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Abstract

Fertilization is essential for maintaining production in agriculture. Yet, in too high quantity it causes
high impact in environment and in farmers economy. This is especially true in the case of phosphorus (P)
fertilization. Finding genotypes adapted to low P conditions may help to reduce the problem. P efficiency
depends to some extend on the ability of the roots to acquire this mineral, therefore using efficient rootstocks
would provide a higher acquisition of P, maintaining the good characteristics of the scion varieties. In this study,
twenty diverse pepper accessions (Capsicum annuum L.) have been evaluated as possible rootstocks to increase
P acquisition and yield in pepper under no P fertilization. Plant production, biomass, P content and
physiological phosphorous use efficiency were evaluated for ‘Lobo’ variety grafted onto different rootstocks. In
addition, root traits, measured manually (shovelomics) and semi-automatically (Winrhizo) were studied. The
results showed a great diversity in the root traits for the studied accessions. These root traits changed
significantly when the accessions act as rootstock, indicating great rootstock/scion interactions. In general, all
the rootstocks adapted their root size and shape to that displayed by Lobo’ root system. Some accessions
seemed to have some incompatibility whereas some others enhanced the scion performance. It was possible to
identify some genotypes suitable to act as rootstocks for pepper with good performance under low P conditions.
Root length, root weight, branching, and root angle were identified as key root traits for plant growth and P
acquisition under low P conditions.
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Introduction

In the last 10 years awareness of agriculture’s impact on the environment has increased. The agricultural
model based on optimizing the plant’s environment (substrate, water, light, limited presence of pests and
diseases, etc.) to obtain higher production regardless of the inputs or possible side effects is no longer valid.
Especially in the context of degraded ecosystems, eutrophication of water bodies and loss of soil fertility
(Howden et 4/.,2007). A paramount example of this is the plant fertilization with phosphorus (P). This mineral
is the second most limiting nutrient for plant growth after nitrogen. Many worlds’ agricultural areas are rich in
this element but, ironically, due to the soil high potential for phosphorus retention (Batjes, 2011; Lynch, 2011),
this mineral is not easily available for the crops. Therefore, it is necessary to add P to the soil. This is usually
done in mineral fertilization form. Unfortunately, P fertilization is not cheap for the farmers, nor clean for the
environment. In one hand, P fertilizers are produced from the phosphoric rock deposits, which like oil, are
finite, and unevenly distributed throughout the planet (Fafu ¢z al., 2021; Brownlie ez al., 2022). The period of
exhaustion of this resource will depend on its use rate and the magnitude of the estimated reserves (the main
ones are in North Africa and China), but the latest estimations indicate a reserve of approximately 72 billion
metric tons (Statista, 2024). As it happens with other non-renewable resources, in latest years there has been
an escalation in the price of phosphoric rock, which has increased the price of fertilizers. On the other hand,
the fertilization is not always managed professionally. Mineral P fertilization disrupts the biological networks
of the microorganism of the soil affecting in the long term the fertility of the soil (Zhang e al., 2022; Morales-
Manzo et 4l.,2023). In addition, P over-fertilization leads to pollution and eutrophication of water bodies (Ge
et al.,2023). Fortunately, in the latest years several strategies to reduce the amounts of P added to the soil have
been identified, in an effort to move from a high input agriculture to a low input one without losing yield
(Brownlie e al., 2022; Penuelas ez al., 2023). Some of the strategies are: i) improving the localization of the
fertilizers and adjust them (Bindraban ez 4/, 2015), ii) improving the soil fertility (Méller, 2018), iii) using
micorryzation (Wen ez al., 2019) and iv) taking advantage of the unexploited genetic potential of plants to
acquire and use phosphorus (van de Wiel e 4/, 2016) and improve their root development (Lynch, 2022)
cither by improving the crop root system directly (Ribeiro ez 4l., 2023) or improving the root system of a
suitable rootstock and using grafting (Gao ez 4/.,2023).

Plant roots are directly in contact with the soil and therefore have a direct impact on the efficiency of
the plant to acquire this mineral. Strategies identified as special adaptations of roots to low P systems can be
divided in: i) those related to root architecture and morphology, ii) those related to Pi transporters, and iii)
those related to mobilization of insoluble P through root exudates (Chen ez 4/, 2023). Regarding the
adaptations in root architecture and morphology it has been described that shallow and branched root systems
can explore the root layers rich in P (Williamson ez al., 2001; Lambers ez al., 2006; Lynch, 2019; Kirchgesser ez
al.,2023). In legumes a growth of primary root and lateral roots are stimulated during P deficiency, in addition
to an increase in the number and length of root hairs which facilitates greater Pi uptake (Chen et al,, 2023).
This root plasticity is controlled genetically, therefore improving root architecture and morphology through
phenotypic selection can be used to identify or generate low P input tolerant varieties.

