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Interactive Effect of Cultivars, Crop Years and Rootstocks on the
Biochemical Traits of Prunus persica (L.) Batsch Fruits
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* Correspondence: francesca.antonucci@crea.gov.it

Abstract: Peach fruit is one of the most economically widespread temperate fruits, whose productivity,
and nutritional and sensory qualities are determined by interactions among several environmental
and genetic factors, rootstocks, agronomic practices and pedo-climatic conditions. In recent years,
climate change has prompted peach breeding programs to use specific rootstocks that are well
adapted to unusual soil and climate characteristics, thus improving the plant’s adaptability and fruit
quality. The aim of this work was to assess the biochemical and nutraceutical profile of two different
peach cultivars, considering their growth on different rootstocks over three crop years. An analysis
was carried out evaluating the interactive effect of all factors (i.e., cultivars, crop years and rootstocks)
revealing the advantages or disadvantages on growth of the different rootstocks. Soluble solids
content, titratable acidity, total polyphenols, total monomeric anthocyanins and antioxidant activity
in fruit skin and pulp were analyzed. An analysis of variance was performed to assess the differences
between the two cultivars considering the effect of rootstock (one way) and crop years, rootstocks
and their interaction (two ways). In addition, two principal component analyses were performed
separately on the phytochemical traits of the two cultivars to visualize the distributions of the five
peach rootstocks during the three crop years. The results showed that fruit quality parameters are
strongly dependent on cultivars, rootstocks and climatic conditions. All these aspects could be useful
for the choice of rootstock in relation to agronomic management, making this study a valuable tool for
choosing the best rootstock, considering simultaneously more factors affecting peaches’ biochemical
and nutraceutical profile.

Keywords: climatic effects; phytochemicals; multivariate statistics; nutraceutical plant profile; grafting

1. Introduction

Peach [Prunus persica (L.) Batsch] fruits represent one of the most widespread stone
fruits, due to its good values from an energetic dietetic, nutritional and nutraceutical
point of view. The peach fruit represents an important source of antioxidants, especially
phenols, vitamin C and carotenoids, which are present in greater quantities, especially in
the peel, although this part is not appreciated by consumers [1,2]. The antioxidant capacity
due to the presence of phenolic compounds in these fruits is strongly influenced by the
genotype [3]. In recent years, the consumption of peaches has decreased significantly
globally, mainly due to dissatisfaction among consumers, who find fruits on the market
to be mostly tasteless and of poor consistency, as they are harvested before they are fully
ripe so that they can have a longer shelf-life. The main field factors that can influence
fruit quality are the genotype, rootstock, orchard cultivation systems, harvest time and
agro-climatic conditions. The lower quality is also due to bad post-harvest handling and
storage [2].

Plants 2023, 12, 2325. https://doi.org/10.3390/plants12122325 https://www.mdpi.com/journal/plants1
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From this perspective, peach and nectarine breeding programs are developing new
genotypes that meet consumer expectations, and are trying to strike the right balance
between quality and maturity at market harvest time. In addition, climatic changes in
recent years have prompted peach breeding programs to improve the adaptability of peach
trees to different soil and climatic conditions and cultivation systems to support high
production standards, increase consumption and maintain a sustainable and profitable
industry. For example, by using specific rootstocks that are adapted to unusual soil or
water stress characteristics, fruit quality can be improved while also expanding ripening
seasons [4]. In general, rootstocks influence many vegetative and reproductive traits of
plants, including tree size, water and mineral requirements, climatic adaptation of flower
buds, flowering and ripening times, yield and fruit quality [5]. The nutritional quality of the
fruits is closely related to the interaction of the rootstock with water and nutrient availability
in the soil [6]. Rootstocks provide a cultural tool for peach growers to increase productivity
and improve efficiency via better tree survival, controlled tree vigor and increased fruit
size, yield and quality. Thus, the choice of rootstock becomes as economically important
as the scion cultivar whenever peach trees must be grown on soils with high bulk density,
coarse texture (sand), parasitic nematodes, root rot fungal pathogens, high pH or other
orchard replant problems [7].

Weather and climatic conditions and the growing environment, such as, for example,
canopy irradiation, vigor management and carbon supply, also strongly influence fruit
quality, especially exocarp metabolic profiles [8]. High CO2 concentration, high temperature
and limited water availability, as a result of climate change, have a negative impact on
flowering and production [9].

In this scenario, the aim of the present study was to assess the biochemical and
nutraceutical profile of two different peach cultivars, considering their growth on different
rootstocks over three crop years. This analysis was carried out by evaluating the interactive
effect of all factors (i.e., cultivars, crop years and rootstocks), revealing the advantages or
disadvantages about growth of the different rootstocks.

2. Materials and Methods

2.1. Plant Material and Climatic Data Collection

This study was performed during three crop years (2011, 2017 and 2019) at the exper-
imental farm of Centro di ricerca Olivicoltura, Frutticoltura e Agrumicoltura of Rome—
Consiglio per la ricerca in agricoltura e l’analisi dell’economia agraria (CREA) (Central
Italy, 41.8000◦ N, 12.5690◦ E, alt. 86 m a.s.l.).

Two different peach cultivars, grafted on five different rootstocks, grown with the same
agronomic techniques (i.e., fertilization, irrigation and pest control), were considered. For
the chemical and pomological analyses, fruits were harvested at consumption maturity [10].

The P. persica cultivars used were Ghiaccio-1*, characterized by their total lack of
pigment and their white pulp, fruit with long storage capability, and sweet and aromatic
test coupled to a rustic tree, and Romestar*, characterized by deep yellow pigmented fruit
pulp with red pigment around the stone [11]. Finally, rootstocks (i.e., GF677, Cadaman®

Avimag, Barrier®, Isthara® and GxN22 (Felinem)) were chosen in relation to the different
characteristics, as reported in Table 1.

Climatic data (i.e., daily mean temperature, daily mean rainfall, daily mean relative
humidity and the average total hourly solar radiation) during the three years were acquired
from the Agenzia Regionale per lo Sviluppo e l’Innovazione dell’Agricoltura del Lazio
(ARSIAL) weather station (RM17SIE) positioned at Marino (Rome).

