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Vegetable grafting is increasingly recognized as an effective and sustainable
plant production alternative. Grafted plants usually show increased uptake of
water and minerals compared with self-rooted plants, mostly thought a
consequence of the vigorous rootstocks selected. However, while studies
frequently addressed the effects of rootstocks on the performance of scions,
knowledge on the influences of scions on biomass allocation, morphology, and
metabolic activity of roots is rare. In particular, the plasticity of root traits
affecting resource acquisition and its efficiency remains poorly understood.
Two different rootstock species, Cucurbita maxima X Cucurbita moschata and
Lagenaria siceraria, were grafted in combination with melon (Cucumis melo)
and watermelon (Citrullus lanatus). Self-grafted rootstocks were used as
control. Plant biomass and root traits were determined after destructive
harvesting 30 and/or 60 days after grafting. Traits included biomass
allocation, leaf and root morphology, potential activities of four extracellular
enzymes on root tips and basal root segments, and root respiration.
Successfully grafted scions increase the ratio of root to whole plant dry
matter (RMF), and increased ratios of root length to whole plant dry matter
(RLR) and to plant leaf area (RL : LA). In contrast, morphological root traits such
as diameter, tissue density, and specific root length remain surprisingly stable,
and thus scion-induced changes of those traits may only play a minor role for
the beneficial effects of grafting in Cucurbitaceae. Incompatibility in melon/L.
siceraria grafts, however, was likely responsible for the reduced root growth in
combination with clear changes in root morphological traits. Reduced root
respiration rates seem to be the effects of a non-compatible rootstock—scion
combination rather than an active, C-efficiency increasing acclimation. In
contrast, heterografts with melon and watermelon frequently resulted in
root-stock-specific, often enhanced potential enzymatic activities of acid
phosphatase, -glucosidase, leucine-amino-peptidase, and N-acetyl-
glucosaminidase both at root tips and basal parts of lateral roots—presenting
a potential and complementary mechanism of grafted plants to enhance
nutrient foraging. The studied melon and watermelon scions may thus
increase the nutrient foraging capacity of grafted plants by fostering the
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relative allocation of C to the root system, and enhancing the extracellular
enzymatic activities governed by roots or their rhizobiome.
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Introduction

Vegetable crops are fast-growing, highly resource-
demanding crops. Although the lack of nutrient availability is
frequently a main cause of restricted plant growth (De Oliveira
et al, 2018), the limited availability of arable land frequently
requires their cultivation under unfavorable conditions (Sallaku
et al,, 2019). These include the limited availability of specific
nutrients, with nitrogen (N) and phosphorus (P) as the most
common limiting elements (Vitousek et al., 2010).

Plants have evolved a number of adaptive root traits that allow
them to access different pools of resources (Wen et al., 2022).
Mitigation strategies of plants in nutrient deficient soils range
from changes in root morphology and architecture, symbiotic
associations, metabolic adaptions to modified exudation of acid
phosphatases, and organic anions (carboxylates) (Wang and
Lambers, 20205 Freschet et al., 2021b); all entail carbon (C) costs
(Li et al., 2011). For example, root exudation and respiration can
consume 21% and 30% of total photosynthetic C allocated
belowground, respectively (Sun et al., 2021). Hence, to
maximize uptake at limited C availability, trade-offs between
different acquisition strategies exists. For example, plants can
optimize resource uptake by investing C either in thinner or less
dense roots that efficiently explore the soil (Bergmann et al., 2020),
or in mycorrhizal fungal partners (Bergmann et al, 2020), or
adapt root metabolic activity, including more efficient nutrient
recycling, increased uptake, or alterations in exudate composition
and rate (Pant et al., 2008; Liu et al., 2011; Ling et al., 2013). Root
exudation interacts with soil microbes and influences rhizosphere
processes directly or indirectly (Williams et al, 2022). The
extracellular enzymes, usually secreted by roots, their
mycorrhizal symbionts, or associated microbes, and amplified
when nutrient availability is low (Machado and Furlani, 2004;
Meier et al.,, 2020), are surface-located, or surface-bound (Courty
etal,, 2005) and catalyze biochemical reactions, including nutrient
cycles (Pritsch and Garbaye, 2011). Plant-exuded acid
phosphatases (AP) or phosphomonoesterases are a group of
extracellular enzymes involved in releasing phosphate groups
from organic phosphates (Li et al, 2011; Lambers et al., 2013;
Faucon et al,, 2017). Symbionts and associated microbes of roots
also exude a number of f-glucosidases (BG), which cleave the
disaccharide cellobiose into two molecules of glucose (Sanaullah
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et al., 2016; Zhang et al, 2017). In addition, S-glucosidases
influence plant’s chemical defense responses, activation of plant
growth regulators, and lignification or cell-wall catabolism
(Koudounas et al., 2015). L-Leucine aminopeptidases (LAP) are
involved in nitrogen remobilization through hydrolysis of amino
acid residues and protein degradation (Matsui et al., 2006; Mori
etal, 2018), whereas f3-1,4-N-acetyl-glucosaminidases (NAG) are
involved in hydrolysis of chitin and finally release acetyl
glucosamine (Mori et al.,, 2018). However, acquisition strategies
and thus acclimation measures to mitigate low nutrient
availabilities are often element specific (Freschet et al.,, 2021b).
In addition to genotype-intrinsic acclimation potentials,
specific agro-technologies are applied to maximize growth and
yield under given environments. Among them, grafting is
increasingly (re-)considered an effective measure to cope with
environmental constrains (Mauro et al., 2022). Grafting is an
ancient agricultural practice that joins the root system
(rootstock) of one plant to the shoot (scion) of another
(Warschefsky et al, 2016). Although the main purpose of
grafted seedlings was to increase the yield and quality of fruits
by combining a disease-resistant rootstock with a genetically
superior scion (Lee, 2007), improved tolerances to
environmental stresses such as low soil temperatures, flooding,
salinity and high heavy metal concentrations have been reported
(Rivero et al., 2003; Edelstein et al., 2012; Fernandez-Paz et al.,
2021). As different grafting methods were developed (Balliu and
Sallaku, 2017), grafting is now used at an unprecedented scale as
an effective and sustainable plant production alternative
(Rouphael et al., 2018; Reyes-Herrera et al., 2020). Grafted
plants usually show increased uptake of water and minerals
compared with self-rooted plants (Yuan et al., 2016). This was
mostly attributed to the vigorous root system of commercial
rootstocks (Kawaguchi et al., 2008; Martinez-Ballesta et al,
2010), e.g., increasing both the absorption and translocation of
nutrients (Ruiz et al., 1997). Increased concentrations of specific
nutrients in grafted vs. non-grafted plants were, e.g., reported for
leaves and stems of grafted cucumber (Rouphael et al., 2008),
melon (Ruiz et al., 1997), and watermelon (Colla et al., 2010a).
However, while many previous studies addressed the effects
of different rootstocks on vegetative growth (Babaj et al., 2014a;
Babaj et al., 2014b), stress tolerance (Savvas et al, 2010;
Rouphael et al., 2018), yield (Balliu et al., 2008; Yuan et al.,
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2016), and fruit quality (Kyriacou et al., 2017) of scions, little is
still known about possible influences of scions on the
architecture and metabolic activity of the rootstocks
(Neumann et al., 2014; Gautier et al., 2021). Furthermore,
while a few published reports, to the best of our knowledge,
address the effects of a scion cultivar on the rooting pattern of
the rootstock (Franco et al., 1995; Harrison et al., 2016; Thomaj
et al,, 2019), potential eco-physiological alterations affecting the
nutrient acquisition capacity and efficiency of rootstocks remain
poorly understood (Shu et al., 2017). As it becomes more and
more clear that scions modify rootstock responses to the
environment in a genotype-specific manner (Gautier et al,
2020), the importance of studying grafted plants during
rootstock selection becomes evident. Hence, the aim of this
research is to assess the effect of grafting on root architectural,
morphological, and metabolic (respiration, and potential
enzyme activities) traits of two commercially important
cucurbit rootstocks Cucurbita maxima x Cucurbita moschata
and Lagenaria siceraria—providing novel insights into the
plasticity of root traits as affected by scions (i.e., self-grafting,
melon, and watermelon). We hypothesize that heterografts cause
significant changes in rootstock traits compared to self-grafted
plants but that effects largely differ between scion genotypes, and
modify root biomass and morphological and physiological traits
to different extents.

Materials and methods
Plant material and growing conditions
Two different species—bottle gourd/calabash, i.e., L.

siceraria (Molina) Standl, cv. “Emphasis F1” (Ls; Syngenta,
Basel, Switzerland) and the interspecific hybrid Cucurbita

10.3389/fpls.2022.949086

maxima Duchesne x Cucurbita moschata Duchesne, cv.
“Benhur F1” (CC; Grainez Voltz, Loire-Authion, France)—
were used as rootstocks. Both species are of broad economic
importance (Karaaga¢ and Balkaya, 2013; Mashilo et al., 2022)
and currently represents the most used species as rootstocks for
grafted Cucurbitaceae plants. Each rootstock was grafted with
two different cucurbit species, i.e., melon (M; Cucumis melo L.),
cv. “Dikti RZ F1” (De Lier, The Netherlands), and watermelon
[Wm; Citrullus lanatus (Thunb.) Matsum. & Nakai.], cv.
“Lusitana RZ F1” (De Lier, The Netherlands). Self-grafted
seedlings of each rootstock were simultaneously produced and
used as controls; following the extensive review by Fullana-
Pericas et al. (2020), either non-grafted or self-grafted plants can
be used as controls. Thus, six treatments, two self-grafted
rootstocks (C. maxima x C. moschata and L. siceraria) and
four heterografts of each scion species on each of the two
rootstocks (C. lanatus/C. maxima x C. moschata; C. melo/C.
maxima X C. moschata; C. lanatus/L. siceraria; C. melo/L.
siceraria), were established (Table 1).

Graded seeds of scions and rootstocks were sown in foam
trays filled with a mixture of peat and vermiculite (75%, 25%;
vol:vol; 100 cm? per plant) in a plastic greenhouse. Fourteen days
after sowing, grafting was performed on equally sized plants by
the “cutting grafted” method (Shibuya et al., 2007; Babaj et al,
2014a). In this technique, grafted seedlings are obtained by
grafting scions on rootstock cuttings harvested from seedlings,
which are then planted in growing medium for rooting (Shibuya
et al., 2007); see Balliu and Sallaku (2017) for a representative
image of recent and rooted grafts obtained by the method.
Immediately after grafting, planting trays were placed in a
growth chamber (KBW 400, Keison Products, Essex, England),
maintained at an air temperature of 26°C, and a relative
humidity (RH) of 100% at three successive days; RH was then

gradually decreased to 90%. PPFD was 100 pmol m ™ s™' with a

TABLE 1 Dry matter of roots (DM,qt), shoots (DMgnoot), and the entire plant (DMy.ne) of graft combinations of the rootstocks Cucurbita maxima x
Cucurbita moschata (CC) and Lagenaria siceraria (Ls), with melon (Cucumis melo; M), watermelon (Citrullus lanatus; Wm), or self-grafted at day
60 after grafting (DAG 60).