Vegetable grafting techniques have been known for centuries and have been widely used since the 1920s.
They have proven to be useful to avoid soil-borne diseases (biotic stress) (Louws ez 4/., 2010). But also, to avoid
abiotic stresses, such as salinity, changes in temperatures, or lack of water or nutrients (Rouphael ez 4/, 2017;
Ropokis ez al., 2019). The grafting potential is as broad as the genetic variability capable of being combined.
However, rootstock/scion interactions determine the positive or negative influence of the rootstocks on the
yield of the plant and the quality of the fruit of the grafted variety. Unfortunately, there is little information
about the factors involved in the success of a certain combination (Tsaballa ez 2/., 2021). Therefore, it is difficult

to know in advance which combination rootstock/scion are going to be optimal. One of the most discouraging
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problems is the existence of incompatibilities between the rootstock and the variety of interest. Therefore,
understanding the mechanisms of rootstock x variety interactions in different environments will contribute to
developing rootstocks more suitable for the objectives of each moment.

Pepper (Capsicum spp.) is one of the most cultivated vegetables in the world. Its relevance has increased
in recent decades and, consequently, its harvested area and its production volume have increased during that
same period. Likewise, the average yield has been growing, because of the adoption of the latest technological
advances, such as acclimatized greenhouses, higher inputs, and the introduction of improved varieties. In 2022,
almost 37 million tons were produced in a dedicated area of 2 million hectares, with an average yield of 18.3 ¢
ha', although the most technified agricultures reach as much as 90 t ha”! (FAOSTAT, 2023). Recently several
pepper varieties have been evaluated by its response to P deficiency (Pereira ez al., 2020). However, there is no
information on their potential as rootstock or the interaction rootstock/graft. In this study, accessions of
pepper are evaluated as possible rootstocks, to investigate the root characteristics more favourable to P
acquisition, and the rootstock/scion interaction.

Materials and Methods

Plant material

For the study, 20 accessions of pepper (Table 1) were chosen according to criteria of diversity and better
adaptation to phosphorus deficiencies, observed in previous studies (Pereira ez /., 2020). Among the varieties
used there were traditional varieties, experimental lines and commercial hybrids. All these accessions were used
as rootstocks for a commercial pepper called ‘El lobo’ (Zeraim Ibérica) to check their efficacy under conditions

of low phosphorus fertilization.

Table 1. Name, type and origin of each of the accessions tested in the experiments

Code Variety Type Origin
204D 204D Serrano’ Traditional variety Mexico, Aguascalientes
96D ‘96D-Ancho Poblano’ Traditional variety Mexico, Aguascalientes
Serra ‘Serrano criollo’ Experimental line Mexico
Aji ‘Aji Cacho Cabra’ Traditional variety Peru
BGV1 ‘BGV-11814 Traditional variety Spain, Ledn
BGV4 ‘BGV-4349’ Traditional variety Spain, Cartagena (pimiento morro de vaca)
BGV6 ‘BGV-60° Traditional variety Spain, Zamora (morrdn de bola)
Bola ‘Bola’ Traditional variety Spain, Murcia (iora DOP Pimentén)
Piq ‘Piquillo’ Traditional variety Spain, Navarra
Doux ‘Doux Long des Landes’ Traditional variety France (INRA-GEVES, F. Jourdan)
Petit ‘Petit Marsellaise’ Traditional variety France (INRA-GEVES, F. Jourdan)
NuC ‘Numex Conquistador’ Traditional variety USA, New Mexico
NuG ‘Numex Garnet’ Traditional variety Mexico, Aguascalientes
INuS ‘Numex Sandia’ Traditional variety USA, New Mexico
Nu ‘Numex’ Traditional variety USA, New Mexico
|Anc ‘Ancares’ Commercial hybrid Spain (Ramiro Arnedo)
Melchor ‘Melchor’ Commercial hybrid Spain (Ramiro Arnedo)
Oscos ‘Oscos’ Commercial hybrid Spain (Ramiro Arnedo)
Lobo ‘El Lobo’ Commercial hybrid Spain (Zeraim Ibérica)
Cat ‘Catedral’ Commercial hybrid Spain (Zeraim Ibérica)
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Experimental design

Seeds were sterilized with a 30% bleach solution (v: v) for five minutes, followed by several rinses with
water. Once seeds were disinfected, they began to germinate in Petri dishes with 2% thiram tetramethylthiuram
disulphide (Adama agriculture Espafia S.A, Spain) solution to avoid fungal growth. Seeds were incubated in a
germination chamber at 70% humidity and 26 °C until two-cotyledon stage. Seedlings were then transferred
to seedling trays and kept under nursery conditions until the five leaves stage. Some of them were directly
transplanted to the mesh greenhouse whereas other were submitted to grafting. Lobo was used as variety grafted
onto each of the varieties of the study (Table 1) in addition, a self-graft Lobo/Lobo was also performed. Graft
was done with the splice grafting technique in which the scion is joined onto the stem of a rootstock. In splice
grafting, both the stock and scion must be of the same diameter and stems are cut in a diagonal, then joined
together and secured with rubber. Grafted plants were placed at dark and 90% humidity for 1 week and then
acclimated as needed. Plants were grown in a mesh greenhouse, during the spring-summer cycle, on COMAV
experimental area (Universitat Politecnica de Valéncia Vera Campus). All plants were drip irrigated with a
solution without P as in Pereira et al., 2020, where the concentrations for anions were: NO* 15.55 mM; H,PO*
0 mM; SO, % 2.45 mM; HCO? 3.10 mM; CI' 1.61 mM; and for cations: NH* 1.5 mM; K* 6.5 mM; Ca* 4.75
mM, Mg** 1 mM.

