hence when the market is favorable (Black
et al. 2003). As previously mentioned, grafting is commonly
used in North African countries as an alternative to chemical
treatment for export crops (Besri 2007, 2008). In regions
where there is increasing demand for organic products like
in Europe and the USA, organic farmers are increasingly in-
terested in using grafted plants to control soilborne diseases
(Kubota et al. 2008; Barrett et al. 2012).

4 Conclusions

The success of vegetable grafting in different regions in the
world to increase the resistance of plants to soilborne patho-
gens and to improve their tolerance to abiotic stresses sustain
the hope that grafting could help to overcome similar agro-
nomic challenges in SSA.

This review stresses that up to now efforts to promote veg-
etable grafting in SSA have been mainly focused on tomato to
improve its resistance to bacterial wilt. Efforts to identify re-
sistant rootstocks to soilborne diseases are hindered by the
lack of knowledge on the distribution of soilborne pathogens
in SSA and on suitable combinations of rootstocks and scions.

The transfer of experience on vegetable grafting is impeded
by the fact that most of the commercial solanaceous and cu-
curbit rootstocks are hybrids or interspecific hybrids that are
not intended to be used with the open-pollinated varieties
commonly used in SSA. The use of open-pollinated solana-
ceous rootstocks that were developed and promoted to in-
crease the resistance of tomatoes to bacterial wilt in Asia is
challenged by the different strains of the pathogens in SSA.
The use of resistant landraces and local wild species as root-
stocks would reduce the price of grafted seedlings while
guaranteeing the availability of seeds but their use is hampered
by the slow and heterogeneous development of seedlings, the
lower grafting success, and their impact on the plant vigor.

The identification of suitable rootstock–scion combina-
tions is furthermore complicated by the fact that soilborne
diseases are often combined with one or even several abiotic
stresses. Both laboratory and field screening experiments are
thus required to assess the performance of local grafted
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commercial cultivars under single and combined stresses.
Improved insights on underlying tolerance mechanisms
would support rootstock breeding, thereby broadening toler-
ance to abiotic stresses and the robustness of grafted plants.

Solanaceous and cucurbit crops are constrained by numer-
ous factors, such as weeds, fungal diseases, and aerial insect
pests that cannot be alleviated by simply using grafted plants.
A combination of agricultural practices is therefore required to
fully exploit the potential of grafted plants.

Efforts will be required to fine-tune techniques and equip-
ment for vegetable grafting that is suitable for climatic condi-
tions and investments of nursery operators in SSA. The capac-
ity of nursery operators to provide a continuous supply of
good-quality grafted plants should be built through technical
and business trainings. Lastly, promoting the grafting of veg-
etables will require providing evidence to farmers, nursery
operators, and extension officers for the profitability of using
grafted plants in different production systems, i.e., open field
and greenhouse, and for different markets, i.e., local, export,
conventional, and organic.
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