Abbreviation Biomass allocation

Graft combination (Scion/Rootstock) Dry matter (g plant™")

DMrool DMshoot DMplant DMroot : DMshoot RMF
Cucurbita maxima x Cucurbita moschata, self-grafted CC 0.294 £ 0.013 ¢ 3.567 £0.268a 3.861 +0.279 a 0.23 £0.02 ¢ 0.08 + 0.00 ¢
C. melo/C. maxima x C. moschata M/CC 0.297 £0.017 ¢ 2981 +0.137b  3.279 + 0.150 b 0.26 £ 0.01 b 0.09 +0.00 b
C. lanatus/C. maxima x C. moschata Wm/CC 0.296 £ 0.012 ¢ 2.962 + 0.067 b 3.259 + 0.073 b 0.29 £ 0.01 b 0.09 +0.00 b
Lagenaria siceraria, self-grafted Ls 0.553 £0.035a 2956 +0.134b 3.509 + 0.159 a 0.32 +0.01 a 0.16 + 0.0l a
C. melo/L. siceraria M/Ls 0.018 £ 0.007 d 1.589 +0.139d 1.608 + 0.140 d 0.07 £ 0.01d 0.03 £ 0.00 d
C. lanatus/L. siceraria Wm/Ls 0393 £0.019b  2.295+0.097 ¢ 2.689 +0.116 ¢ 0.35+£0.01 a 0.15 £ 0.00 a
Scion (Sc) <0.001 <0.001 <0.001 <0.001 <0.001
Rootstock (Rst) 0.114 <0.001 <0.001 0.109 <0.001
Sc x Rst interactions <0.001 0.024 <0.001 <0.001 <0.001

Biomass allocation at DAG 60 is indicated by the DM, : DMp00; ratio and the root mass fraction (RMF). Different letters indicate significant differences within parameters (Tukey test, p <
0.05; mean + SE); significant p-values of a two-way ANOVA are indicated in bold. See Supplementary Table S1 for data at DAG 30. Abbreviations of graft combinations used throughout the
text are given.
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photoperiod of 12 h (white fluorescent lamps). After 10 days
(DAG 10), the plants were transferred to a plastic greenhouse.

Thirty days after grafting (DAG 30), 20 healthy,
homogeneously sized seedlings of each experimental treatment
were individually transplanted into 2-L plastic pots (20 x 12 x
8 cm) filled with a homogenized, nutrient-poor mixture of loamy
Cambisol soil (from Albania) and 0.8-2 mm quartz sand (vol:
vol, 1:3) with a pH(CaCl,) 7.5, C 0.28%, and N 0.022%; quartz
sand was added to facilitate the retrieval of undamaged roots.
Equal quantities of a 20% Hoagland nutrient solution (Hoagland
and Arnon, 1950) were supplied to each plant at three time
points (approximately DAG 15, 30, and 45); tap water was
applied regularly to maintain water availability close to
field capacity.

Plant sampling, growth analyses, and
biomass allocation

Thirty (DAG 30) and sixty (DAG 60) days after grafting, 10
randomly selected plants per treatment were harvested and used
for biomass assessment and growth analyses. For that purpose,
immediately after harvesting, the root system was gently washed
free of adhering soil particles using a soft water jet, and
subsequently plants were separated into roots and shoots. Leaf
and root morphological assessment and growth analyses were
performed as described below. At DAG 60, the same plants (10
plants per treatment) were in addition used for the enzyme
assay. At the same time, five other randomly selected plants for
each treatment were harvested and used for root respiration
assessment (see below).

The relative growth rates (RGRs) of roots, shoots, and the
entire plant were calculated for the period DAG 30 to DAG 60.
For that purpose, following the morphological and eco-
physiological analyses, roots and shoots of all plants at each
respective harvesting date were dried (65°C, 48 h). Dry matter
(DM) was determined per plant (+ 0.001 g). Based on ADM
between DAG 30 and DAG 60, the relative growth rates of the
root system (RGRyoo) and the whole plant (RGRypjy) were
calculated (Hoffmann and Poorter, 2002; Hunt, 2003). The
ratio of root dry matter to shoot dry matter (DM, o0t : DMghoots
Freschet et al., 2015a) and the root mass fraction (RMF)
expressed as root dry mass divided by whole plant dry mass (g
g ! Freschet et al,, 2015b) were calculated.

Leaf and root morphological analyses

The roots of 10 plants per treatment (DAG 60) were scanned
(10000XL with transparency unit; Epson, Japan; gray scale, 300
dpi) and the acquired root images were analyzed with the
software WinRhizo 2012b Pro (Regent Instruments Inc.,
Quebec, Canada). The following parameters were determined
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individually for each plant: root length (RL), root surface area
(RSA), root volume (RV), and average diameter (AvgD). After
scanning, the roots were dried (60°C, 48 h) and dry matter of
roots (DM,o) per plant was individually weighted (+ 0.001 g).
Based on these, the specific root length (SRL)—root length
divided by root dry mass (m g '), the root tissue density
(RTD)—root dry mass divided by fresh root volume (g cm™>;
Freschet et al, 2021a), and the root length ratio (RLR)—root
length divided by whole plant dry mass (m g plant™'; Ryser,
1996) were calculated.

The third and fourth leaves of each plant were scanned
(10000XL; Epson, Japan; gray scale, 300 dpi); the acquired leaf
images were analyzed with the software WinFolia 2012 (Regent
Instruments Inc., Quebec, Canada), and the leaf surface areas
(LA) were individually recorded. The leaves were subsequently
dried (60°C, 48 h) and weighed (+ 0.001 g). The specific leaf area
(SLA; cm® g7') was calculated for specific leaves (Freschet et al.,
2015a); hereafter, total plant leaf area (LA; cm?) was estimated as
a product of average SLA and plants’ total leaf DM. In addition,
the RL-to-LA ratio (RL : LA) was calculated for each treatment.

Potential enzyme activity

Ten plants of each experimental treatment (DAG 60) were
used to assess potential enzyme activities (pEA,,) on roots.
Roots were gently washed free of adhering soil particles, and four
root samples of about 1 cm length, two from the distal part of
lateral roots (named as “tip”) and two others closer to the basal
part of lateral roots (named “basal”), respectively, were sampled.
Root sections were placed in reaction tubes filled with deionized
water, and stored for 14-20 h at 4°C. pEA, ., was performed on
the dissected lateral root segments (i.e., tip or basal) according to
the protocol of Courty et al. (2005) and its improvement in
Pritsch et al. (2011)—using high-throughput photometric and
fluorometric microplate assays. Substrates for enzymes as well as
standard substrates were purchased from Sigma-Aldrich (MO,
USA). The potential activities of four enzymes were measured,
following the above protocols: fB-glucosidase (BG, hydrolyses
cellobiose into glucose), N-acetyl-glucosaminidase (NAG,
breaks down chitin), acid phosphatase (AP, releases inorganic
phosphate from organic matter), and leucine-amino-peptidase
(LAP, breaks down polypeptides). 4-Methylumbelliferone
(MUB) complexed substrates were used for BG (4-
methulumbelliferyl B-D-glucopyranoside), NAG
(4-methylumbelliferyl N-acetyl-B-D-glucosaminide), and AP
(4-methylumbelliferyl phosphate), whereas 7-amino-4-
methylcoumarin (AMC) was used for LAP (L-leucine-7-
amido-4-methylcoumarin hydrochloride). Assay pH was 6.5
for LAP and pH 4.5 for other substrates. In brief, root
segments were placed in a 96-well filter plate (30-40 um mesh
size; AcroPrep, Pall Life Sciences, Crailsheim, Germany)
prefilled with 150 ul of rinsing buffer. To start the assay, the
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rinsing buffer was removed and discarded. Subsequently, 100 pl
of the first substrate was added to the wells. The filter plate was
placed on a horizontal shaker and dark-incubated; incubation
times ranged between 15 and 70 min according to protocols. To
stop the reaction, black-well plates were prefilled with 150 ul of
stopping buffer; the substrate was vacuum-transferred into a
black-well plate below. Standard curves containing either 50 uM
MUB or 50 uM AMC (for LAP) solution were prepared on 96-
well plates. The plate was closed with a cohesive plastic film and
stored dark (20°C) until measurement. The filter plate was
subsequently flushed (rinsing buffer) and the assay was
repeated with other substrates. Fluorescence was measured
using an EnSpire multimode-plate reader (PerkinElmer, USA)
at 450 nm (at 365 nm excitation) at 20 and 100 flashes. pEA oo
was calculated using regression curves following Pritsch et al.
(2004). All root segments were finally scanned with a flatbed
scanner, and analyzed for length, surface area, and volume.
Subsequently, pEA at root tips and basal lateral root segments
were expressed in pmol per unit of root surface area (pmol mm >
min~") and per unit of root volume (pmol mm™> min").

Root respiration

Five randomly selected plants were harvested (DAG 60); the
root system was gently washed free of adhering soil particles and
three root samples of about 1 g (fresh weight; plotted gently
surface dry) per plant were taken for root respiration
measurements. After sampling, the roots were kept for about
2 min in a water bath at 20°C for temperature acclimation and
after that were sealed in plastic tubes (50 cm?) inside a climate
cabinet at 20°C. The CO, concentration inside the plastic tubes
was measured by a portable CO, gas analyzer (EGM-5, PP
Systems, Amesbury, USA); CO, concentration was recorded
every 30 s at the interval 0-150 s. The received ppm CO,
values were plotted against time, and the slopes of respective
linear regressions were used as an estimate of the root respiration
rate (ppm CO, s '). Subsequently, the analyzed roots were
scanned with a flatbed scanner and analyzed with the PC
program WinRhizo 2012b Pro (as above). Finally, root
respiration rate (RRR) was calculated per unit of root surface
area (ppm CO, s™* cm ™).

Statistical analyses

A factorial arrangement of six treatments in a randomized
complete block design was used with 10 replicates each.
Residuals of all variables were tested for equality of variances
and normality using the tests after Brown-Forsythe and
Shapiro-Wilk, respectively. When needed, specific traits were
natural log-transformed to achieve normality. Differences in
DM, RGR, and root traits were tested by one- or two-way
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ANOVA, using the PC program SigmaPlot v.13 (Systat
Software Inc., San Jose, CA, USA). Each significant ANOVA
result (p < 0.05) was followed by a post-hoc Tukey test at p < 0.05.
Values given throughout the text are means + standard error
(SE). Pearson correlation coefficients were calculated to estimate
the strength of relationships of resource acquisition root traits
with AP, BG, LAP, and NAG pEA,,., and the respective
correlograms were performed via STHDA (2022).
Furthermore, in order to produce a graphical evaluation of
root trait relationship, a heatmap analysis was performed via
the ClustVis (2022) program package.