Grafted plants were set in a randomized block design with two blocks of 3 plants per block. ungrafted
plants were in a randomized design with 3 replicates. After 60 days of growth, all plants per genotype and
treatment (6 plants for grafted and 3 for ungrafted) were harvested and evaluated. Fruits were harvested and
weighted (fresh, Prod), acrial parts were cut at a 15 cm height over the ground and weighted (fresh, SFW and
dry, SDW). To remove the roots from the soil, water supply was cut oft 3 days prior to removal to avoid muddy
soil which can hamper the extraction of the roots by breaking them. Then, with the help of a shovel, the roots
were extracted from the soil in a cube area of 40x40x40 cm approximately. Finally, the soil at the rhizosphere
was carefully removed by a soft shaking, trying to keep the roots intact. The remaining soil was washed out from
the root system with tap water. Root systems were scored manually for their morphology, asin shovelomics
approach (Trachsel ez al.,2011). Root angle (Ang, °) was measured as the maximum aperture of the root (Figure
1), maximum length (Luw, cm), was measured as the maximum length of the longest lateral root, total length
(Leow, cm) was calculated as the sum of the four longest lateral roots, number of lateral roots with diameters
higher than 0.2 mm (Ni2), D (Diameter, mm) was the average of the diameters of Luu, L1, L2 and L3,
secondary density (SD) was evaluated as a scale from lowest (1) to highest (5) density of secondary roots,
according to the distance between the lateral branches and tertiary density (TD) was measured according to a
scale from lowest (1) to highest (4) (Figure 1). The root systems were separated into stump (Figure 1) and
lateral roots, both were weighted in fresh: fresh stump weight (StFW) and lateral roots fresh weight (LRFW),
and after drying them in an oven for 72 h at 60 °C, to obtain dry stump weight (StDW) and dry lateral weight
(LRDW). Total fresh biomass of the plant was calculated as:

BF (g) = Prod+ SEW+StFW+LRFW,
whereas dry biomass was calculated omitting the fruit load, therefore:

BD (g) = SDW+StDW+LRDW.
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Figure 1. Manual measurements made on the roots

Before drying them, fresh lateral roots were scanned with Epson Expression 1640XL G650C scanner
(Seiko Epson Corp., Suwa, Japan) and pictures were analysed with WinRIZHO™ Pro 2.3 software (Regent
Instruments Inc., Canada). The parameters measured with WinRIZHO™ were: Root length (L, cm), root
projected area (Pa, cm?), root volume (V, ecm?), root average diameter (AD, mm), tips (T), forks (F), and length
of roots with diameter under 1.5 mm (L<i5, cm), length of roots with diameter between 1.5 mmand 3.5 (L5,
cm), and length of roots with diameter above (L.3s, cm).

At the harvest time, leaves samples were taken to analyse the P content. Leaves’ P-concentration, [P],
was determined by colorimetric reaction (MAPA, 1994). This method is based on absorbance measurement at
430 nm of each sample in acid solution and on the presence of vanadium (V**) and molybdenum (Mo®*) ions.
Under these conditions, phosphoric acid forms a phosphomolybvanadate complex that gives yellow coloration.
Hence, 5 mL of mineralized solution were pipetted into a new 25 mL volumetric flask, followed by addition of
5 mL of nitro-vanado-molybdic reagent. Volume was then brought up to 25 mL with distilled water. Prior to
mineral concentration determination, a standard curve was constructed with standards 0, 2,4, 6, 8, 10y 12 ug
of P mL" prepared from an initial solution of 20 ug of P mL". Sample P concentration was determined usinga
6305 model UV/V spectrophotometer (Jenway, Gransmore Green, England, UK) at 430 nm against standard

curve. Total amount of P in the plant was inferred as:

Peoat = [P] x BD (mg P)
And physiological P use efficiency
PPUE (¢ DW mg™' P) = SDW/[P]

Statistical analysis

One-way analysis of variance (ANOVA) was performed using individual plant values to assess accession
differences. In addition, Student-Newman-Keuls post-hoc multiple range test (p < 0.05) was used to detect
significant differences among accession means for all evaluated traits. Pearson correlations were calculated
among different traits. A multivariate principal component analysis (PCA) was performed for standardized
data of all root and plant traits using pairwise Euclidean distances among means. All statistical analysis were
performed using Statgraphics Centurion XIX (StatPoint Technologies, Warrenton, VA, USA).

Results

Root performance of different pepper genotypes
To explore differences at root level among the accessions assayed, the extracted roots from control plants
(not used as rootstocks) were analysed. The ANOVA analysis over the shovelomic traits showed significant

5
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differences among the studied accessions for all studied traits but root angle and tertiary density (Table 2).
Some genotypes such as 204D Serrano’, ‘96D ancho poblano’, ‘Aji cacho cabra’, Numex Garnet’, ‘Oscos’ and
‘Serrano criollo’ showed greater stumps, over 44 g in fresh weight and 12 g in dry weights, than the others
(Supplementary table 1). For fresh lateral root weight (LRFW), the multiple range test separated genotypes in
three groups, those having light lateral roots (aprox 12 g), such as BGV1814’, ‘BGV4349’, ‘Numex
conquistador’, Numex sandia’, ‘Numex X’ or ‘Petit marsellaise’; those with intermediate LRFW which were
the majority of genotypes, and then ‘Numex Garnet’ (38.72 g), ‘Serrano Criollo’ (57 g) and ‘Aji cacho
cabra’ (51.8 g) which outstood because of their heavier lateral roots (Figure 2). This classification was similar
for LRDW (Supplementary Table 1).