Three sets of samples were collected from each cultivar (i.e., Ghiaccio-1* and Romes-
tar*) for each rootstock for each of the three years. For the quality traits analyses, three
replicates of fresh pitted fruits (about 1.5 kg) from each set were randomly sampled. For
phytochemical traits determination, the samples were stored at −80 ◦C until the analyses.
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Table 1. Rootstocks origin and agronomic characteristics. Modified from [12–14].

Rootstocks Origin Characteristics

GF677 Prunus persica (L.) Batsch x Prunus
amygdalus Batsch

Induces high tree vigor, rapid entry into production, high production yields
(both dry and irrigated). Superior adaptability even to difficult soils,
tolerating active lime levels up to 12%. Tolerates water deficiency and
stumpiness fairly well. Poor resistance to Agrobacterium, nematodes
and Armillaria.

Cadaman®

Avimag
Prunus davidiana (Carrière) Franch.
x Prunus persica (L.) Batsch

Medium-to-high vigor (similar to GF677) with good growth rate. Suitable for
fresh, poor and even tendentially asphyctic soils. Induces slight earliness of
maturity and increase in size. Resistant to some types of nematodes. Presents
some polloniferous aptitude.

Barrier® Prunus davidiana (Carrière) Franch.
x Prunus persica (L.) Batsch

Slightly lower vigor than GF677. Good anchorage, good-to-high
productivity, induces better fruit size and coloration, slightly delays both
flowering and ripening. Suitable for replanting. Resistant to some
nematodes, asphyctic soils and chlorosants.

Isthara®
(Prunus cerasifera Ehrh. x Prunus
salicina Lindl.) x (Prunus cerasifera
Ehrh. x Prunus persica (L.) Batsch)

Medium vigor, with lower development than “franco” seedling rootstocks,
but with good vegetative renewal and decent adaptability. Moderate
suckering activity. Induces early fruiting, high yields and good-sized fruit. It
is susceptible to Armillaria, but resistant to some nematodes.

GxN22
(Felinem)

Prunus amygdalus Batsch x Prunus
persica (L.) Batsch

In grafted cultivars induces vigor and productivity similar to GF-677 or
Hansen 536. High resistance to the main root nematode species that attack
Prunus. Adapts well to calciferous soil. Resistant toward chlorosis.

2.2. Chemicals

All reagents were of analytical High-Performance Liquid Chromatography (HPLC)-
grade (Merk Life Science S.r.l, Milan, Italy). Folin–Ciocalteau reagent, 2,2-diphenyl-
1-picrylhydrazyl (DPPH), (±)-6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid
(commonly called Trolox) (T), sodium carbonate and gallic acid (GA) and cyanidin 3-
O-glucoside (CG) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Milli-Q
water (Millipore, Bedford, MA, USA) passed through 0.45 nylon membrane filters (Pall
Corporation, Ann Arbor, MI, USA) was used for the study.

2.3. Analytical Methods
2.3.1. Pomological Traits Determination

Pitted fresh fruits (about 500 g per sample) were homogenized, and titratable acid-
ity (TA) and pH were determined, according to Ceccarelli et al. [10], on 10 g aliquots
diluted to 50 mL with distilled water using an automatic titration system (785 DPM Titrino,
Metrohm Ldt, Herisau, Switzerland). TA content was expressed as mEq L−1 of NaOH 0.1 M.
Soluble solids content (SSC) was determined on fruit juice with a digital refractometer
(Refracto 30PX, Mettler Toledo, Greifensee, Switzerland) and expressed as g 100 g−1 FW
(Brix degrees).

2.3.2. Phytochemical Content, Total Monomeric Anthocyanin and Antioxidant
Activity Extraction

Defrosted samples (about 5 g) were homogenized with a blender (Ultra-Turrax T25,
IKA Labortechnik, Staufen, Germany) in 25 mL of methanol solution (methanol/water
70/30 v/v), adding 5 mM HCl to determine total phenolic content (TPC), total monomeric
anthocyanin (TMA) and antioxidant activity (AA). According to Ceccarelli et al. [10], the
extraction was carried out under shaking in a thermostatic bath at 37 ◦C for 2 h, and then
were centrifuged (centrifuge mod. 4239R, ALC International—Milan, Italy) at 8000× g for
15 min at 5 ◦C, recovering the supernatant.

3
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2.3.3. Total Phenolic Content Determination

The TPC was determined using the Folin–Ciocalteu method as reported by Cecca-
relli et al. [10]. Results were calculated and expressed in mg of gallic acid equivalent
(GAE) 100 g−1 FW. Determination of GAE was performed using the GA standard curve
(0.025–0.5 mg mL−1). Briefly, 0.4 mL of extract, were added to 16.0 mL water, 2.0 mL of
Folin–Ciocalteu phenol reagent and 6.0 mL of 1M sodium carbonate, and the final volume
was adjusted to 25 mL with the same solution used for the extraction. Samples were read
at 760 nm after 2 h using an Evolution 300 UV–Vis Spectrophotometer (Thermo Electron
Scientific Instruments, Madison, WI, USA). The samples were analyzed in triplicate.

2.3.4. Total Monomeric Anthocyanins Determination

TMA were determined using the pH differential method as described by Giusti and
Wrolstad [15], using the UV–Vis spectrophotometer at 510 and 700 nm. Results were
calculated and expressed as mg cyanidin 3-O-glucoside equivalents (CGE) 100 g−1 FW. All
samples were analyzed in triplicate.

2.3.5. Antioxidant Activity Evaluation

The AA of the extracts was determined using the DPPH (2,2-diphenyl-1-picrylhydrazyl)
method as described by Ceccarelli et al. [10]. In this procedure, 1.5 mL of DPPH solution
was added to 1.5 mL of fruit extract, and after 15 min, absorbance at 515 nm was determined
using the UV–Vis Spectrophotometer. The percent inhibition activity of fruit extract was
calculated as:

[(A0 − A1)/A0]·100

where A0 was the control absorbance and A1 the extract absorbance. Trolox (0.5–10 μg mL−1)
was used as the reference compound and AA was expressed as μg of Trolox equivalent (TE)
mg−1 FW. All samples were analyzed in triplicate.