Results

Dry matter partitioning, growth rate, and
root morphology parameters

Strong reciprocal effects of scion and rootstock were found
regarding dry matter of grafted plants (DMpjan). At DAG 60,
melon (M) and watermelon (Wm) grafted onto L. siceraria (Ls)
and C. maxima x C. moschata (CC) featured significantly less
DMjjan¢ than the respective self-grafted rootstocks (Table 1). The
reduction in DMpjay of plants grafted onto Ls was the result of
significant reductions in both dry matter of shoots (DMg,o0r)
and dry matter of roots (DM,o0r). In contrast, DM, remained
stable in grafted CC, both by DAG 30 and by DAG 60. In CC, the
entire reduction in DM, of heterografts was caused by a
reduction in DMy, (Table 1; Supplementary Table S1). No
difference existed between self-grafted Ls and CC regarding
DM,ane however, melon and watermelon grafted onto Ls
showed significantly less DMpjay¢ than respective scions grafted
onto CC rootstock (Table 1). Ls is characterized by a larger
volume of thicker, less branched roots compared to CC
(Supplementary Figure S1), which was reflected by a higher
DM, 00t Of self-grafted Ls seedlings. By DAG 30, DM, of self-
grafted Ls was 0.122 g plant ™', and by DAG 60, it reached 0.553 g
plant™', almost double the weight of roots in self-grafted CC
(0.294 g plant™") (Table 1; Supplementary Table S1). However,
its heterografts with C. melo (M/Ls) or C. lanatus (Wm/Ls) held
significantly less DM, .o, not only versus the self-grafted
rootstock (Ls), but in case of M/Ls (0.018 g plantfl) also
compared to M/CC. In contrast, Wm/Ls held a significantly
greater DM, compared to Wm/CC. No significant effects of
scion on DM, were identified in Wm/CC and M/CC graft
combinations versus the self-grafted variant (CC; Table 1).

L. siceraria featured a significantly greater biomass allocation
towards its root system than C. maxima x C. moschata. By DAG
30, DM, 001 Of self-grafted Ls rootstock represented nearly 40% of
dry matter weight of shoots, almost twice as high as in self-
grafted CC (Supplementary Table S1). Although this proportion
was gradually reduced, it remained high by DAG 60 (0.32)—
significantly greater than in CC (Table 1). Similarly, RMFs of
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self-grafted Ls and Wm/Ls plants were significantly higher than
that of CC plants (Table 1). Interestingly, DM, 0 : DMgho0t ratios
of CC heterografts were significantly greater than those of self-
grafted CC seedlings. No difference was found in case of grafted
watermelon onto L. siceraria, either 30 or 60 days after grafting,
but a strongly reduced root:shoot ratio was evident for M/Ls
(Table 1, Supplementary Table S1).

L. siceraria grafts grew largely faster than Cucumis
maxima x Cucumis moschata. In terms of RGR, self-grafted Ls
and Wm/Ls possessed the highest RGR values at root and plant
levels (Figure 1). RGRs of M/Ls plants were significantly less
(0.0356 g ¢! plant™ and 0.0243 g g plant™', respectively)
compared to Ls and Wm/Ls. No differences were found among
the three CC graft types regarding RGR, o however, RGRpjan¢ of
M/CC plants was significantly less compared to CC and Wm/
CC (Figure 1B).

The leaf areas (LAs) of self-grafted rootstock’ species were
greater than in heterografts, although this was only significant in
grafts with Wm due to a high variability (Figure 2A). Thus, also
no significant differences were found between the LA of grafted
melon and watermelon within and between rootstocks. Very
interestingly, however, the respective ratios of root length (RL)
to plant’s leaf area (LA) of heterograft combinations were
significantly higher than the respective ratios in self-grafted
rootstocks; the exception being M/Ls, which had the
significantly smallest ratio (Figure 2B).

No differences were found between self-grafted rootstocks
(Ls and CC) regarding root length (RL) and root surface area
(RSA). Self-grafted Ls had a significantly higher average root
diameter (AvgD) and root volume (RV) compared with self-
grafted CC. Ls plants were characterized by a much greater RTD

FIGURE 1
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and significantly greater root length ratio (RLR; Table 2). In
contrast, CC plants had significantly greater SRL. Interestingly,
heterografts only partially influenced the architectural and
morphological root traits of the Ls rootstock, while there was
largely no effect of heterografts on CC (the exception being RLR,
which was significantly greater compared to CC; Table 2).
Significant lower trait values of RL, RSA, AvgD, RV, and RLR
were, however, found in M/Ls; SRL and RTD were significantly
greater in M/Ls compared to self-grafted Ls plants (Table 2).

Root respiration and potential
enzymatic activity

Ls and Wm/Ls plants possessed significantly greater RRRs
per unit of root surface area (ppm CO, s™' cm™) than CC graft
types (Figure 3). While no effect of watermelon on Ls RRR was
found, M grafted onto Ls significantly reduced RRR. No
influence of scions (melon and watermelon) was found on the
root respiration of CC rootstock (Figure 3).

Significant statistical differences exist between C. maxima x C.
moschata and L. siceraria regarding potential enzyme activities
(PEA 00r) of both root tips and basal root segments of lateral roots.
Ls holds significantly higher pEA . of AP, BG, and LAP than CC
(Figures 4A-C; Supplementary Tables S2, S3). A significantly lower
NAG enzymatic activity of Ls compared to CC was found at root
tips (Figure 4D) and basal root segments (Supplementary Table S3).
Grafting melon or watermelon onto CC rootstock was followed by a
significant increase in the pEA,, of AP, BG, and LAP of root tips
(Figure 4). In contrast, grafting either M or Wm significantly
reduced pEA,. of NAG in CC root segments of both types
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Relative growth rate of roots [RGR,oor. g g+ day™; (A)] and entire plants [RGRptant, 9 9 day™: (B)] of self-grafted Cucurbita maxima x Cucurbita
moschata (CC) and Lagenaria siceraria (Ls) and of respective heterograft's with melon (M), and watermelon (Wm) between day 30 and 60 after
grafting. Different letters indicate significant differences within RGR,.x and RGRplant, respectively (Tukey test, p < 0.05; mean + SE). See Table 1
and Supplementary Table S1 for biomass at DAG 60 and DAG 30, respectively

Frontiers in Plant Science

frontiersin.org


https://doi.org/10.3389/fpls.2022.949086
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Sallaku et al.
A
400 4
a
a
& T
£ 300 - ab ab
o
© b
1)
& 200 b
‘®
4]
|
100 4
0 1 C) 0 T O T o T P T o
N \Z \’Z
FIGURE 2

10.3389/fpls.2022.949086

B
3,000 - %
o ] } a c a
® 2,000 4
S |¢ °® ;
7 c
1,000 4
d
O
0 T T T T T
o O O 2 9 )
[CXNe) @) VoAV
NP R

(A) Plant leaf area (LA, cm?) and (B) root length-to-leaf area ratio (RL : LA) of self-grafted Cucurbita maxima x Cucurbita moschata (CC), and
Lagenaria siceraria (Ls) and of respective heterografts with melon (M) and watermelon (Wm) at day 60 after grafting (DAG 60). Different letters
indicate significant differences within LA and RL : LA, respectively (Tukey test, p < 0.05; mean + SE)

(Figure 4; Supplementary Table S3). Increased pEA,oo were also
noticed for two of the four enzymes (BG and NAG) when grafting
M or Wm onto Ls rootstock; M/Ls tended (p < 0.1) to possess a
slightly lower pEA, . of LAP, compared to self-grafted Ls plants
(Figure 4). While it becomes apparent that heterografts affect
PEA, ot in both rootstocks, no significant differences between
scion species (melon and watermelon) effects on pEA,,o of AP,
BG, LAP, and NAG were found. For root tips, however, the
rootstock-scion interactions were statistically significant regarding
LAP and NAG (Supplementary Table S2). Interestingly, the
potential enzymatic activity was significantly dependent on the
type of root segments, with root tips holding significantly greater
pEA of all four extracellular enzymes than more basal root segments
(Table 3). Although the differences between root tip and basal
segments regarding potential activity of analyzed enzymes were
only statistically significant when expressed per unit or root volume

(pmol mm > min™"), the same trends were found when expressed
per root surface (pmol mm > min™", Table 3).

The relationships between resource-acquisitive root traits
and pEA, . were represented by rather insignificant and mostly
negative correlation coefficients (Figure 5). Moderate positive
correlations between AP and BG pEA,,, were only found with
RTD in Ls rootstock plants (Figure 5B). A moderate positive
correlation was also found between LAP pEA, . and RLR in CC
rootstock plants (Figure 5A). In contrast, in the same plants, the
moderate correlation between NAG pEA,,, and RLR was
negative. To our surprise, correlations between AP, BG, LAP,
and NAG exudation rate with RRR were small and non-
significant in both rootstocks (Figure 5). The heatmap analyses
exposed a more comprehensive view of trait relationships
(Figure 6). The respective clustered heatmap revealed two
dendrograms; the one on the left site encompasses the

TABLE 2 Total root length (RL, cm), root surface area (RSA, cm?), root length ratio (RLR, m g7%), root average diameter (AvgD, mm), root volume
(RV, cm®), root tissue density (RTD, mg™ cm™3), and specific root length (SRL, cm g™2) of self-grafted Cucurbita maxima x Cucurbita moschata
(CC), and Lagenaria siceraria (Ls) and of their heterografts with melon (M) and watermelon (Wm) at day 60 after grafting (DAG 60).

Graft combination  RL (cm) RSA (cm?) RLR (m gfl)
(Scion/Rootstock)

CC, self-grafted 4,790 + 139 a 1,032 +29 a 1297 £+ 094 b
M/CC 4,994 + 349 a 1,084 + 64 a 1527 £0.71 a
Wm/CC 4,878 + 201 a 1,066 + 51 a 1532 + 054 a
Ls, selffgrafted 4,986 + 573 a 1,162 £ 96 a 1426 £ 143 a
M/Ls 707 £ 42 b 78 £24b 4.64 + 049 ¢
Wm/Ls 4,435 + 252 a 976 £ 38 a 16.00 + 0.89 a
Scion (Sc) <0.001 <0.001 <0.001
Rootstock (Rst) <0.001 <0.001 <0.001

Sc x Rst interactions <0.001 <0.001 <0.001

AvgD (mm) RV (ecm®) RTD (mg71 cm™>)  SRL (cm gfl)
068 +0014b 1778+ 0.74b 16.54 + 0.49 b 166.42 £ 9.19 a
0.76 + 0.064 ab  18.68 + 1.04 b 15.70 + 0.46 b 170.36 + 8.34 a
0.69+0018b 1883+ 125b 16.41 + 0.56 b 163.29 + 6.96 a
082+0052a 2185+ 143a 25.36 + 0.46 b 90.08 + 6.61 b
0.48 + 0.076 ¢ 1.07 + 034 ¢ 64.42 + 14.06 a 17871 829 a
077 £0.063ab 1726 +0.71 b 23.86 £ 0.42 b 108.79 + 6.44 b

0.035 <0.001 0.001 <0.001
0.619 <0.001 <0.001 <0.001
<0.001 <0.001 <0.001 <0.001

Different letters indicate significant differences within parameters (Tukey test, p < 0.05; mean + SE); significant p-values of a two-way ANOVA are indicated in bold.
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Root respiration rate per surface area (RRR, ppm CO, s+ cm™) of self-grafted Lagenaria siceraria (Ls) and Cucurbita maxima x Cucurbita
moschata (CC), and of respective heterografts with melon (M) and watermelon (Wm) at day 60 after grafting (DAG 60). Different letters indicate

significant differences between RRR (Tukey test, p < 0.05; mean + SE)

groupings of the different grafts, whereas the one placed on the
top clustered similar plant traits that affected the clustering of the
different graft types. The left dendrogram shows a distinct
separation of M/Ls’ root traits from the other grafts while CC
graft types and Ls and Wm/Ls were sub-clustered as expected.
Indeed, M/Ls shows lower values of RSA, RLR, RV, RRR, and
NAG pEA, oo and higher SRL, RTD, and AP and BG pEA,,.
values as described above. The main parameters that contribute
in the separation of CC and Ls and M/Ls clusters were AP/BG
PEA, o and RTD/SRL root traits. Specifically, the Ls cluster
holds a higher BG pEA, . and smaller SRL values. Furthermore,
CC is separated from M/CC and Wm/CC by differences in AP
and BG pEA,,o (Figure 6). The studied root traits were
separated into two main subgroups. Most of them (RSA, RLR,
RV, RRR, LAP, and NAG) are grouped together. However,
within this subgroup, LAP is separated from the rest of the
traits. The next main subgroup of parameters is composed of
four traits: AP, BG, RTD, and SRL (Figure 6).