Great significant differences were observed for the number of laterals roots with diameter higher than 2
mm (Figure 2) In this case two varieties: ‘Petit Marsellaise’ and ‘Doux Long des Landes’, were the ones with
lower number (4 and 5.5) then, the majority of genotyps had from 7 to 16 and finally two genotypes outstood,
‘BGV-60’ with 19 and ‘Aji Cacho Cabra’ with 22.67.

Finally, there were significant differences in terms of diameter. The ones with smaller diameters were
‘Bola’, Numex Sandia’ and ‘Petit Marsellaise’ ranging from 2.17 mm to 2.63, followed by ‘BGV-4349’ and
‘Piquillo’. The genotypes displaying larger root diameters, were ‘Aji Cacho Cabra’, ‘Ancares’ and ‘Serrano
Criollo’, ranging from 5.25 to 2.67 mm (Figure 2). In interestingly the Lo showed less differences among
genotypes (Figure 2), probably due to the sampling effect, as the root was excavated to certain extend therefore
the whole root system was not recovered. For Ly BGV-11814" and ‘Bola’ showed the shortest roots, ‘Ancares’
and ‘Aji cacho cabra’ showed the longest roots.

In summary, the varieties with more developed roots, greater weight, length, thickness and number of
lateral roots were ‘Numex Garnet’, ‘Ancares’, ‘Aji Cacho Cabra’ and ‘Serrano Criollo’. Whereas the smallest
roots were: ‘BGV-11814’ in length, ‘Bola’ in length and diameter, ‘Doux Long des Landes’ in number of lateral
roots, ‘Petit Marsellaise’ in number of fine roots and diameter, and ‘Numex Sandia’ in diameter.
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Figure 2. Variations in fresh lateral weight (FLW, g) (A), Total length of the root as the sum of the three
longest roots (Lo, cm) (B), NLi»2 (C), D (D)

Bars represent means (n = 3) with standard errors. Different letters indicate significant differences between genotypes
according to the multiple range test with the Student-Newman-Keuls method at a p-value < 0.05.
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Table 2. Analysis of variance of root parameters of intact plants
MS
Effect df | StFW | StDW | LRFW | LRDW | Ang® | Low’ | Nw>2’ | D SD* | TD!
Genotype 19 [605.9** |70.45* |477.9%* | 13.82"* | 741.7™ | 1130.2** | 64.19*** | 3.12* | 2.36™ | 0.32"
Residual 44 | 262.7 26.3 86.33 2.16 604.3 4473 16.97 1.69 | 0.85 0.35
The columns show the mean square values (MS) for stump fresh weight (StFW, g); dry strump weight (StDW, g),
lateral root fresh weight (LRFW, g), lateral root dry weight (LRDW, g), root angle (ANG, °); total root length (Lo,

cm); number of lateral roots with diameter higher of 2 mm (Nras2), average diameter of the four longest roots (D,
mm), secondary roots density (SD) and tertiary roots density (TD).

ns ok kk
B

'df, degrees of freedom,™,

, and *** indicate, respectively, non-significant, and significant at P < 0.05, <0.01, or
<0.001, > in this cases the residual degrees for freedom were 41, 42 and 40 respectively.

The results of the ANOVA for the roots of the control plants analysed with Winrhizo™ were like those
obtained with shovelomics. In this case, all studied traits: root length, root projected area, root average diameter,
root volume, tips, forks, and root length of different diameters showed significant differences among the
accessions (Table 3). When comparing the displayed values for root length (Figure 3) it was possible to observe
accessions with short roots such as ‘Numex conquistador’ (1658 cm) and ‘BGV11814’ (1843 cm) and the
majority of accessions, intermediate accessions as Oscos (5367 cm) and Catedral (4722 cm), accessions with
high root length as ‘Aji cacho cabra’ (6168 cm) and ‘Numex Garnet’ (6485 cm) and very long roots systems as
‘Piquillo’ (8351 c¢m) and ‘Serrano criollo’ (9225 cm). This classification was similar for root projected area and
root volume, tips and forks (Supplementary table 2).

The diameters were also variable among genotypes but with different pattern, the thinnest roots were
displayed by ‘Petit Marsellaise’ (0.66 mm in average), whereas the genotypes with thickest roots displayed
averages close to 1 mm (Figure 3). The partitioning of the root length regarding the different diameter classes
revealed that most of the root length was due to fine roots (less than 1.5 mm in diameter), therefore the
classification was the same for L than L.,s (Figure 3). The situation changed with the length of roots with
diameter between 1.5 mm and 3.5 in this case ‘Aji cacho cabra’ (954 cm) outstood (Figure 3). In addition, ‘Aji
cacho cabra’ also showed, along with ‘Serrano criollo’ a high length of thick roots (higher than 3.5 mm in
diameter; Figure 3).

Table 3. Analysis of variance of root parameters of intact plants.