2.4. Statistical Analysis

All the statistical analyses described below were carried out on the mean of three
replicates for each cultivar. In addition, all the rootstocks were considered for the analyses
(Past v. 4.02). Firstly, a one-way analysis of variance (ANOVA) was performed on the
whole dataset to evaluate the differences between the two cultivars (i.e., Ghiaccio-1* and
Romestar*) considering the effect of rootstock on phytochemical composition. Then, a two-
way ANOVA considering the effects of crop years (Y), rootstock (R) and their interaction
(Y × R), followed by a post hoc Tukey test, was carried out. In addition, two Principal
Component Analyses (PCA) were performed (considering the two cultivars separately) on
the mean data of SSC, TA, TPC, TMA and AA to visualize the distribution of the five peach
rootstocks during the three crop years.

3. Results

3.1. Climatic Condition

The hourly variation in weather and climate parameters (i.e., average daily tempera-
ture, average daily precipitation, average daily relative humidity and average total solar
radiation) recorded during the experimental crop years (2011, 2017 and 2019) is shown in
Figure 1.

The monthly average air temperature ranged from 6.0 ◦C (January 2017) to 27.4 ◦C
(August 2017). The highest average temperature was recorded in August 2017 (28.2 ◦C),
and the lowest in January 2017 (5.5 ◦C). In winter, minimum temperatures never fell below
5 ◦C, while maximum temperatures in summer averaged around 25–26 ◦C. The average air
temperature during the growing season (II trimester) was around 19 ◦C for the 2011–2017
crop years and 17.6 ◦C for 2019. The average solar radiation was very high in the second
and third quarters of 2017, reaching a maximum value of 1240 kJ m−2 in June, while
lower and similar values were reported during the 2011 and 2019 crop years. The rainfall

4
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distribution during the growing season was higher in 2019; in particular, May 2019 was
an extremely rainy month (average value 235 mm), while it never rained in the following
month. In the same period of the 2011 and 2017 crop years, the average total amount of
rainfall was very low, varying between 30 and 80 mm. Finally, the highest average monthly
relative humidity was recorded in November 2019 (86.7%), corresponding to the maximum
rainfall (516 mm), while the lowest average relative humidity was recorded in July 2017
(51.6%).

Figure 1. Means of the daily climatic data (i.e., air temperature at 2 m (T, ◦C), relative humidity at
2 m (%), rainfall (mm) and solar radiation (kJ m−2) during the four trimesters of the 2011, 2017 and
2019 crop years. The first quarter (I) refers to the months of January to March, the second (II) to the
months of April to June, the third (III) to the months of July to September and the fourth (IV) to the
months of October to December.

3.2. Peach Cultivars Biochemical Variability

The one-way ANOVA to evaluate the rootstock effect between the two cultivars (i.e.,
Ghiaccio-1* and Romestar*) showed that the two cultivars were significantly (p < 0.05)
different for all investigated parameters, except for antioxidant activity. Figure 2 shows the
box plots displaying these values.

For Ghiaccio-1*, the SSC and the TA were higher than those of Romestar*, when con-
sidering all the five different rootstocks together (15 ± 1 g/100 g FW and 50 ± 10 mEq L−1,
respectively). Considering the peel bioactive compounds (TPC and TMA), the highest
values were observed in Romestar*, whereas no significant differences were found in AA
(Figure 2). No significant differences among TPC, TMA or AA were found between the
two cultivars in flesh fruits.

3.3. Peach Years and Rootstock Biochemical Variability

The results of the two-way ANOVA reported in Table 2 show significant effects
(p < 0.001) of crop years (Y), rootstock (R) and their interaction (Y × R) for all investigated
phytochemicals in Ghiaccio-1*.

5
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Figure 2. Box plots extracted from the one-way analysis of variance (ANOVA) examining soluble
solid content (SSC), titratable acidity (TA), soluble solid content and titratable acidity ratio (SSC: TA)
of the entire pitted fresh fruits, and the total phenolic compound (TPC), total monomeric anthocyanins
(TMA) and antioxidant activity (AA) of the peel and flesh of the two cultivars Ghiaccio-1* (Ghiaccio)
and Romestar* during the three crop years 2011, 2017 and 2019. Values belonging to the same traits
without letters in common are statistically different according to LSD (p ≤ 0.05). Lower-case letters
are used for intragroup difference evaluation, upper-case letters are applied for intergroup evaluation
(peel vs. flesh).

Y (Table 2A) was the main factor that affected all parameters, except for flesh AA,
which was strongly influenced by the interaction Y × R. In particular, the highest TA value
values of the Y mean data were observed in 2017 and 2019(61 ± 12 and 55 ± 5 mEq L−1,
respectively), while the lowest was detected in 2011 (32 ± 6 mEq L−1).

A low TA variability was observed among the rootstocks, ranging from 54 ± 6 (GxN22)
to 46 ± 5 mEq L−1 in the Isthara®. The highest SSC amount was found in 2017, ranging
from 14.1 to 17.9 g 100 g−1 FW (Table 2B). Among the rootstocks, the mean highest SSC
was found in GxN22 (mean 16 ± 1 g 100 g−1 FW), followed by Barrier® (mean 15 ± 1 g
100 g−1 FW) and by Cadaman® and Isthara® (14.2 ± 0.9 g 100 g−1 FW). In addition, slight
differences in SSC:TA ratio were found among Isthara® and the others (Table 2B).

Significant differences (p < 0.001) were observed among the Y and between the two
cultivars, showing the highest TPC in 2017 both in peel and flesh (307 ± 80 and 142 ± 36 mg
GAE 100 g−1 FW, respectively). The highest TMA values were found in peel (1.2 ± 0.3 mg
Cy3OGl 100 g−1 FW) in 2017 and in flesh in 2019 (2.2 ± 0.8 mg Cy3OGl 100 g−1 FW;
Table 2B). Finally, the mean highest AA in peel was found in 2011, whereas no significant
differences were found among the years in flesh.