Discussion

Commonly, grafting is considered a tool to boost the
vegetative growth of scion cultivars, especially under adverse
soil conditions (Colla et al., 2010a; Colla et al., 2010b; Schwarz
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et al, 2013; Bohm et al., 2017). Yet, in our experiment, the
influence of scion on the rootstocks seems to be the opposite as
compared with self-grafted C. maxima x C. moschata (CC) or L.
siceraria (Ls), and DMjan; values of graft combinations of melon
and watermelon with Ls and CC were significantly lower. In
addition, differences regarding plant and root RGR were
evidenced, especially in graft combinations of Ls with melon
and watermelon. Together, this indicates that some degree of
incompatibility exists between specific graft components. The
incompatibility between rootstock and scion species is
frequently explained by the presence of a necrotic layer at the
graft junction and discontinuity in the vascular bundles at the
graft union (Kawaguchi et al., 2008; Xu et al., 2015; Xiong et al.,
2021), low level of antioxidant enzyme activities and high level of
reactive oxygen species at the rootstock-scion interface (Aloni
et al., 2008), the impairment of assimilate transport (Camalle
et al., 2021; Xiong et al, 2021), and hormone synthesis and
signaling (Camalle et al., 2021).

C. maxima x C. moschata rootstocks seem to show a higher
degree of compatibility with melon and watermelon than Ls
rootstocks. Whereas in heterograft combinations with Ls the
reduction in DMy, was a result of significant reductions in
both DM,,oc and DM, a stable DM, was found in
heterografts of CC. The latter is in contrast with previous
studies, where large effects of scions on total rootstock biomass
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Y of (A) acid phosphatase (AP), (B) B-glucosidase (BG), (C) leucine-amino-peptidase (LAP),

and (D) N-acetyl-glucosaminidase (NAG) at root tips of different graft combinations of self-grafted Cucurbita maxima x Cucurbita moschata
(CC) and Lagenaria siceraria (Ls), and of respective heterografts with melon (M) and watermelon (Wm) at day 60 after grafting (DAG 60)
Different letters indicate significant differences per enzyme (Tukey test, p < 0.05; mean + SE). See Supplementary Table S2 for details including
two-way ANOVA results, and Supplementary Table S3 for pEAcot Of basal root segments

have been reported, e.g., for Vitis sp. (Tandonnet et al., 2010

Gautier et al,,

2021). As the reduction in DMy, of CC

heterografts was caused by the reduction in DMgheor, We
hypothesize that both melon and watermelon scions were able

to supply sufficient photosynthetic assimilates to CC rootstock—
maintaining DM, at the level of self-grafted CC. Hence,
although the DMy of CC heterografts with melon and
watermelon was smaller than the DMjq, of self-grafted CC,

TABLE 3 Potential root enzyme activities (pEA,.ot) of acid phosphatase (AP), B-glucosidase (BG), leucine-amino-peptidase (LAP), and N-acetyl-
glucosaminidase (NAG) of lateral roots’ root tips and basal root segments in grafted cucurbit species.

AP BG
PEArout(SA)) pEArout(RV)) pEAroot(SA)) pEAroot(RV))
pmol mm™~ pmol mm™ pmol mm™ pmol mm~
min~’ min~" min™" min~!
Root tip 892+ 64a 5,193 + 374 a 2179+ 172 a 12,788 + 1,050 a
Basal root 81.7 + 5.6 a 3,830 £ 288 b 201.5+195a 9,630+ 1,039 b
segment
p-value 0.383 0.005 0.531 0.035

LAP
PEAruot(SA)) PEAruot(RV))
pmol mm™~ pmol mm”~

min~ min~*
452 +33a 2,731 £ 192 a
33.7+£21b 1,447 + 103 b

0.004 <0.001

NAG
pEAl’oot(SA)) pEAroot(RV)9
pmol mm™~ pmol mm™

min™" min™"
143 +09a 945 + 89.5 a
153+ 11a 636 +539b

0.512 0.003

PEA 40 are expressed in either pmol per unit of root surface area [pEA,oo((SA), pmol mm ™ min™'] or per unit of root volume [pEA,,o(RV), pmol mm™ min™']. Different letters indicate
significant differences within parameters significant p-values of the ANOVA are indicated in bold. (Holm-Sidak test, p < 0.05, n = 60; mean + SE).

Frontiers in Plant Science

09

frontiersin.org


https://doi.org/10.3389/fpls.2022.949086
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Sallaku et al. 10.3389/fpls.2022.949086

RTD
N Y
NAG ‘{* & BG
SRL| () j‘ Q\,‘?* AP
RR® @ ._r.jF R NAG
AP O D RRR
@ s
LAP 0009 < LAP
By
RRR | () ,LQ‘%?. RLR
RSA @ [.17 Q& R
RV @ ‘. RV

FIGURE 5

Pearson correlation matrix of morphological/architectural root traits (RV, RSA, RLR, RTD, and SRL), root respiration rate (RRR), and the potential
root enzyme activities (AP, BG, LAP, and NAG) for (A) Cucurbita maxima x Cucurbita moschata and (B) Lagenaria siceraria self-grafted plants
and respective heterografts with melon and watermelon. See text for details.

rather than related with any incompatibility issue, this could be a study. Significant differences exist between melon and
consequence of a naturally smaller shoot dry weight of melon or watermelon scions regarding compatibility with Ls, with the
watermelon plants compared with C. maxima x C. moschata first one showing the lowest level of compatibility. Potentially,
shoots; however, self-grafted scions were not included in this the melon scion was not able to supply carbohydrates to Ls
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FIGURE 6

Clustered heatmap of root traits and enzyme exudation rate of AP, BG, LAP, and NAG of self-grafted Cucurbita maxima x Cucurbita moschata
(CC), and Lagenaria siceraria (Ls) and of their heterografts with watermelon (Wm) and melon (M). Rows are centered; unit variance scaling is
applied to rows. Both rows and columns are clustered using correlation distance and average linkage.
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rootstocks as effectively as self-grafted Ls. The reduced C
availability in M/Ls rootstocks may also be evidenced by the
significantly lower root respiration. Thus, while the entire plant
growth was limited in M/Ls, this was particularly true for the
root system, resulting in a dramatically reduced biomass
allocation—which will have increasingly hampered water and
nutrient supply to disproportionally growing shoots.
Incompatibility issues between melon and bottle gourd (L.
siceraria) were reported earlier (Xiong et al, 2021) and are
confirmed by the findings of this experiment. Interestingly, both
watermelon and melon scions have fostered root growth of CC
versus the aboveground part, whereas no effect (watermelon) or
a deleterious effect (melon) was found for the Ls root system.
Thus, while self-grafted Ls and CC plants were characterized by
a larger LA than the corresponding heterografts, the situation
was the opposite regarding the respective ratios of root length to
plant leaf area. Generally, a larger RL : LA ratio was recorded in
heterografts, indicating an extended root length per unit leaf area
and thus the ability to explore a (relatively) larger volume of soil.
Since, RL : LA ratio reflects the plant’s structural expenditures
for uptake (Korner and Renhardt, 1987), our data indicate the
presence of a useful mechanism in successfully (i.e., compatible)
grafted plants to increase the allocation of assimilates to
rootstocks under limiting soil resources. In contrast, Gautier
et al. (2021) reported only minor effects of specific Vitis scion/
rootstock combinations on root-to-shoot fresh biomass ratios.
However, previous studies on compatibility aspects among
different Solanaceae (Kawaguchi et al., 2008) and also woody
perennials such as apple trees (Thomaj et al., 2019) underlined
that carbohydrate concentration and C partitioning between
graft components are highly diverse and dependent on specific
rootstock—scion combinations.

In general, no differences between Ls and CC regarding root
length (RL) and root specific area (RSA) were observed.
However, significant differences were found regarding root
volume (RV), clearly a consequence of different average
diameter of roots (AvgD). The significantly larger AvgD of Ls
may indicate a greater potential for arbuscular mycorrhizal fungi
colonization (Ma et al., 2018; Bergmann et al., 2020) than in CC
roots, and potentially higher exudation rates (Williams et al.,
2022) as supported by our data. Compared with self-grafted
plants, AvgD remained unchanged in CC heterografts and in Ls
and Wm/Ls types, but it was significantly reduced in M/Ls.
Similarly, root diameters were not significantly altered by scion/
rootstock combinations in Vitis genotypes (Gautier et al., 2021).
Although not statistically significant, the reduced AvgD in M/Ls
may be reflected by a slightly reduced LAP exudation rate of this
variant (see also discussion below). While holding the shortest
overall root length, as discussed above, M/Ls grafts possessed
significantly greater SRL and RTD than self-grafted Ls. A higher
RTD indicates a rather slowly grown root system (Bergmann
et al., 2020)—in accordance with the measured RGR,yo. A
greater tissue density is often the result of higher amounts of
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cell wall materials, or greater stele-to-cortex ratios, and often
related to an increased root longevity (Ryser, 1996). As such, it
seems that incompatible graft combinations adapt a slow growth
strategy followed by an increased RTD to assure a longer root
lifespan. Furthermore, since the production of finer roots is a
strategy of plants to reduce root construction costs under low
nutrient availability (Postma et al., 2014) and a high SRL can
enhance nutrient acquisition by exploring a higher soil volume
per unit of C investment in root length (Laliberte et al., 2015), by
combining high RTD with increased SRL, the non-compatible
M/Ls plants seem to have maximized carbon use efficiency.
While not studied, we speculate that the reduced root respiration
in M/Ls might, thus, beside the reduced availability of
photosynthates discussed above, also be related to a lesser ratio
of highly respiring cortex tissue. Certainly, plants can construct
high SRL roots of any density, i.e., dense root tissue can be either
thick or thin in diameter (Kramer-Walter et al., 2016), and this
offers more possibilities for plants to better adapt to specific
environmental conditions (Laughlin 2014). In contrast to Ls, no
differences were found between self-grafted CC and its
heterograft combinations with melon and watermelon
regarding SRL and RTD. Root tip density has not been
accessed in our study, but modified branching frequencies will
likely alter SRL and RTD. However, Gautier et al. (2021) also
recently reported no significant effects of scions on root tip
densities in Vitis sp. heterografts but strong effects of soil
nutrient availability only. Further studies are required to
determine the mechanisms resulting in anatomical and/or
morphological changes in certain graft combinations under
similar environmental conditions.