MS
Effect |df L Pa AD \4 T F L<1.5 L<3.5 L23.5
Genotype 19| 1.29-107*** |9.16-104***/0.018***| 452*** | 2.59 -107***| 1.20.108*** | 1.04-107*** [1.62-105***|  996***
Residual |44 | 2.52.10° | 1.73.10% | 0.002 81 4.78.10° 2.45.107 2.04-10° 3.1.10 292

The columns show the mean square values (MS) for Root length (L, cm), root projected area (Pa, cm?), root volume
(V, em?), root average diameter (AD, mm), tips (T), forks (F), and length of roots with diameter under 1.5 mm (L1,
cm), length of roots with diameter between 1.5 mmand 3.5 (L<3s, mm), and length of roots with diameter above (L-3s,
cm).

'df, degrees of freedom, ™, *, **
<0.001.

, and *** indicate, respectively, non-significant, and significant at P < 0.05, <0.01, or
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Figure 3. Variations in: A) root length (L, cm), B) Average root diameter (AD, mm), C) number of tips,
D) length of roots of different diameter

Bars represent means (n = 3) with standard errors. Different letters indicate significant differences between genotypes
according to the multiple range test with the Student-Newman-Keuls method at a p-value < 0.05.

Rootstocks root architecture

To explore if the differences observed at root level among the accessions assayed were maintained when
the accessions act as rootstock for ‘El Lobo’ variety, an ANOVA test was performed among rootstocks, and
between root ‘use’, that is, comparing the accession root system without graft (control) and when it is acting as
rootstock.

Again, the accessions displayed a wide range of values for root parameters when they act as rootstock
(Supplementary Tables 1 and 2). Interestingly the results showed that, in some accession, root parameters
undergo significant changes when they act as rootstocks in comparison to the same genotype as intact plant.
For instance, some genotypes reduced their root size. That was the case of ‘Aji cacho cabra’ and ‘Serrano criollo’
which reduced FStW, DStW, LRFW, LRDW, D, L, Pa, T, and F, with the difference of ‘Serrano criollo" also
reducing Angle, L, and Liow but not the N>2 mm and ‘Aji cacho cabra’ just the contrary (Supplementary
Tables 1 and 2). ‘96-D Ancho poblano’, ‘Doux Long des Landes’ and ‘Oscos ‘also reduced FStW and DStW.
In addition, ‘96-D Ancho poblano’also reduced Luna, Leowt, AD and D and ‘Doux Long des Landes” also reduced
Lia. Other genotypes change only few parameters when acting as rootstock, that was the case of ‘Numex
Garnet’ reducing LREW and AD, ‘Catedral’ only reducing root volume, ‘BGV 60’ reducing Leaand ‘Ancares’
reducing D (Supplementary Tables 1 and 2).

Interestingly other genotypes modify their root systems when acting as rootstock but increasing its size.
That was the case of ‘Numex Conquistador’ which increased Lumax, Liowts L, Pa, Tips, Forks and increased the
number of thin roots (also decreased AD). Other effects observed were Bola increasing Liow, Piquillo’
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increasing the AD, Petit Marseallise’ increasing LREW and LRDW, Ny, 2 and AD, and ‘Numex Sandia’
increasing D (Supplementary Tables 1 and 2).

To understand better the changes of the roots when acting as rootstock a principal component analysis
was done. The first principal component explained 56.04% of the variation and was represented mainly by
LRFW, LRDW, L, Pa, V, L.35s (Table 4), the second principal component explained 16.95% of the variation
and was represented by AD, D, F, Ni..> 2 (Table 4), whereas the third principal component explained only
6.13% of the variation and was represented negatively by Angle, Ni.. > 2 and positively by Liw, Leows, and TD
(Table 4). When projecting the accessions on the principal component space they were scattered. The intact
roots were more disperse than the same root accessions acting as rootstocks which seemed to get close to ‘Lobo’
variety (Figure 4). As seen in the supplementary tables 1 and 2 the general trend was for the bigger genotypes
to get reduced and more similar to the ‘Lobo’ root system, and for the smaller accessions increase its size to
become also similar to ‘Lobo’ root system.

Table 4. Principal component loads for the evaluated root traits

Trait PC1 PC2 PC3
L 0.26 -0.22 -0.09
Pa 0.28 -0.12 -0.09
IAD 0.03 0.46 -0.11
\% 0.27 0.01 0.00
T 0.25 -0.24 -0.10
F 0.23 -0.29 -0.04
L<is 0.25 -0.24 -0.09
L<s 0.28 0.04 -0.09
L.ss 0.23 0.24 0.08
StFW 0.22 0.12 0.01
StDW 0.22 0.16 -0.02
LRFW 0.28 0.07 -0.02
LRDW 0.25 0.16 0.06
IAng 0.12 0.21 -0.40
L max 0.19 0.03 0.46
Lcocal 0.18 0.17 0.44
Ne>2 0.16 0.25 -0.31
D 0.16 0.36 0.07
SD 0.23 -0.07 -0.04
TD 0.08 -0.04 0.51
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Figure 4. Principal component analysis of the root systems of different accessions of pepper as plants
(control in orange) or acting as rootstock (blue) for ‘Lobo’ variety acting as scion. A) Projection principal

component 1 and 2, B) projection principal component 2 and 3.

Roorstock effect onto the Lobo variety production and P content

Regarding the previous results, it was clear that there was diversity in terms of root development among
accessions, both in intact plants and acting as rootstock. To study whether those differences accounted for
differences in the P acquisition or plant production, a one-way ANOVA was performed to check the effect of

each root accession acting as rootstock for ‘Lobo’ (Table 5).