Among the studied rootstocks, Barrier®, Cadaman® and Isthara® showed an inter-
esting phytochemical profile characterized by the highest TPC, TMA and AA values. The
rootstocks GxN22 and GF677 showed low TPC, TMA and AA values both in peel and flesh
(Table 2B).

Regarding Romestar*, the two-way ANOVA revealed similar effects of Y, R and Y × R
for all the parameters. Additionally, for this cultivar, the Y was the main discriminant factor
except for SSC and SSC:TA ratio, which were strongly affected by Y × R (Table 3A).
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In particular, for 2017 and 2019, the highest TA values were equal to 125 ± 24 and
128 ± 16 mEq L−1, respectively, while the lowest was observed for 2011 (96 ± 21 mEq L−1;
Table 3B).

High TA variability was observed among the rootstocks, which ranged from 131 ± 10
for GF677 to 96 ± 15 mEq L−1 for Isthara®. The highest SSC was found in 2017, ranging
from 13.2 to 15.2 g 100 g−1 FW (Table 2B). Among the rootstocks, the highest mean SSC
was found in Isthara® (14.5 ± 0.9 g 100 g−1 FW), followed by Barrier® (14.3 ± 0.8 g 100 g−1

FW) and by Cadaman® and GxN22 (13.2 ± 0.9 g 100 g−1 FW). Finally, slight differences in
SSC:TA ratio were found between Isthara® and all the others (Table 3B).

The years 2019 and 2017 showed the highest peel values of TPC, TMA and AA,
whereas the lowest were observed in 2011 (Table 3B). The flesh showed the highest value of
TPC (144 ± 37 mg GAE 100 g−1 FW) during 2017, and of AA during 2011 (0.7 ± 0.1 μg g−1

TE FW).
As regards rootstocks, only the TPC values showed significant differences. In detail,

Isthara® showed the highest TPC value both in its peel and flesh.

3.4. Chemometric Elaboration

To visualize the distribution of the five peach rootstocks during the three crop years
according to the phytochemical traits (i.e., SSC, TA, TPC, TMA and AA), two separate
PCAs were performed for the two cultivars. Figure 3 shows the scatter plot of Ghiaccio-1*
considering the five different rootstocks. The first two principal components (PC1 and
PC2) represent an explained variance equal to 58.3% and 28.3%, respectively. The PC1
was positively correlated with SSC, TPC and TMA. Meanwhile, the PC2 was positively
correlated with AA and TA. It is possible to observe well-defined clusters grouping the
samples in three main classes (Figure 3). The first one was placed in the first and fourth
quadrant and included all samples grown during 2017, characterized by the highest SSC,
TPC and TMA values. The second one was located in the first and second quadrant, and
included all the samples grown during 2019, and was characterized by the highest AA.
Finally, the third group was located in the third quadrant, and presented the highest SSC:TA
ratio values.

Figure 3. Principal Component Analysis (PC1 vs. PC2) of Ghiaccio-1* samples performed on the five
rootstocks (i.e., Cadaman®, GF677, GxN22, Isthara® and Barrier®) analyzed in 2019 (black dots), 2017
(red dots) and 2011 (blue dots). The scatter plot reports: solid soluble content (SSC), titratable acidity
(TA), total phenolic content (TPC), total monomeric anthocyanins (TMA) and antioxidant activity
(AA) in peel (S) and flesh (P).
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The PC1 in Figure 4 was positively correlated with TMA, SSC:TA ratio and AA, while
the PC2 was positively correlated with TPC and SSC. Additionally, for this cultivar, the PCA
reported three well-defined clusters representing the three crop years. In each group, the
samples were spread in relation to the rootstocks, which influenced the fruits’ biochemical
composition.

Figure 4. Principal Component Analysis (PC1 vs. PC2) of Romestar* samples performed on the five
rootstocks (i.e., Cadaman®, GF677, GxN22, Isthara® and Barrier®) analyzed in 2019 (black dots), 2017
(red dots) and 2011 (blue dots). The scatter plot reports: solid soluble content (SSC), titratable acidity
(TA), total phenolic content (TPC), total monomeric anthocyanins (TMA) and antioxidant activity
(AA) in peel (S) and flesh (P).

4. Discussion

The aim of this study was the valuation of the advantages of five different rootstocks
through the characterization of the biochemical and nutraceutical profiles of two different
peach cultivars (i.e., Ghiaccio-1* and Romestar*). Several authors [4,16–19] have underlined
the key role of rootstock in determining the quality of production and the nutraceutical
characteristics of fruits. Numerous of these specified that some peach rootstocks increased
the yield, size and quality of commercial peach [5,8,16,20,21]. To strengthen the purpose of
this research, three crop years were considered. This, coupled with chemometric elabora-
tion, allowed the evaluation of the effects of climatic conditions on the fruits’ qualitative
traits, defining the effects of rootstock during the experiment. Generally, as reported in this
work, the fruit quality parameters were found to be strongly dependent on the cultivars,
rootstocks and climatic conditions (Figure 1; Tables 2 and 3). This has been confirmed by
many studies present in the literature [9,16,22–24].

As reported in Tables 2 and 3, Ghiaccio-1* showed the highest SSC and the lowest
TA values with respect to Romestar*. Its high SCC:TA ratio, its acid levels and its soluble
solid concentration could make it very suitable for consumers [25,26]. Generally, significant
differences in TPC and TMA were found in this study between the two cultivars with
respect to AA, probably due to their specific chemical composition.

The multivariate statistical PCA was applied to evaluate the similarity of phytochemi-
cal parameters between the different rootstock types during the three crop years. Figure 3
shows that, for Ghiaccio-1*, Cadaman® rootstock was located the furthest from the others.
All the samples grafted on Cadaman® were located in the positive side of PC2, highlighting
high values of TA and AA, peel TPC and TMA, and suggesting high adaptability to the

10
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environment. Finally, the Barrier® rootstock appears to induce higher sweetness, low
acidity and higher TPC content in Ghiaccio-1*.