However, architectural or morphological adaptations might
often not be sufficient to balance plants resource budgets:
changes in metabolic activities, i.e., RRR (Amthor et al., 2019)
and root and rhizosphere modifications to increase nutrient
availability and uptake (Bilyera et al., 2022), are other
alternatives. Significant differences exist between CC and Ls
regarding RRR, with the latter one holding an about 20% higher
RRR (beside M/Ls). While a reduction in root respiration helps
to reduce C maintenance costs (Amthor et al., 2019; Lynch et al.,
2021), it may also reduce phosphorus requirements (Fan et al.,
2003) and thus help to maintain higher root growth rates (Walk
etal., 2006; Postma et al., 2014). Therefore, a reduced RRR might
be a useful plant adaptation of non-compatible graft
combinations under low nutrient/phosphorus availability.
However, in line with the findings that RRR is generally
considered to be greater in fast-growing species compared
with slow-growing ones (Rewald et al, 2014; Freschet et al,
2021a), RGR, e of the compatible grafts was matched by greater
RRR in our study. Producing root exudates is part of the plant’s
strategy to maximize acquisition in nutrient-deficient soils (Li
etal, 2011; Lambers et al., 2013). Root exudates help plants face
adverse conditions by inducing microbial responses (Sun et al,
2021), chelating toxic compounds from the soil, changing soil
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pH, or solubilizing nutrients (Vives-Peris et al., 2020). The
majority of root metabolites are exuded at the root tip, where
the lack of cell differentiation favors diffusion of metabolites to
the soil (Sasse et al., 2018; Canarini et al., 2019)—potentially root
tips and more basal root segments may also differ in their
microbiome. We specifically found that root tips have a higher
PEA oo Of acid phosphatase (AP), B-glucosidase (BG), leucine-
amino-peptidase (LAP), and N-acetyl-glucosaminidase (NAG)
than the basal root segments. Similar, Bilyera et al. (2022)
reported that AP activity was slightly greater at younger root
tissue than at older ones. The further discussion is based on the
enzymatic activity of root tips, which generally show the same
PEA oo pattern between grafts as basal root segments. We found
significant differences regarding root pEA between cucurbit
rootstock species. While previous studies have largely
addressed favorable nutrient uptake capacities of rootstocks
(Lu et al, 2020), to the best of our knowledge, there is no
other published evidence regarding vegetable rootstock’s root
enzyme activity. However, it is already confirmed that
differences exist among different herbaceous (Wen et al., 2019)
and woody species (Sun et al., 2021). Very distinguishably, with
the only exception of NAG, L. siceraria rootstocks are
characterized by significantly higher pEA,,, than C.
maxima x C. moschata. The higher root pEA of AP and BG in
Ls are in line with a previous report by Wen et al. (2019),
concluding that species with thicker roots may release higher
amounts of P-mobilizing exudates to the rhizosphere.

Very interestingly, we found that heterograft combinations
of melon and watermelon, either onto CC or Ls, were
characterized by significantly higher AP and BG pEA, . than
the respective self-grafted rootstocks. The trend was the same
with LAP and NAG, but here, significant scion-rootstock
interactions resulted in an increase either in LAP (melon and
watermelon grafted onto CC) or in NAG (melon or watermelon
grafted onto Ls). Changes in root exudate profiles of bottle gourd
(L. siceraria) grafted with watermelon were previously reported
by Ling et al. (2013). Analyzing the content of chlorogenic and
caffeic acid and their effects on plant susceptibility to Fusarium
oxysporum, the authors found that the composition of the root
exudates released by the grafted watermelon onto bottle gourd
was different from both watermelon and bottle gourd plants.
Song et al. (2016) reported a significantly higher diversity of
root-secreted proteins in watermelon plants grafted onto bottle
gourd compared with non-grafted watermelon and self-rooted
bottle gourd. Similarly, by analyzing the influence of eggplants
grafted onto a tomato rootstock, Liu et al. (2009) found
differences regarding the composition of root exudates released
between the non-grafted eggplants and tomato rootstock plants
itself. Finally, Gautier et al. (2021) recently reported that
heterografts of Vitis sp. can result in both unaltered and
significantly increased AP activities compared to self-grafts. In
sum, our study and previous ones suggest clearly that (some)
scions co-regulate rootstock genotype-intrinsic exudation
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patterns. As established comprehensibly, the increased root
exudation rate of organic acids (Colla et al., 2010a; Ling et al,
2013) and root enzymes (Pritsch and Garbaye, 2011; Lambers
et al,, 2013; Cenini et al., 2016) enhances plant nutrient uptake.

So far, there are a number of acclimation mechanisms
reported in grafted vegetables to increase the nutrient
acquisition vs. non-grafted seedlings, mostly related to the vigor
of rootstocks in a specific graft combination. These include
increased vigor of the root system and hence its capacity to
explore wider and deeper soil volumes (Nawaz et al., 2016),
alteration of macro- and micro-nutrient uptake rate (Nawaz
et al., 2016; Ropokis et al., 2018; Yuan et al.,, 2016), enhanced
specific nutrient absorption rate/efficiency (Sallaku et al., 2019),
and enhanced exudation of organic acids (Colla et al., 2010a). In
accordance, the results of this study clearly show that a compatible
scion can enhance the relative nutrient foraging capacity by
inducing changes in biomass allocation, i.e., increasing the ratio
of root dry matter to whole plant dry matter (RMF), or improve
the efficiency of carbon invested to root system by increasing the
ratio of root length to whole plant dry matter (RLR), and/or
increase the ratio of root length to plant leaf area (RL : LA), and
the SRL. Similarly, scions have been reported to increase nutrient
uptake efficiencies (Albacete et al, 2015; Gautier et al, 2021).
Here, we report another potential mechanism, namely, a
rootstock-specific increase in the potential activity of
extracellular enzymes across the root system (root tips to basal
root segments), to enhance the resource availability at the
rhizoplane. Extracellular enzymes can be synthesized either by
plant roots or their associated microbiome including arbuscular
mycorrhiza (Cenini et al., 2016) and catalyze important
biochemical reactions in the soil (Pritsch and Garbaye, 2011).
Functions include hydrolysis and mobilization of P from a range
of extracellular phosphomonoesters (acid phosphatases, AP)
(Lambers et al., 2013), cellulose decomposition (f-1,4-
glucosidase, BG) (Cenini et al, 2016), and N acquisition (L-
leucine aminopeptidase, LAP; and f3-1,4-N-acetyl-
glucosaminidase, NAG) (Matsui et al,, 2006; Cenini et al., 2016).
As AP and BG clustered separately from the rest of analyzed traits,
it seems that enhanced pEA,,, of P mobilization (AP) and
cellulose decomposition (BG) enzymes is a complementary
strategy of both grafts to increase nutrient foraging in poor
substrates. In contrast, pEA LAP and NAG were differentially
affected in both rootstock by heterografts, potentially indicating
different root or microbiome capacities to exude enzymes related
to N acquisition.

Although negative correlations between root exudation rate
and RTD are reported in trees (Sun et al., 2021) and in some
grassland species (Williams et al., 2022), we found few and weak
correlations of RTD with the potential enzymatic activity of AP,
BG, LAP, and NAG. Also, our data do not support the
conclusion by Sun et al. (2021) that exudation rate is positively
correlated with root respiration. However, Sun et al. (2021) and
Williams et al. (2022) calculated exudation rates as the total C
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exuded divided by root dry weight, whereas we measured the
potential enzymatic activity of four specific root enzymes only.
As exudation rates and the composition of root exudates are
phylogenetically controlled (Williams et al., 2022) and highly
species-specific (Wen et al., 2019), further studies on the role of
plant- or microbiome-derived extracellular enzymes and other
exudates for the nutrition of (grafted) Cucurbitaceae species
are needed.

Conclusion

Dry matter, root length, and root surface area of rootstocks
in grafted cucurbitaceous plants are influenced by compatibility
issues between scion and rootstock only. Incompatibility in M/Ls
is responsible for reduced growth of the rootstock root system in
combination with an increased SRL and a high RTD.
Successfully grafted seedlings increased the RMF, and
particular ratios of root length to whole plant dry matter
(RLR) and root length to plant leaf area (RL : LA). In contrast,
morphological parameters such as diameter, tissue density, and
SRL remained surprisingly stable, and may thus only play a
minor role for the beneficial effects of grafting. Similarly, a
reduced RRR seems to be the effect of a non-compatible
rootstock-scion combination rather than an adaptive
acclimation. In contrast, grafting melon and watermelon onto
C. maxima x C. moschata (CC) or L. siceraria (Ls) rootstocks
resulted in root-stock-specific, often greater potential enzymatic
activities of acid phosphatase (AP), B-glucosidase (BG), leucine-
amino-peptidase (LAP), and N-acetyl-glucosaminidase (NAG)
at both root tips and more basal parts of lateral roots. In sum,
Cucurbitaceae scions may increase the nutrient foraging capacity
of grafted plants by fostering the relative allocation of C to the
root system, and/or enhancing its metabolic activity. As plants’
resource acquisition belowground can be modulated by a
plethora of different root traits (Freschet et al., 2021b),
interrelated to nutrient and C conservation strategies, future
studies on grafting must include a larger set of not only root but
also aboveground traits, and the associated rhizobiome—
ranging from nutrient mobilization to uptake to internal
recycling and regulation—enhancing our mechanistic
understanding of this promising agro-technology.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Frontiers in Plant Science

13

10.3389/fpls.2022.949086

Author contributions

GS, BR, HS, and AB contributed to conception and design of
the study. GS and AB performed the experimental setup and
measurements. AB and HS organized the data and performed
the statistical analysis. AB wrote the first draft of the manuscript.
GS, HS, and BR wrote sections of the manuscript. All authors
contributed to manuscript revision, read, and approved the
submitted version.

Funding

GS received a scholarship within the Jesh—Joint Excellence
in Science and Humanities program (OEAW, Austria). BR and
HS were partially funded by the University of Natural Resources
and Life Sciences, Vienna (BOKU).

Acknowledgments

We gratefully acknowledge the skillful contribution of
Melanie Zillinger to pEA measurements. The authors thank
three reviewers and the editor for helpful comments on an earlier
version of the manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
{pls.2022.949086/full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2022.949086/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.949086/full#supplementary-material
https://doi.org/10.3389/fpls.2022.949086
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Sallaku et al.

References

Albacete, A., Martinez-Anddjar, C., Martinez-Pérez, A., Thompson, A. J., Dodd,
1. C., and Perez-Alfocea, F. (2015). Unravelling rootstockxscion interactions to
improve food security. J. Exp. Bot. 66, 2211-2226. doi: 10.1093/jxb/erv027

Aloni, B., Karni, L., Deventurero, G., Levin, Z., Cohen, R., Katzir, N,, et al.
(2008). Physiological and biochemical changes at the rootstock-scion interface in
graft combinations between cucurbita rootstocks and a melon scion. J. Hortic. Sci.
Biotechnol. 83, 777-783. doi: 10.1080/14620316.2008.11512460

Amthor, J. S., Bar-Even, A., Hanson, A. D., Millar, A. H., Stitt, M., Sweetlove, L.
J., et al. (2019). Engineering strategies to boost crop productivity by cutting
respiratory carbon loss. Plant Cell 31 (2), 297-314. doi: 10.1105/tpc.18.00743

Babaj, I, Sallaku, G., and Balliu, A. (2014a). Splice grafting versus root pruning
splice grafting: Stand establishment and productivity issues in cucurbitacea
vegetables. J. Food Agric. Env. 12 (1), 165-168. doi: 10.1234/4.2014.4161

Babaj, I, Sallaku, G., and Balliu, A. (2014b). The effects of endogenous
mycorrhiza (Glomus spp.) on plant growth and yield of grafted cucumber
(Cucumis sativumn L) under common commercial greenhouse conditions.
Albanian J. Agric. Sci. 13 (2), 24-28.