Only few rootstocks affected the performance of ‘Lobo’ when it was grafted. The accession ‘BGV-4349°
produced a significant reduction in total production, dry aerial part, fresh biomass, dry biomass, and PPUE.
Also, the accession BGV-60" produced a significative reduction of total production. On the contrary, the
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accession ‘Numex X produced a significant increase in dry biomass and a very significant increase in the total
P content in the plant, and showed a tendency to increase other ‘Lobo’ parameters despite the differences in
this experiment were non-significant. ‘Oscos’ accession also produced a significant increase in the total P
content in the plant. Interestingly, the concentration of P in the leaves was 488 mg P/100 g DW in ungrafted
‘Lobo’ and was not significantly different from the concentration when it was grafted, although ranging from
441 mg P/100 g DW when Doux long des landes acts as rootstock to 566 mg P/100 g DW when Oscos was
the rootstock (Table 5).

Table 5. Averages and standard deviations for shoot evaluated traits of Lobo control plants (first row) and
Lobo plants grafted in different rootstocks

Var |Rootstock| Prod SFW SDW BF BD [P] Peoual PPUE
- 777£109 | 308+46 46.1+6.2 1130+135 53.7£7.0 488427 253 £28 10.07+1.74
‘Lobo” | 595a+162 |293ab+60| 44.8ab%7.7 | 936ab+215 | 54.6ab%8.6 | 474a+31 256a + 41 9.78a+1.97
204D’ | 637a +£122|278ab+40| 39..2ab%6.1 | 958ab+147 | 47.5ab+7.1 | 460a+73 209a + 40 9.95a+2.38
96’ 531a+134 | 182a+36 | 30.2ab+5.0 | 746ab+173 | 35.3a£6.1 | 563a+69 198a + 35 5.73ax1.07
‘Aj’ 551a+154 [246ab+36| 37.0ab+5.6 | 816ab+154 | 41.0ab+6.0 | 513a+44 209a + 32 7.51at1.42
‘Anc’ 745a+92 [278ab+20| 42.2ab+4.1 [1062ab+104| 48.9ab+4.4 | 530a+54 253a + 25 8.60a+1.53
BGVI’ | 503a£94 |240ab+40| 32.4ab#5.2 | 770abx111 | 36.9a+5.8 | 508a+43 194a+38 6.31a+0.92
‘BGV4 |390a+35** | 200a+17 | 28.3a+2.8* | 615a+35"* | 32.5a+3.3* | 536a+37 178a+27 5.31a£0.42*
‘BGVE | 397a+80* |321ab+28| 45.8ab+5.5 | 759ab+93 | 52.0ab+6.1 | 507a+24 266a+41 9.05a+0.92
‘Bola’ | 545a+146 | 200a£30 | 27.3a+2.5 | 794ab£127 | 35.7a%3.1 | 520a+66 185a+26 5.56a+0.89
Lobo” | «Ca¢ | 4792121 |266ab+65| 38.3ab+9.2 | 783ab+187 |44.9ab+10.4| 499a£58 | 206a£35 | 9.01a£2.96
‘Doux’ | 490a+83 [289ab+51| 41.0ab+6.8 | 817ab+133 | 47.5ab+8.0 | 441a+45 222a+54 9.24a+1.27
‘Melchor’ | 735a+59 |328ab+24| 41.2ab+5.3 | 1106ab+67 | 48.8ab+5.8 | 508a+34 245a+30 8.45a+1.54
‘NuC’ | 671a+136 [366ab+85| 51.5ab+12.9 [1092ab+194|60.4ab+15.2| 532a+32 322a191 9.91a+2.44
‘NuG’ | 876a+154 [337ab+66| 46.3ab+9.3 [1266ab+190|56.1abx11.7| 504a+26 294a+75 8.99a+1.47
NuS™ | 921a+221 [291ab+31| 42.0ab+4.1 |[1266ab+217| 52.2ab+6.5 | 443a+28 230a+28 9.64a+1.09
‘Nu’ 969a+259 | 462b+76 | 63.8b+7.1 1492b+314 | 76.7b£6.7* | 503a+29 387a+43** 12.94a+1.83
‘Oscos’ | 725a+57 |373ab+10| 51.7ab+3.3 | 1158ab+64 | 61.4ab+2.7 | 566a+30 346a+18* 9.302+0.88
Petit’ 782a+93 [326ab+27| 46.7ab+3.6 | 1162ab+74 | 56.5ab+4.0 | 513a+32 290a+29 9.192+0.64
Piq’ 509a+140 [346ab+72| 46.2ab+10.7 | 906ab+211 [54.0abx11.9| S14a+4l 263a+49 9.69a12.59
‘Serra’ 512a+67 |249ab+36| 36.3ab+4.7 | 807ab+88 | 43.1ab+5.2 | 536a+33 236a%35 6.732%0.74

Fruit production (Prod, g), shoot fresh weight (SFW, g), shoot dry weight (SDW, g), Biomass fresh weight (BF),
Biomass dry weight (BD), shoot phosphorous concentration ([P], mg P/100 g DW), total phosphorous in the plant
(Peowl, mg) and physiological phosphorous use efficiency (PPUE, g?ZDW mg' P).