On the other hand, Figure 4 shows that, for Romeestar*, the best performance in terms
of quality biochemical traits was obtained by using the Isthara® rootstock.

In addition, climatic conditions affect peach quality parameters and chemical composi-
tion differently. Moreover, they could influence the phytochemical profile in different ways.
For example, water stress in the final stages of growth in plum fruits causes a significant
decrease in size, but accelerates maturation and SSC level [27]. Higher precipitation has
been found to be related to higher TPC values, as was observed for Romestar* in 2019. The
high humidity registered during harvest time in this year could be an additional factor
contributing to higher phenols content, possibly due to minor abiotic stress which could
have influenced transpiration and photosynthetic activities [28]. In addition, the abundant
solar radiation in 2017 contributed to an increase in the amount of the bioactive compounds
TPC and TMA in Ghiaccio-1*, thanks to the greater development of pigments, especially in
the peel. This was in agreement with the study of Solovchenko and Schmitz-Eiberger [29],
which claimed that specific spectral light properties of solar radiation and temperatures are
important for the regulation of antioxidant biosynthesis. This research highlighted that the
parameter most influenced by climatic conditions is the cultivar.

The results of this work demonstrated that the main bioactive compounds and antioxi-
dant activity are significantly influenced by rootstock, even if it is not possible to define
a regular trend. Indeed, rootstocks of similar vigor (Table 1) produced fruits with very
different nutritional characteristics, indicating that the effects of climatic condition and
grafted varieties could strongly affect the peach quality, underlining the fact that biochem-
ical composition is strictly related to the interaction of rootstock water composition and
nutrient soil availability [30].

5. Conclusions

Peach fruit quality is highly dependent on cultivars and growing years. Moreover,
this is closely related to the choice of rootstock on which the plants are grafted, which
is becoming an important parameter to consider in new plantings. In fact, rootstocks
are valuable tools used by growers to improve the efficiency of cultivation, such as by
increasing plant survival under different soil and climate conditions. In addition, it can
control their vigor and increase productivity, with effects on fruit yield and phytochemical
characteristics. All these aspects could be useful for the choice of rootstock in relation to the
agronomic management, making this study a valuable tool for choosing the best rootstock
while simultaneously considering more factors affecting the fruit’s qualitative parameters.
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Abstract: An appropriate planting density could realize the maximum yield potential of crops,
but the mechanism of sweet potato storage root formation in response to planting density is still
rarely investigated. Four planting densities, namely D15, D20, D25, and D30, were set for 2-year
and two-site field experiments to investigate the carbohydrate and lignin metabolism in potential
storage roots and its relationship with the storage root number, yield, and commercial characteristics
at the harvest period. The results showed that an appropriate planting density (D20 treatment)
stimulated cambium cell differentiation, which increased carbohydrate accumulation and inhibited
lignin biosynthesis in potential storage roots. At canopy closure, the D20 treatment produced more
storage roots, particularly developing ones. It increased the yield by 10.18–19.73% compared with
the control D25 treatment and improved the commercial features by decreasing the storage root
length/diameter ratio and increasing the storage root weight uniformity. This study provides a
theoretical basis for the high-value production of sweet potato.

Keywords: sweet potato; carbohydrate; lignin; storage root number; yield

1. Introduction

Sweet potato (Ipomoea batatas L.) is the seventh most important crop around the world
for its yield and cultivated area, and China is the largest sweet potato producer world-
wide [1]. The yield of sweet potatoes is determined by the average storage root number
per plant and the individual storage root weight [2]. The average storage root number per
plant significantly contributes to the yield [3]. Improving the average storage root number
per plant could lead to a good appearance and improve the commercial characteristics and
yield of sweet potato storage roots [4]. Sweet potato storage root formation is a vital process
determined by the degree of primary cambium development and stele cell lignification in
adventitious roots [5]. The first clear sign of storage roots is the formation of secondary
cambial cells (anomalous cambium) encircling the adventitious root’s primary and sec-
ondary xylem elements [6]. Moreover, cambial cell proliferation forms starch-accumulating
parenchyma cells in the root’s vascular cylinder, accompanied by massive starch accumu-
lation [7]. Simultaneously, carbohydrates provide energy for cambium cell development.
The lignin content in potential storage roots is a common physiological indicator of sweet
potato for the calculation of lignification [8]. The upregulation of carbohydrate metabolism
and down-regulation of lignin biosynthesis usually facilitate sweet potato storage root
formation [9]. Sucrose synthase (SuSy) catalyzes the reversible cleavage of sucrose into fruc-
tose and either uridine diphosphate glucose (UDP-G) or adenosine diphosphate glucose
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(ADP-Glc) [10]. SPS catalyzes the conversion of fructose-6-phosphate and uridine diphos-
phateglucose (UDP-glucose) into sucrose-6-phosphate [11]. AGPase catalyzes the first step
of starch biosynthesis by producing ADP-Glc and pyrophosphate (PPi) from Glc-1-P and
ATP [12]. SSS acts to elongate linear chains, SBE promotes chain branching, and GBSS is an
enzyme that is responsible for the elongation of amylose chains [13]. According to Du [14]
and Si [15], the SuSy and SPS activity in young roots has great potential to promote storage
root formation and increase the storage root number in sweet potato.