Balliu, A., and Sallaku, G. (2017). Exogenous auxin improves root morphology
and restores growth of grafted cucumber seedlings. Hortic. Sci. 44 (2), 82-90.
doi: 10.17221/53/2016-HORTSCI

Balliu, A., Vuksani, G., Nasto, T., Haxhinasto, L., and Kagiu, S. (2008). Grafting
effects on tomato growth rate, yield and fruit quality under saline irrigation water.
Acta Hort 801, 1161-1166. doi: 10.17660/ActaHortic.2008.801.141

Bergmann, J., Weigelt, A., van der Plas, F., Laughlin, D. C., Kuyper, T. W,
Guerrero-Ramirez, N., et al. (2020). The fungal collaboration gradient dominates
the root economics space in plants. Sci. Adv. 6, 1-10. doi: 10.1126/sciadv.aba3756

Bilyera, N., Hummel, C., Daudin, G., Santangeli, M., Zhang, X., Santner, J., et al.
(2022). Co-Localised phosphorus mobilization processes in the rhizosphere of
field-grown maize jointly contribute to plant nutrition. Soil Biol. Biochem. 165,
108497. doi: 10.1016/j.s0ilbio.2021.108497

Bohm, V., Fekete, D., Balazs, G., Gaspar, L., and Kappel, N. (2017). Salinity
tolerance of grafted watermelon seedlings. Acta Biol. Hung. 68, 412-427.
doi: 10.1556/018.68.2017.4.7

Camalle, M. D., Sikron, N., Zurgil, U., Khadka, J., Pivonia, S., Péncik, A., et al.
(2021). Does scion-rootstock compatibility modulate photoassimilate and
hormone trafficking through the graft junction in melon-pumpkin graft
combinations? Plant Sci. 306, 110852. doi: 10.1016/j.plantsci.2021.110852

Canarini, A., Kaiser, C., Merchant, A., Richter, A., and Wanek, W. (2019). Root
exudation of primary metabolites: Mechanisms and their roles in plant responses to
environmental stimuli. Front. Plant Sci. 10. doi: 10.3389/fpls.2019.00157

Cenini, V. L, Fornara, D. A,, McMullan, G., Ternan, N., Carolan, R., Crawley,
M. ], etal. (2016). Linkages between extracellular enzyme activities and the carbon
and nitrogen content of grassland soils. Soil Biol. Biochem. 96, 198-206.
doi: 10.1016/j.s0ilbi0.2016.02.015

ClustVis (2022). Available at: https://biit.cs.ut.ee/clustvis/ (Accessed April 29,
2022).

Colla, G., Rouphael, Y., Cardarelli, M., Salerno, A., and Rea, E. (2010a). The
effectiveness of grafting to improve alkalinity tolerance in watermelon. Environ.
Exp. Bot. 68, 283-291. doi: 10.1016/j.envexpbot.2009.12.005

Colla, G., Rouphael, Y., Leonardi, C., and Bie, Z. (2010b). Role of grafting in
vegetable crops grown under saline conditions. Sci. Hortic. 127, 147-155.
doi: 10.1016/j.scienta.2010.08.004

Courty, P. E., Pritsch, K., Schloter, M., Hartmann, A., and Garbaye, J. (2005).
Activity profiling of ectomycorrhiza communities in two forest soils using multiple
enzymatic tests. New Phytol. 167, 309-319. doi: 10.1111/j.1469-8137.2005.01401.x

De Oliveira, L. B.,, Marques, A. C. R., De Quadros, F. L. F., Farias, ]. G., Piccin, R.,
Brunetto, G., et al. (2018). Phosphorus allocation and phosphatase activity in
grasses with different growth rates. Oecologia 186, 633-643. doi: 10.1007/500442-
018-4059-9

Edelstein, M., Ben-Hur, M., Leib, L., and Plaut, Z. (2012). Mechanism
responsible for restricted boron concentration in plant shoots grafted on
pumpkin rootstocks. Isr. J. Plant Sci. 59, 207-215. doi: 10.1560/IJPS.59.2-4.207

Fan, M., Zhu, J., Richards, C., Brown, K. M., and Lynch, J. P. (2003).
Physiological roles for aerenchyma in phosphorus-stressed roots. Funct. Plant
Biol. 30, 493-506. doi: 10.1071/FP03046

Faucon, M., Houben, D., and Lambers, H. (2017). Plant functional traits: soil and
ecosystem plant functional traits: soil and ecosystem services. Trends Plant Sci. 22,
385-394. doi: 10.1016/j.tplants.2017.01.005

Fernandez-Paz, J., Cortés, A. J., Hernandez-Varela, C. A., Mejia-De-Tafur, M. S.,
Rodriguez-Medina, C., and Baligar, V. C. (2021). Rootstock-mediated genetic
variance in cadmium uptake by juvenile cacao (Theobroma cacao L.) genotypes,

Frontiers in Plant Science

14

10.3389/fpls.2022.949086

and its effect on growth and physiology. Front. Plant Sci. 12. doi: 10.3389/
fpls.2021.777842

Franco, J. A., Abrisqueta, J. M., and Hernansaez, A. (1995). Root development of
almond rootstocks in a young almond orchard under trickle irrigation as affected
by almond scion cultivar. J. Hortic. Sci. 70, 597-607. doi: 10.1080/
14620316.1995.11515332

Freschet, G. T., Kichenin, E., and Wardle, D. A. (2015b). Explaining within-
community variation in plant biomass allocation: A balance between organ
biomass and morphology above vs below ground? J. Veg. Sci. 26, 431-440.
doi: 10.1111/jvs.12259

Freschet, G. T., Pages, L., Iversen, C. M., Comas, L. H., Rewald, B., Roumet, C,,
et al. (2021a). A starting guide to root ecology: strengthening ecological concepts
and standardising root classification, sampling, processing and trait measurements.
New Phytol. 232, 973-1122. doi: 10.1111/nph.17572

Freschet, G. T., Roumet, C., Comas, L. H., Weemstra, M., Bengough, A. G,,
Rewald, B., et al. (2021b). Root traits as drivers of plant and ecosystem functioning:
current understanding, pitfalls and future research needs. New Phytol. 232, 1123-
1158. doi: 10.1111/nph.17072

Freschet, G. T., Swart, E. M., and Cornelissen, J. H. C. (2015a). Integrated plant
phenotypic responses to contrasting above- and below-ground resources: Key roles
of specific leaf area and root mass fraction. New Phytol. 206, 1247-1260.
doi: 10.1111/nph.13352

Fullana-Pericas, M., Conesa, M. A., Pérez-Alfocea, F., and Galmés, J. (2020). The
influence of grafting on crops’ photosynthetic performance. Plant Sci. 295, 110250.
doi: 10.1016/j.plantsci.2019.110250

Gautier, A. T., Cochetel, N., Merlin, I, Hevin, C., Lauvergeat, V., Vivin, P, et al.
(2020). Scion genotypes exert long distance control over rootstock transcriptome
responses to low phosphate in grafted grapevine. BMC Plant Biol. 20, 367.
doi: 10.1186/s12870-020-02578-y

Gautier, A. T., Merlin, 1., Doumas, P., Cochetel, N., Mollier, A., Vivin, P., et al.
(2021). Identifying roles of the scion and the rootstock in regulating plant
development and functioning under different phosphorus supplies in grapevine.
Env. Expl Bot. 185, 104405. doi: 10.1016/j.envexpbot.2021.104405

Harrison, N., Barber-Perez, N., Pennington, B., Cascant-Lopez, E., and Gregory,
P. (2016). Root system architecture in reciprocal grafts of apple rootstock-scion
combinations. Acta Hortic 1130, 409-414. doi: 10.17660/ActaHortic.2016.1130.61

Hoagland, D. R, and Arnon, D. L. (1950). The water-culture method for growing
plants without soil (Berkley, USA: University of California, Agriculture
Experimental Station).

Hoffmann, A., and Poorter, H. (2002). Avoiding bias in calculations of relative
growth rate. Ann. Bot. 90, 37-42. doi: 10.1093/aob/mcf140

Hunt, R. (2003). “Growth analysis, individual plants. growth and developement,” in
Encyclopedia of applied plant sciences. Eds. B. Thomas, D. J. Murphy and B. G. Murray
(Academic Press) 579-588. doi: 10.1016/B0-12-227050-9/00028-4

Karaagag, O., and Balkaya, A. (2013). Interspecific hybridization and hybrid seed
yield of winter squash (Cucurbita maxima Duch.) and pumpkin (Cucurbita
moschata Duch.) lines for rootstock breeding. Sci. Hortic. 149, 9-12.
doi: 10.1016/j.scienta.2012.10.021

Kawaguchi, M., Taji, A., Backhouse, D., and Oda, M. (2008). Anatomy and
physiology of graft incompatibility in solanaceous plants. J. Hortic. Sci. Biotechnol.
83, 581-588. doi: 10.1080/14620316.2008.11512427

Koérner, C., and Renhardt, U. (1987). Dry matter partitioning and root length/
leaf area ratios in herbaceous perennial plants with diverse altitudinal distribution.
Oecologia 74 (3), 411-418. doi: 10.1007/BF00378938

Koudounas, K., Banilas, G., Michaelidis, C., Demoliou, C., Rigas, S., and
Hatzopoulos, P. (2015). A defence-related Olea europaea B-glucosidase
hydrolyses and activates oleuropein into a potent protein cross-linking agent. J.
Exp. Bot. 66, 2093-2106. doi: 10.1093/jxb/erv002

Kramer-Walter, K. R., Bellingham, P. J., Millar, T. R., Smissen, R. D,
Richardson, S. J., and Laughlin, D. C. (2016). Root traits are multidimensional:
specific root length is independent from root tissue density and the plant economic
spectrum. J. Ecol. 104, 1299-1310. doi: 10.1111/1365-2745.12562

Kyriacou, M. C., Rouphael, Y., Colla, G., and Zrenner, R. (2017). Vegetable
grafting: the implications of a growing agronomic imperative for vegetable fruit
quality and nutritive value. Front. Plant Sci. 8. doi: 10.3389/fpls.2017.00741

Laliberte, E., Lambers, H., Burgess, T. L., and Wright, S. J. (2015). Phosphorus
limitation, soil-borne pathogens and the coexistence of plant species in
hyperdiverse forests and shrublands. New Phytol. 206, 507-521. doi: 10.1111/
nph.13203