Mean values in the columns followed by different letter are significantly different according to the Student-Newman-

Keuls multiple range analysis with P-value < 0.05. " Significantly different from ungrafted Lobo control at p-value 0.05,
" at p-value 0.001, ™ at p-value according to the Dunnett test.

Identification of possible root parameters affecting plant performance and P acquisition

To check if there is any root parameter specially involved in the acquisition of P, Pearson correlations
were calculated among the root parameters and the productivity and phosphorus related traits. Root length,
root projected area, root forks, root length of all roots under 3.5 mm in diameter, stump dry weight and lateral
root dry weight were significantly correlated (values ranging from 0.49 to 0.79) with fruit production, shoot
weight, dry biomass, P total and PPUE (Table 6). Other parameters such root volume, tips, SD were correlated
only with SDW, BD and Peui. Interestingly any of the root parameters were correlated with the concentration
of P in the leaves. Winrhizo parameters seemed to be better as predictor for the plant’s performance than
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manual measurements on the roots, nevertheless root angle was correlated with fruit production and N2 was
correlate to BD and P total. Surprisingly TD was negatively correlated with production.

Table 6.- Statistical correlations and significance shoot and root parameters

L Pa AD \4 T F Lais Lass L.ss
Prod 0.70"* 0.65** -0.29 0.21 0.65** 0.61* 0.70™* 0.49* 0.08
SDW 0.63** 0.63** -0.12 0.55* 0.54* 0.56* 0.62** 0.60** 0.32
BD 0.68* 0.69* -0.14 0.56* 0.58 0.60** 0.67* 0.65* 0.33
(P] 0.06 0.06 -0.12 0.4 0.08 -0.03 0.05 0.1 -0.14
Protal 0.69* 0.68*** -0.18 0.65** 0.60** 0.59* 0.68*** 0.64™ 0.29
PPUE 0.53* 0.55* -0.07 0.38 0.43 0.48* 0.53" 0.52* 0.29
StDW LRDW Lnax Leotat D Ang Ni:>0.2 SD TD
Prod 0.75* 0.61* 0.34 0.38 0.27 0.49* 0.35 0.36 -0.45*
SDW 0.70"* 0.71** 0.27 0.24 0.22 0.33 0.49 0.43* -0.1
BD 0.79* 0.76*** 0.3 0.27 0.23 0.36 0.52* 0.49* -0.1
(P] -0.25 -0.1 0.22 0.27 -0.36 0.03 0.2 0.17 0.24
Protal 0.71* 0.70™* 0.35 0.35 0.15 0.3 0.55* 0.53* -0.02
PPUE 0.71* 0.68*** 0.19 0.1 0.3 0.35 0.38 0.32 -0.19

Root length (L, m), root projected area (Pa, cm?), root volume (V, cm?), root average diameter (AD, mm), tips (T),
forks (F), and length of roots with diameter under 1.5 mm (Lz<1s, cm), length of roots with diameter between 1.5 mm
and 3.5 (L<ss, cm), and length of roots with diameter above (Ls3s, cm). Fruit production (Prod, g), shoot fresh weight
(SFW, g), shoot dry weight (SDW, g), Biomass fresh weight (BF), Biomass dry weight (BD), shoot phosphorous
concentration ([P], mg P/100 g DW), total phosphorous in the plant (P, mg) and physiological phosphorous use
efficiency (PPUE, 2DW mg P).

Discussion

Pepper displays a broad range of root morphologies useful for breeding.

The twenty genotypes of pepper assayed displayed a great diversity of root morphologies as shown in
Figures 3,4 and 5 and supplementary Tables 1 and 2. It was possible to find accessions with big and branched
root systems, such as ‘Aji cacho cabra’, ‘Serrano criollo’ or Numex Garnet’, as well as genotypes with long and
thin lateral roots with good branching such as ‘Piquillo’, but also accessions with small root systems but with
thick lateral roots such as 204D Serrano’ or accessions with small root systems and thin lateral roots such as
‘Petit Marsellais’. Root diversity has been described in many other crops such as wheat (Nakhforoosh ez 4/.,
2014), legumes (Ye ez al., 2018), melon (Fita ez al., 2008; Fita ez al., 2011) or tomato (Alaguero-Cordovilla e
al.,2018). This means that there exists a potential for breeding elite varieties with improved and combined root
traits to fit different purposes. However, finding the appropriate ideotype to each purpose is not an casy task.
Recently, investigations on roots have resulted in a clearer understanding on the best root ideotypes depending
on the breeding objective (Lynch, 2022). The wide range of combination of root traits observed in pepper and
the independence among them creates a great basis to improve the root systems towards more efficient plants.

Apart from the difficulty on setting the root ideotype, the diversity at the root level have been largely
neglected by breeders due to the difficulties in accessing the roots. Here two root traits’ evaluation methods
have been used, the manual in field scoring, also known as shovelomics (Trachsel ez 4/., 2011) and the semi-
automated scoring with image analysis (Arsenault ez al., 1995). Our results indicate that both systems are valid
to identify root diversity and that they provide complementary information. In general, many parameters
obtained with Winrhizo (Length, Projected area, Tips...) correlated alot with root weight but that was not the
case or average diameter or length of lateral roots of certain diameters. On the contrary, other easy manual
evaluated traits, as root angle, L, N 2 have shown to be able to provide important and non-redundant
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information. Shovelomics approach has been used successfully for genome wide association mappingin brassica
(Arifuzzaman ez 4l., 2019) and other species.