Meanwhile, increased AGPase, SSS, SBE, and GBSS activity promoted starch synthesis
and deposition in the sink, resulting in sink bulking [16]. Lignin biosynthesis was initiated
with the deamination of phenylalanine by phenylalanine ammonialyase (PAL), followed
by a series of reactions that involved numerous enzymes, such as cinnamate 4-hydroxylase
(C4H), 4-coumarate: CoA ligase (4CL), p-hydroxycinnamoyl-CoA: quinate shikimate p-
hydroxycinnamoyltransferase (HCT), caffeoyl-CoAO-methyltransferase (CCoAOMT), and
cinnamyl alcohol dehydrogenase (CAD) [17]. C4H and 4CL are two enzymes involved
in phenylpropane synthesis, and HCT catalyzes the reactions by converting coumaroyl-
CoA into coumaroylshikimate/quinate and caffeoyl shikimate/quinate into caffeoyl CoA.
CCoAOMT further catalyzes the reaction by methylating caffeoyl CoA to feruloyl CoA,
and CAD catalyzes the final step of lignin biosynthesis by converting the corresponding
cinnamyl aldehydes into cinnamyl alcohols [18–20]. The downregulation of gene expression
in lignin biosynthesis could reduce the lignin content in the plant tissue, including the
root and stem [8,21]. Ibkn1, Ibkn2, and Ibkn3 are members of the class I knotted 1-like
(KNOX-box) gene family, and they are expressed in primary cambium cells [8,15]. They
regulate cell proliferation and differentiation in potential storage roots [22,23], and their
expression in storage roots was two-fold higher than that in fiber roots [8,15].

Plant root system development is significantly affected by the planting density. The
root architecture’s response to planting density is mainly manifested in the alternation
of the root length, root diameter, root biomass, and root number. In addition, this root
system enables the plantlet to adapt to space and source competition by adjusting nutrition
and water absorption [24]. A high planting density could cause crop logging by limiting
lignin biosynthesis, decrease the root size, and limit the activity of root absorption for
shoot development, ultimately causing a yield decline [24–26]. Under a low planting
density, the source competition between individual plants could be alleviated, but the
development between shoots and roots could lose its balance, which also limits yield
formation [27]. Planting density is an important factor in regulating yield formation in
the crop lifespan. However, the planting density of sweet potatoes is low in most areas
of China at approximately 40,000–50,000 plants ha−1 (70–80 cm row space and 25–30 cm
plant space). Therefore, increased planting density is a vital cropping measure to realize
the maximum sweet potato yield potential [28,29]. An appropriate planting density is
hypothesized to coordinate the relationship between shoot and root development and
promote sweet potato storage root formation by stimulating carbohydrate accumulation
and limiting lignin biosynthesis, ultimately increasing the storage root number. In the
present study, two widely cultivated sweet potato cultivars, Yanshu 25 (YS-25) and Pushu
32 (PS-32), were used for 2-year and two-site field experiments. Four planting densities
were set (D15, 15 cm plant distance and 83,280 plants ha−1; D20, 20 cm plant distance and
62,520 plants ha−1; D25, 25 cm plant distance and 50,025 plants ha−1; and D30, 30 cm plant
distance and 41,640 plants ha−1; the row distance was set at 80 cm for all) to investigate
carbohydrate and lignin metabolism in potential storage roots, cambium development, root
morphology, the source–sink relationship during the storage root formation period, and
the yield and its components. The storage roots’ commercial characteristics in the harvest
period were also investigated. This work presents a theoretical foundation for improved
sweet potato productivity and storage root commercial quality under a suitable planting
density in China.
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2. Results

2.1. Sweet Potato Storage Root Yields, Yield Components, and Appearance Quality

The results of the 2-year field experiment showed that YS-25 and PS-32 elicited the
same effect of the planting density on the storage root yield, the yield and its components,
and the appearance quality (Table 1). The storage root diameter and average storage root
weight significantly increased with the decrease in planting density. Furthermore, the
storage root yield significantly increased under a higher planting density (D15 and D20;
p < 0.05) compared with the control D25 treatment. The yield increased by 1.56–5.45% and
3.46–9.87% under the D15 treatment and by 10.93–19.73% and 10.18–14.13% under the D20
treatment in 2021 and 2022, respectively. In addition, the average number of storage roots
per plant increased initially and subsequently decreased as the planting density decreased.
Compared with that under the control D25 treatment, the average storage root number
per plant reached the peak value under the D20 treatment at a significant difference level
(p < 0.05). The lowest CV and L/D ratio were also observed in the D20 treatment.

Table 1. Effect of planting density on storage root yield, yield components, and appearance quality.

Years Cultivar Treatment †
SR

Diameter
(mm)

L/D Ratio
Average

SR Weight
(g)

CV
(%)

Average SR
Number Per

Plant

Yield
(kg·hm−2)

Yield
Increment

(%) ‡

2021
(Haikou)

YS-25

D15 36.95 b 2.7 104.56 d 5.64 3.33 c 29,017.72 b 5.45
D20 38.75 a 2.5 111.13 c 1.77 4.67 a 33,030.38 a 19.73
D25 39.39 a 2.6 127.26 b 11.87 4.33 ab 27,565.56 c -
D30 39.15 a 3.0 133.97 ab 5.49 4.33 ab 24,154.95 e −14.11

PS-32

D15 32.00 c 2.6 103.94 d 11.37 3.00 d 25,968.37 d 1.56
D20 34.09 bc 2.5 113.57 c 5.74 4.00 b 28,401.60 bc 10.93
D25 39.09 a 2.7 127.82 b 6.76 4.00 b 25,576.78 d -
D30 38.56 a 2.9 141.53 a 7.47 3.67 bc 21,628.44 f −18.51

ANOVA
C 7.22 * - 2.46 * - 2.78 ns 10.10 ** -
T 5.21 ** - 3.43 * - 3.07 * 11.39 *** -

C × T 1.66 ns - 0.93 ns - 0.41 ns 0.47 ns -

2022
(Sanya)

YS-25

D15 38.04 c 2.6 88.50 d 7.69 5.26 bc 38,795.60 b 3.46
D20 39.81 b 2.3 110.81c 2.90 6.19 a 42,883.33 a 14.13
D25 39.72 b 2.4 131.66 b 6.71 5.71b 37,494.90 bc -
D30 42.71 a 2.7 170.61a 7.64 5.01 c 35,592.04 c −5.34

PS-32

D15 36.68 c 2.4 91.91 d 5.00 4.67 d 35,569.17 c 9.87
D20 38.14 b 2.3 99.40 cd 2.06 5.76 b 35,795.45 c 10.18
D25 38.97 b 2.6 131.42 b 4.40 4.93 c 32,437.80 d -
D30 40.47 b 3.1 160.09 a 6.61 4.83 cd 32,197.00 d −0.62