Lambers, H., Clements, J. C., and Nelson, M. N. (2013). How aphosphorus-
acquisition strategy based on carboxylate exudation powers the success and

frontiersin.org


https://doi.org/10.1093/jxb/erv027
https://doi.org/10.1080/14620316.2008.11512460
https://doi.org/10.1105/tpc.18.00743
https://doi.org/10.1234/4.2014.4161
https://doi.org/10.17221/53/2016-HORTSCI
https://doi.org/10.17660/ActaHortic.2008.801.141
https://doi.org/10.1126/sciadv.aba3756
https://doi.org/10.1016/j.soilbio.2021.108497
https://doi.org/10.1556/018.68.2017.4.7
https://doi.org/10.1016/j.plantsci.2021.110852
https://doi.org/10.3389/fpls.2019.00157
https://doi.org/10.1016/j.soilbio.2016.02.015
https://biit.cs.ut.ee/clustvis/
https://doi.org/10.1016/j.envexpbot.2009.12.005
https://doi.org/10.1016/j.scienta.2010.08.004
https://doi.org/10.1111/j.1469-8137.2005.01401.x
https://doi.org/10.1007/s00442-018-4059-9
https://doi.org/10.1007/s00442-018-4059-9
https://doi.org/10.1560/IJPS.59.2-4.207
https://doi.org/10.1071/FP03046
https://doi.org/10.1016/j.tplants.2017.01.005
https://doi.org/10.3389/fpls.2021.777842
https://doi.org/10.3389/fpls.2021.777842
https://doi.org/10.1080/14620316.1995.11515332
https://doi.org/10.1080/14620316.1995.11515332
https://doi.org/10.1111/jvs.12259
https://doi.org/10.1111/nph.17572
https://doi.org/10.1111/nph.17072
https://doi.org/10.1111/nph.13352
https://doi.org/10.1016/j.plantsci.2019.110250
https://doi.org/10.1186/s12870-020-02578-y
https://doi.org/10.1016/j.envexpbot.2021.104405
https://doi.org/10.17660/ActaHortic.2016.1130.61
https://doi.org/10.1093/aob/mcf140
https://doi.org/10.1016/B0-12-227050-9/00028-4
https://doi.org/10.1016/j.scienta.2012.10.021
https://doi.org/10.1080/14620316.2008.11512427
https://doi.org/10.1007/BF00378938
https://doi.org/10.1093/jxb/erv002
https://doi.org/10.1111/1365-2745.12562
https://doi.org/10.3389/fpls.2017.00741
https://doi.org/10.1111/nph.13203
https://doi.org/10.1111/nph.13203
https://doi.org/10.3389/fpls.2022.949086
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Sallaku et al.

agronomic potential of lupines (Lupinus, fabaceae). Am. J. Bot. 100, 263-288.
doi: 10.3732/ajb.1200474

Laughlin, D. C. (2014). The intrinsic dimensionality of plant traits and its
relevance to community assembly. J Ecol. 102, 186-193. doi: 10.1111/1365-
2745.12187

Lee, S. G. (2007). Production of high quality vegetable seedling grafts. Acta
Hortic. 759, 169-174. doi: 10.17660/ActaHortic.2007.759.12

Li, Y. S, Gao, Y., Tian, Q. Y., Shi, F. L, Li, L. H,, and Zhang, W. H. (2011).
Stimulation of root acid phosphatase by phosphorus deficiency is regulated by
ethylene in Medicago falcata. Environ. Exp. Bot. 71, 114-120. doi: 10.1016/
j.envexpbot.2010.11.007

Ling, N., Zhang, W., Wang, D., Mao, J., Huang, Q., Guo, S., et al. (2013). Root
exudates from grafted-root watermelon showed a certain contribution in inhibiting
Fusarium oxysporum f. sp. niveum. PloS One 8, 1-8. doi: 10.1371/
journal.pone.0063383

Liu, T.-Y,, Aung, K, Tseng, C.-Y., Chang, T.-Y., Chen, Y.-S., and Chiou, T.-J.
(2011). Vacuolar Ca®*/H" transport activity is required for systemic phosphate
homeostasis involving shoot-to-root signaling in arabidopsis. Plant Physiol. 156,
1176-1189. doi: 10.1104/pp.111.175257

Liu, N., Zhou, B., Zhao, X., Lu, B., Li, Y., and Hao, J. (2009). Grafting eggplant
onto tomato rootstock to suppress Verticillium dahliae infection: The effect of root
exudates. HortScience 44, 2058-2062. doi: 10.21273/hortsci.44.7.2058

Lu, X, Liu, W., Wang, T., Zhang, ., Li, X., and Zhang, W. (2020). Systemic long-
distance signaling and communication between rootstock and scion in grafted
vegetables. Front. Plant Sci. 11. doi: 10.3389/fpls.2020.00460

Lynch, J. P., Christopher, F. S,, Strock, F., Schneider, H. M., Jagdeep, S. S., Sidhu,
S., et al. (2021). Root anatomy and soil resource capture. Plant Soil 466, 21-36.
doi: 10.1007/s11104-021-05010-y

Machado, C. T. D. T., and Furlani, A M. C. (2004). Root phosphatase activity,
plant growth and phosphorus accumulation of maize genotypes. Sci. Agric. 61,
216-223. doi: 10.1590/S0103-90162004000200015

Ma, Z., Guo, D., Xu, X,, Lu, M., Bardgett, R. D., Eissenstat, D. M., et al. (2018).
Evolutionary history resolves global organization of root functional traits. Nature
555, 94-97. doi: 10.1038/nature25783

Martinez-Ballesta, M. C., Alcaraz-Lopez, C., Muries, B., Mota-Cadenas, C., and
Carvajal, M. (2010). Physiological aspects of rootstock-scion interactions. Sci.
Hortic. (Amsterdam) 127, 112-118. doi: 10.1016/j.scienta.2010.08.002

Mashilo, J., Shimelis, H., and Richard Mantlo Ngwepe, R. M. (2022). Genetic
resources of bottle gourd (Lagenaria siceraria (Molina) Standl.] and citron
watermelon (Citrullus lanatus var. citroides (L.H. bailey) Mansf. ex greb.) -
implications for genetic improvement, product development and
commercialization: A review. South Afr. ]. Bot. 145, 28-47. doi: 10.1016/
j.52jb.2021.10.013

Matsui, M., Fowler, J. H., and Walling, L. L. (2006). Leucine aminopeptidases:
Diversity in structure and function. Biol. Chem. 387, 1535-1544. doi: 10.1515/
BC.2006.191

Mauro, R. P., Pérez-Alfocea, F., Cookson, S. J., Ollat, N., and Vitale, A. (2022).
Editorial: Physiological and molecular aspects of plant rootstock-scion interactions.
Front. Plant Sci. 13. doi: 10.3389/fpls.2022.852518

Meier, 1. C., Tiickmantel, T., Heitkotter, J., Miiller, K., Preusser, S., Wrobel, T. J.,
et al. (2020). Root exudation of mature beech forests across a nutrient availability
gradient: the role of root morphology and fungal activity. New Phytol. 226, 583—
594. doi: 10.1111/nph.16389

Mori, T., Imai, N., Yokoyama, D., and Kitayama, K. (2018). Effects of nitrogen
and phosphorus fertilization on the ratio of activities of carbon-acquiring to
nitrogen-acquiring enzymes in a primary lowland tropical rainforest in Borneo,
Malaysia. Soil Sci. Plant Nutr. 64, 554-557. doi: 10.1080/00380768.2018.1498286

Nawaz, M., Imtiaz, M., Kong, Q., Cheng, F., Ahmed, W., Huang, Y., et al. (2016).
Grafting: A technique to modify ion accumulation in horticultural crops. Front.
Plant Sci. 7. doi: 10.3389/fpls.2016.01457

Neumann, G., Bott, S., Ohler, M., Mock, H. P., Lippmann, R., Grosch, R, et al.
(2014). Root exudation and root development of lettuce (Lactuca sativa l. cv. Tizian)
as affected by different soils. Front. Microbiol. 5. doi: 10.3389/fmicb.2014.00002

Pant, B. D., Buhtz, A., Kehr, J., and Scheible, W. R. (2008). MicroRNA399 is a
long-distance signal for the regulation of plant phosphate homeostasis. Plant J. 53,
731-738. doi: 10.1111/§.1365-313X.2007.03363 x

Postma, J. A., Schurr, U., and Fiorani, F. (2014). Dynamic root growth and
architecture responses to limiting nutrient availability: linking physiological models
and experimentation. Biotechnol. Adv. 32, 53-65. doi: 10.1016/
j.biotechadv.2013.08.019

Pritsch, K., Courty, P. E., Churin, J.-L,, Cloutier-Hurteau, B., Ali, M. A., Damon, C,,
et al. (2011). Optimized assay and storage conditions for enzyme activity profiling of
ectomycorrhizae. Mycorrhiza 21, 589-600. doi: 10.1007/s00572-011-0364-4

Frontiers in Plant Science

10.3389/fpls.2022.949086

Pritsch, K., and Garbaye, J. (2011). Enzyme secretion by ECM fungi and
exploitation of mineral nutrients from soil organic matter. Ann. For. Sci. 68, 25—
32. doi: 10.1007/s13595-010-0004-8

Pritsch, K., Raidl, S., Marksteiner, E., Blaschke, H., Agerer, R,, Schloter, M., et al.
(2004). A rapid and highly sensitive method for measuring enzyme activities in
single mycorrhizal tips using 4-methylumbelliferone-labelled fluorogenic
substrates in a microplate system. J. Microbiol. Methods 58, 233-241. doi:
10.1016/j.mimet.2004.04.001

Rewald, B., Rechenmacher, A., and Godbold, D. L. (2014). It's complicated:
Intra-root system variability of respiration and morphological traits in four
deciduous tree species. Plant Physiol. 166, 736-745. doi: 10.1104/pp.114.240267

Reyes-Herrera, P. H., Mufioz-Baena, L., Velésquez—Zapata, V., Patino, L.,
Delgado-Paz, O. A., Diaz-Diez, C. A., et al. (2020). Inheritance of rootstock
effects in avocado (Persea americana Mill.) cv. hass. Front. Plant Sci. 11.
doi: 10.3389/fpls.2020.555071

Rivero, R., Ruiz, J., and Romero, L. (2003). Role of grafting in horticultural plants
under stress conditions. J. Food Agric. Env. 1, 70-74.