The root system adapts to the scion

Fifteen accessions out of twenty changed significatively some of their root traits means when they act as
rootstock for ‘Lobo’. This change in the performance was in some cases a downsizing, reducing root length, and
root diameter, but other times implied the extension of the root to longer and heavier root systems as in the
case of ‘Numex Conquistador’. The plasticity of the rootstock depending on the scion has been reported
previously. For example, when using ‘Pat81’, a wild relative of melon to a cultivated variety, the root of Pat 81’
increased its size due to the support of the photoassimilates of the scion (Fita ez al., 2007). This can be the case
of ‘Numex Conquistador’, Petit Masellaise” or ‘Bola’. On the contrary, the cases of reducing the root system
can be explained by either an adaptation of the root to the size of the scion (photoassimilates and hormonal
support) or to incompatibilities in the graft. In the case of ‘BGV-60, it seems that there was some kind of
incompatibility as not only the root showed a poorer performance but the scion, which shown significantly
lower production than the control. Similar incompatibility effects have been described previously in ‘Serrano’
peppers acting as rootstock (Leal-Fernandez ez al., 2013). The cases of ‘Catedral’, ‘Piquillo’, ‘Serrano’ and ‘Aji
caco cabra’ were no so clear, as the roots were affected but the production and/or the biomass of the scion was
not significantly affected (although sometimes a tendency of biomass reduction was clearly observed). In similar
way, BGV-4349, significantly affected the production of the scion but did not show important changes in its
root morphology.

Here, it has been demonstrated that even when using the same species as rootstock, the success of the
graft is not only dependent on the vigour or characteristics of the accession acting as rootstock but on the scion
x rootstock interactions. The scion not only provides with photoassimilates to the rootstock needed for its
development but also with hormones and other signals that modify the gene expression at rootstock level
(Perez-Cordoba ez al.,2018; Gautier et al., 2020; Tsaballa ez a/., 2021). Recent studies in vegetable grafting have
shown that incompatibility in melon and pumpkin was driven by a healing of the graft union with
undifferentiated cells and lower rootstock content of trans-zeatin type cytokinins (Camalle ez /., 2021). These
rootstock-scion interactions are unique and difficult to be predicted, therefore any potential rootstock should
be tested as such for each possible scion to maximize the positive effect of the technique (Falik ez 4/., 2020).

Some rootstocks improve yield and P acquisition

Although many of the rootstocks did not significantly change the performance of the scion, and apart
from BG-60’ and ‘BGV-4349” which negatively affected the production and other traits, there were some
genotypes which improve the biomass and total P content of the scion. Considering these results, the best
rootstock candidate by far under our experimental conditions would be ‘Numex’, since it is the one which
improved the majority of the scion parameters. Other good rootstock candidates would be ‘Numex Garnet’
and ‘Petit Marsellaise’, and to a lesser extent ‘Oscos’, ‘Numex Sandia’, ‘Numex Conquistador’ and ‘Piquillo’. Tt
is important to note that if the criteria for selection of the genotypes was only their intact roots systems Numex
would never have been selected because was not one of the genotypes that were especially different from the
others.

Root length, branching and root angle are key factors for plant growth under low P conditions

Different root architectures have been associated with specific adaptations previously. For instance,
shallow roots with dense branching of thin roots have been associated to higher absorption to P which usually
is more abundant in the top-soil layer (Lynch, 2022). Long deep roots on the contrary have been correlated
with drought tolerant genotypes or low N adaptation, as N leaks easily with water (Lynch, 2022).
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In our experiment some root traits influenced positively the yield, biomass and/or P total content and
PPUE (Table 6). Those were L, V, T, F, Lais, Ls3s, StDW, LRDW and Ang. Shallow and longer roots have
been correlated with higher acquisition of P in pepper (Pereira ez al., 2020). Interestingly no correlation was
found for the diameter in any of the ways as it was measured D and AD and the yield and P-parameters. Other
authors have found that thinner roots are able to explore more intensively the soil and then increase P
acquisition.

The fact that any of the root parameters evaluated correlated with the concentration of P in the leaves
indicate certain independence on this parameter. This buffering effect of the scion genotype can be explained
by the ability of the aerial part to maintain the P levels constant. This has been found in other studies such in
tomato were the growth reduction under low-P was only explained by decreased root P export rather than by
low foliar P concentrations (Martinez-Andujar e 4/, 2017). It is important to note that under our
experimental conditions although no mineral P fertilization was applied the P reserves of the soil were enough
to prevent for a severe deficit of this mineral in the leaves, and in all cases the P acquired from the root and
translocated to the aerial part was enough to keep P concentration in leaves.

Conclusions

According to our results, the diversity found in our pepper collection could be used to improve the
performance of elite cultivars of pepper by breeding their root systems. In addition, some of the varieties could
be useful for developing rootstocks with improved performance under P deficiency. The root traits more
important to scion productivity were root length, root angle, number of lateral roots and root density.
However, when selecting for rootstock it is necessary to test the scion-rootstock interaction, as unexpected
changes in both scion and rootstock may occur. Therefore, more studies on the rootstock-scion interaction
must be done in the future.
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