ANOVA
C 3.95 ns - 1.65 ns - 9.27 ** 10.63 ** -
T 3.14 * - 86.25 *** - 10.11 ** 12.36 ** -

C × T 8.36 ns - 1.12 ns - 0.61 ns 0.56 * -

Note: SR, storage root; Y, year; C, cultivar; T, treatment; YS-25, Yanshu25; PS-32, Pushu32. Two-way ANOVA, LSD.
Values followed by different letters present significant differences among planting density treatments (p < 0.05).
* p < 0.05; ** p < 0.01; *** p < 0.001; ns, no significance. † D15, 15 cm plant distance and 83,280 plants ha−1; D20,
20 cm plant distance and 62,520 plants ha−1; D25, 25 cm plant distance and 50,025 plants ha−1; D30, 30 cm
plant distance and 41,640 plants ha−1. The row distance was set at 80 cm for all. ‡ Compared with the D25
control treatment.

2.2. Commercial Storage Root Characteristics

The results of the two-year field experiment depicted that the commercial storage
root weight and large storage roots significantly increased with the reduction in planting
density (p < 0.05). However, compared with the control D25 treatment, the D20 treatment
significantly increased the commercial storage root number, primary medium storage root
number, and commercial storage root yield (p < 0.05). In addition, the commercial storage
root yields increased by 23.35–66.42% and 19.02–33.46% in 2021 and 2022, respectively
(Table 2).
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Table 2. Effect of planting density on storage root commercial characteristics at harvest period.

Years Cultivars Treatment †
Commercial
SR Weight

Per Plant (g)

Commercial
SR Number

Per Plant

Large SR
Number

Medium
SR Number

Small
SR Number

Commercial
SR Yield

(kg·hm−2)

Increment
(%) ‡

2021
(Haikou)

YS-25

D15 122.61 b 2.33 d 0.33 c 1.67 c 0.33 a 19,558.23 b −0.51
D20 129.91 b 3.00 b 1.00 b 2.00 b - 24,367.17 a 23.35
D25 158.45 a 2.33 d 1.33 a 1.00 e - 19,697.51 b -
D30 162.41 a 2.67 c 1.33 a 1.33 d - 16,998.00 c −16.16

PS-32

D15 115.20 c 2.00 e 1.00 b 1.00 e - 19,202.65 b 43.28
D20 119.26 c 3.33 a 1.00 b 2.33 a - 22,368.40 a 66.42
D25 124.90 b 2.33 d 1.00 b 1.33 d - 13,377.52 d -
D30 133.31 b 2.33 d 1.33 a 0.67 f 0.33 a 12,952.40 d −3.24

ANOVA
C 13.67 ** 0.17 ns 0.00 ns 0.80 ns 0.25 ns 4.61 ns -
T 8.33 ** 4.61 * 0.67 ns 2.93 ns 2.92 ns 5.35 * -

C × T 5.21 ns 0.61 ns 1.33 ns 7.20 ** 1.58 ns 0.40 ns -

2022
(Sanya)

YS-25

D15 98.89 bc 4.00 c - 2.00 c 2.00 a 33,272.02 a 29.60
D20 117.89 bc 4.67 b 0.67 b 3.00 a 1.00 c 34,342.08 a 33.46
D25 136.87 b 4.00 c 0.33 c 2.00 c 1.67 b 25,676.50 de -
D30 201.50 a 3.00 e 1.00 a 1.33 d 0.67 d 25,198.06 e −1.95

PS-32

D15 92.96 c 3.67 cd - 1.67 c 2.00 a 28,412.07 c 5.97
D20 102.05 bc 5.00 a 0.33 c 3.00 a 1.67 b 31,899.79 b 19.02
D25 135.20 b 4.00 c 0.33 c 2.67 b 1.00 c 26,851.42 d -
D30 191.99 a 3.33 d 1.00 a 2.00 c 0.33 e 26,533.47 d −1.13

ANOVA
C 0.88 ns 0.40 ns 0.25 ns 3.00 ns 0.25 ns 0.13 ns -
T 26.02 *** 7.07 ** 6.25 ** 17.2 *** 13.58 *** 7.23 ** -

C × T 0.12 ns 0.13 ns 0.25 ns 3.00 ns 2.92 ns 0.41 ns -

SR, storage root; Y, year; C, cultivar; T, treatment; YS-25, Yanshu25; PS-32, Pushu32. Two-way ANOVA, LSD
was used. Values followed by different letters present significant differences among planting density treatments
(p < 0.05). * p < 0.05; ** p < 0.01; *** p < 0.001; ns, no significance. † D15, 15 cm plant distance and 83,280 plants ha−1;
D20, 20 cm plant distance and 62,520 plants ha−1; D25, 25 cm plant distance and 50,025 plants ha−1; D30, 30 cm
plant distance and 41,640 plants ha−1. The row distance was set at 80 cm for all. ‡ Compared with the D25
control treatment.

2.3. Storage Root Traits at Closure Period

During the canopy closure period, the 2-year field experiment showed a similar pattern
of planting density on the storage root traits (Table 3). The average storage root weight,
diameter, and mature storage root number significantly increased with the reduction
in planting density (p < 0.05). Meanwhile, the storage root number per plant and the
developing storage root number did not significantly increase at a higher planting density
(D15 and D20) compared with those under the control D25 treatment (p < 0.05). Moreover,
the developing storage root number was highest in the D20 treatment (p < 0.05).

Table 3. Effect of planting density on storage root traits at canopy closure period.