Ropokis, A., Ntatsi, G., Kittas, C., Katsoulas, N., and Savvas, D. (2018). Impact of
cultivar and grafting on nutrient and water uptake by sweet pepper (Capsicum
annuum L.) grown hydroponically under mediterranean climatic conditions.
Front. Plant Sci. 9. doi: 10.3389/fpls.2018.01244

Rouphael, Y., Cardarelli, M., Rea, E., and Colla, G. (2008). Grafting of cucumber
as a means to minimize copper toxicity. Environ. Exp. Bot. 63, 49-58. doi: 10.1016/
j.envexpbot.2007.10.015

Rouphael, Y., Kyriacou, M. C,, and Colla, G. (2018). Vegetable grafting: a
toolbox for securing yield stability under multiple stress conditions. Front. Plant
Sci. 8. doi: 10.3389/fpls.2017.02255

Ruiz, J. M., Belakbir, A., Lopez-Cantarero, I, and Romero, L. (1997). Leaf-
macronutrient content and yield in grafted, melon plants. a model to evaluate the
influence of rootstock genotype. Sci. Hortic. 71, 227-234. doi: 10.1016/S0304-4238
(97)00106-4

Ryser, P. (1996). The importance of tissue density for growth and life span of
leaves and roots: a comparison of five ecologically contrasting grasses. Funct. Ecol.
10, 717. doi: 10.2307/2390506

Sallaku, G., Sandén, H., Babaj, I, Kaciu, S., Balliu, A., and Rewald, B. (2019).
Specific nutrient absorption rates of transplanted cucumber seedlings are highly
related to RGR and influenced by grafting method, AMF inoculation and salinity.
Sci. Hortic. 243, 177-188. doi: 10.1016/j.scienta.2018.08.027

Sanaullah, M., Razavi, B. S., Blagodatskaya, E., and Kuzyakov, Y. (2016). Spatial
distribution and catalytic mechanisms of B-glucosidase activity at the root-soil
interface. Biol. Fertil. Soils 52, 505-514. doi: 10.1007/s00374-016-1094-8

Sasse, J., Martinoia, E., and Northen, T. (2018). Feed your friends: do plant
exudates shape the root microbiome? Trends Plant Sci. 23, 25-41. doi: 10.1016/
j.tplants.2017.09.003

Savvas, D., Colla, G., Rouphael, Y., and Schwarz, D. (2010). Amelioration of
heavy metal and nutrient stress in fruit vegetables by grafting. Sci. Hortic. 127, 156
161. doi: 10.1016/j.scienta.2010.09.011

Schwarz, D., Oztekin, G. B., Tiizel, Y., Briickner, B., and Krumbein, A. (2013).
Rootstocks can enhance tomato growth and quality characteristics at low
potassium supply. Sci. Hortic. 149, 70-79. doi: 10.1016/j.scienta.2012.06.013

Shibuya, T., Nakashima, H., Shimizu-Maruo, K., and Kawara, T. (2007).
Improvement of graft development in tomato and eggplant grafted cuttings by
supplying warmed water to graft union during low-air-temperature storage. J.
Japan. Soc Hortic. Sci. 76, 217-223. doi: 10.2503/jjshs.76.217

Shu, B,, Liu, L, Jue, D., Wang, Y., Wei, Y., and Shi, S. (2017). Effects of avocado
(Persea americana Mill.) scion on arbuscular mycorrhizal and root hair
development in rootstock. Arch. Agron. Soil Sci. 63, 1951-1962. doi: 10.1080/
03650340.2017.1317921

Song, Y., Ling, N., Ma, J., Wang, J., Zhu, C,, Raza, W,, et al. (2016). Grafting
resulted in a distinct proteomic profile of watermelon root exudates relative to the
un-grafted watermelon and the rootstock plant. J. Plant Growth Regul. 35,778-791.
doi: 10.1007/s00344-016-9582-5

STHDA (2022). Available at: http://www.sthda.com/english/rsthda/correlation-
matrix.php (Accessed May 10, 2022).

Sun, L., Ataka, M., Han, M., Han, Y., Gan, D., Xu, T., et al. (2021). Root
exudation as a major competitive fine-root functional trait of 18 coexisting species
in a subtropical forest. New Phytol. 229, 259-271. doi: 10.1111/nph.16865

Tandonnet, J. P., Cookson, S., Vivin, P., and Ollat, N. (2010). Scion genotype
controls biomass allocation and root development in grafted grapevine. Aust. J.
Grape Wine Res. 16, 290-300. doi: 10.1111/j.1755-0238.2009.00090.x

Thomaj, F., Domi, H., Sallaku, G., and Balliu, A. (2019). The spatial distribution
of root system in M9 rootstock is affected by apple cultivar and tree age. J. Agric.
Stud. 7, 160. doi: 10.5296/jas.v7i4.15482

frontiersin.org


https://doi.org/10.3732/ajb.1200474
https://doi.org/10.1111/1365-2745.12187
https://doi.org/10.1111/1365-2745.12187
https://doi.org/10.17660/ActaHortic.2007.759.12
https://doi.org/10.1016/j.envexpbot.2010.11.007
https://doi.org/10.1016/j.envexpbot.2010.11.007
https://doi.org/10.1371/journal.pone.0063383
https://doi.org/10.1371/journal.pone.0063383
https://doi.org/10.1104/pp.111.175257
https://doi.org/10.21273/hortsci.44.7.2058
https://doi.org/10.3389/fpls.2020.00460
https://doi.org/10.1007/s11104-021-05010-y
https://doi.org/10.1590/S0103-90162004000200015
https://doi.org/10.1038/nature25783
https://doi.org/10.1016/j.scienta.2010.08.002
https://doi.org/10.1016/j.sajb.2021.10.013
https://doi.org/10.1016/j.sajb.2021.10.013
https://doi.org/10.1515/BC.2006.191
https://doi.org/10.1515/BC.2006.191
https://doi.org/10.3389/fpls.2022.852518
https://doi.org/10.1111/nph.16389
https://doi.org/10.1080/00380768.2018.1498286
https://doi.org/10.3389/fpls.2016.01457
https://doi.org/10.3389/fmicb.2014.00002
https://doi.org/10.1111/j.1365-313X.2007.03363.x
https://doi.org/10.1016/j.biotechadv.2013.08.019
https://doi.org/10.1016/j.biotechadv.2013.08.019
https://doi.org/10.1007/s00572-011-0364-4
https://doi.org/10.1007/s13595-010-0004-8
https://doi.org/10.1016/j.mimet.2004.04.001
https://doi.org/10.1104/pp.114.240267
https://doi.org/10.3389/fpls.2020.555071
https://doi.org/10.3389/fpls.2018.01244
https://doi.org/10.1016/j.envexpbot.2007.10.015
https://doi.org/10.1016/j.envexpbot.2007.10.015
https://doi.org/10.3389/fpls.2017.02255
https://doi.org/10.1016/S0304-4238(97)00106-4
https://doi.org/10.1016/S0304-4238(97)00106-4
https://doi.org/10.2307/2390506
https://doi.org/10.1016/j.scienta.2018.08.027
https://doi.org/10.1007/s00374-016-1094-8
https://doi.org/10.1016/j.tplants.2017.09.003
https://doi.org/10.1016/j.tplants.2017.09.003
https://doi.org/10.1016/j.scienta.2010.09.011
https://doi.org/10.1016/j.scienta.2012.06.013
https://doi.org/10.2503/jjshs.76.217
https://doi.org/10.1080/03650340.2017.1317921
https://doi.org/10.1080/03650340.2017.1317921
https://doi.org/10.1007/s00344-016-9582-5
http://www.sthda.com/english/rsthda/correlation-matrix.php
http://www.sthda.com/english/rsthda/correlation-matrix.php
https://doi.org/10.1111/nph.16865
https://doi.org/10.1111/j.1755-0238.2009.00090.x
https://doi.org/10.5296/jas.v7i4.15482
https://doi.org/10.3389/fpls.2022.949086
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Sallaku et al.

Vitousek, P. M., Porder, S., Houlton, B. Z., and Chadwick, O. A. (2010).
Terrestrial phosphorus limitations: mechanisms, implications, and nitrogen-
phosphorus interactions. Ecol. Applic. 20, 5-15. doi: 10.1890/08-0127.1

Vives-Peris, V., de Ollas, C., Gomez-Cadenas, A., and Pérez-Clemente, R. M.
(2020). Root exudates: from plant to rhizosphere and beyond. Plant Cell Rep. 39, 3-
17. doi: 10.1007/s00299-019-02447-5

Walk, T. C, Jaramillo, R, and Lynch, J. P. (2006). Architectural tradeoffs
between adventitious and basal roots for phosphorus acquisition. Plant Soil. 279,
347-366. doi: 10.1007/s11104-005-0389-6

Wang, Y., and Lambers, H. (2020). Root-released organic anions in response to
low phosphorus availability: recent progress, challenges and future perspectives.
Plant Soil. 447, 135-156. doi: 10.1007/s11104-019-03972-8

Warschefsky, E. J., Klein, L. L., Frank, M. H., Chitwood, D. H., Londo, J. P., von
Wettberg, E. J. B, et al. (2016). Rootstocks: Diversity, domestication, and impacts
on shoot phenotypes. Trends Plant Sci. 21, 418-437. doi: 10.1016/
j-tplants.2015.11.008

Wen, Z,, Li, H,, Shen, Q,, Tang, X,, Xiong, C,, Li, H,, et al. (2019). Tradeoffs among
root morphology, exudation and mycorrhizal symbioses for phosphorus-acquisition
strategies of 16 crop species. New Phytol. 223, 882-895. doi: 10.1111/nph.15833

Frontiers in Plant Science

16

10.3389/fpls.2022.949086

Wen, Z., White, P. J., Shen, J., and Lambers, H. (2022). Linking root exudation to
belowground economic traits for resource acquisition. New Phytol. 233, 1620-1635.
doi: 10.1111/nph.17854

Williams, A.,Langridge,H.,Straathof, A. L., Muhamadali, H.,Hollywood, K. A.,Goodacre,
R.etal.(2022).Rootfunctionaltraitsexplainrootexudationrateandcompositionacrossarange
ofgrassland species. J. Ecol. 110,21-33.doi: 10.1111/1365-2745.13630

Xiong, M., Liu, C., Guo, L., Wang, J., Wu, X,, Li, L., et al. (2021). Compatibility
evaluation and anatomical observation of melon grafted onto eight cucurbitaceae
species. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.762889

Xu, Q., Guo, S.-R,, Li, H,, Du, N.-S,, and Shu, S. (2015). Physiological aspects of
compatibility and incompatibility in grafted cucumber seedlings. J. Am. Soc Hortic.
Sci. 140, 299-307. doi: 10.21273/JASHS.140.4.299

Yuan, H., Ligiang, Z., Qiusheng, K., Fei, C., Mengliang, N., Junjun, X,, et al.
(2016). Comprehensive mineral nutrition analysis of watermelon grafted onto two
different rootstocks. Hortic. Plant J. 2 (2), 105-113. doi: 10.1016/j.hpj.2016.06.003

Zhang, L, Fu, Q,, Li, W,, Wang, B., Yin, X,, Liu, S., et al. (2017). Identification
and characterization of a novel f-glucosidase via metagenomic analysis of
Bursaphelenchus xylophilus and its microbial flora. Sci. Rep. 7, 1-11.
doi: 10.1038/541598-017-14073-w

frontiersin.org


https://doi.org/10.1890/08-0127.1
https://doi.org/10.1007/s00299-019-02447-5
https://doi.org/10.1007/s11104-005-0389-6
https://doi.org/10.1007/s11104-019-03972-8
https://doi.org/10.1016/j.tplants.2015.11.008
https://doi.org/10.1016/j.tplants.2015.11.008
https://doi.org/10.1111/nph.15833
https://doi.org/10.1111/nph.17854
https://doi.org/10.1111/1365-2745.13630
https://doi.org/10.3389/fpls.2021.762889
https://doi.org/10.21273/JASHS.140.4.299
https://doi.org/10.1016/j.hpj.2016.06.003
https://doi.org/10.1038/s41598-017-14073-w
https://doi.org/10.3389/fpls.2022.949086
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Scions impact biomass allocation and root enzymatic activity of rootstocks in grafted melon and watermelon plants
	Introduction
	Materials and methods
	Plant material and growing conditions
	Plant sampling, growth analyses, and biomass allocation
	Leaf and root morphological analyses
	Potential enzyme activity
	Root respiration
	Statistical analyses

	Results
	Dry matter partitioning, growth rate, and root morphology parameters
	Root respiration and potential enzymatic&#146;activity

	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