Years Cultivar Treatment † SR Weight
(g)

SR Number
Per Plant

Young SR
Number

(2 < Φ < 5
mm)

Developing
SR Number
(5 < Φ < 20

mm)

Mature SR
Number
(Φ > 20

mm)

SR
Diameter

(mm)

2021
(Haikou)

YS-25

D15 1.35 f 4.67 b 2.33 a 2.33 c - 5.14 d
D20 2.60 c 5.67 a 1.67 b 4.00 a - 7.84 bc
D25 4.87 a 4.33 c 0.67 e 3.67 ab - 8.07 bc
D30 4.70 a 3.67 d 0.67 e 3.00 b - 10.62 a

PS-32

D15 1.97 e 3.67 d 2.00 b 1.67 e - 4.91 d
D20 2.23 d 4.33 c 1.33 c 2.33 c 0.67a 7.13 c
D25 3.15 bc 4.00 bc 2.00 b 2.00 d - 8.71 b
D30 3.47 b 3.33 e 1.00 d 2.33 c - 8.35 bc

ANOVA
C 3.30 ns 8.33 ** 1.80 ns 39.20 *** 4.00 ns 0.79 ns

T 10.38 *** 4.56 ** 8.73 ** 6.93 ** 4.00 * 7.02 **
C × T 1.88 ns 8.00 ns 4.47 * 4.00 * 4.00 * 0.73 ns
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Table 3. Cont.

Years Cultivar Treatment † SR Weight
(g)

SR Number
Per Plant

Young SR
Number

(2 < Φ < 5
mm)

Developing
SR Number
(5 < Φ < 20

mm)

Mature SR
Number
(Φ > 20

mm)

SR
Diameter

(mm)

2022
(Sanya)

YS-25

D15 14.27 e 5.00 c 0.33 c 3.67 c 1.00 f 13.00 e
D20 16.98 d 7.00 a 0.67 b 4.33 b 2.00 c 15.10 de
D25 24.60 b 5.00 cd - 2.67 e 2.33b 23.47 b
D30 34.08 a 4.00 e - 1.00 f 3.33 a 27.54 a

PS-32

D15 7.40 f 5.67 b 2.00 a 2.67 e 1.00 f 13.38 e
D20 13.35 e 6.67a - 5.33 a 1.33 d 16.45 d
D25 19.34 c 4.67 d - 3.00 d 1.67 cd 16.65 d
D30 20.53 c 3.67 f - 1.33 f 2.33 b 19.28 c

ANOVA
C 4.56 ** 10.36 * 1.33 *** 1.50 ns 12.80 ** 1.23 ns

T 3.33 * 8.33 ** 1.20 *** 49.50 *** 17.33 *** 2.05 **
C × T 2.69 ns 6.23 ns 1.33 *** 4.61 * 1.60 ns 2.45 ns

SR, storage root; Y, year; C, cultivar; T, treatment; YS-25, Yanshu25; PS-32, Pushu32. Two-way ANOVA, LSD
was used. Values followed by different letters present significant differences among planting density treatments
(p < 0.05). * p < 0.05; ** p < 0.01; *** p < 0.001; ns, no significance. † D15, 15 cm plant distance and 83,280 plants ha−1;
D20, 20 cm plant distance and 62,520 plants ha−1; D25, 25 cm plant distance and 50,025 plants ha−1; D30, 30 cm
plant distance and 41,640 plants ha−1. The row distance was set at 80 cm for all.

2.4. Effect on Root Development System and Potential Storage Root Traits

The planting density significantly affected sweet potato’s adventitious root formation
and potential storage root development (Table 4). Compared with the control D25 treatment,
the D20 treatment significantly improved the adventitious root number, potential storage
root diameter, weight, and ratio of potential storage root weight during the storage root
initiation stage (during 0–25 days after planting; p < 0.05). By contrast, these parameters
slightly decreased or were similar to those at the lower planting density 35 days after
planting. However, the total root fresh weight significantly increased with the decrease in
planting density during the storage root formation period (p < 0.05).

Table 4. Effect of planting density on root traits during storage root formation (2022 Sanya).

DAP(d) Cultivar Treatment † Adventitious
Root Number

Total Root
Fresh Weight

(g)

Potential SR
Diameter

(mm)

Potential SR
Weight

(g)

Potential SR
Weight Ratio

(%)

15 d

YS-25

D15 13.60 b 2.84 e 1.03 c 1.75 b 61.62 a
D20 15.20 b 3.44 c 1.16 b 1.96 ab 56.97 ab
D25 15.20 b 3.69 b 1.12 b 1.89 ab 51.22 b
D30 13.80 b 4.29 a 1.05 c 2.07 a 48.25 b

PS-32

D15 17.60 a 2.95 de 1.29 ab 1.64 c 55.59 a
D20 19.00 a 3.10 d 1.41 a 1.84 ab 59.35 a
D25 18.20 a 3.64 bc 1.25 ab 1.75 b 48.08 b
D30 18.00 a 3.80 b 1.26 ab 1.76 b 46.31 b

ANOVA
C 66.57 *** 12.59 *** 35.50 *** 20.55 *** 6.30 *
T 2.28 ns 81.94 *** 2.86 * 7.38 ** 14.15 ***

C × T 0.33 ns 6.21 ** 0.67 ns 1.62 ns 1.13 ns

25 d

YS-25

D15 14.00 bc 6.11 b 1.64 c 3.96 a 64.32 a
D20 15.00 b 6.59 a 2.39 a 3.84 ab 58.27 b
D25 13.20 c 6.74 a 2.00 b 3.21 c 47.62 c
D30 14.00 bc 6.94 a 1.96 b 2.75 d 39.62 d

PS-32

D15 16.60 ab 5.19 c 1.59 c 3.40 b 65.51 a
D20 17.40 a 5.37 c 2.20 a 3.47 b 64.61 a
D25 15.40 b 5.41c 2.19 a 3.44 b 63.58 a
D30 15.20 b 6.18b 2.19 a 3.76 ab 60.84 a
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Table 4. Cont.

DAP(d) Cultivar Treatment † Adventitious
Root Number

Total Root
Fresh Weight

(g)

Potential SR
Diameter

(mm)

Potential SR
Weight

(g)

Potential SR
Weight Ratio

(%)

ANOVA
C 55.98 *** 112.96 *** 1.86 ns 0.61 ns 0.92 ns

T 5.14 ** 14.29 *** 16.12 *** 4.61 ** 8.51 ***
C × T 0.38 ns 12.04 *** 3.94 * 1.81 ns 5.60 ***

D15 - 28.90 cd 8.77 c 4.32 c 14.94 c
D20 - 36.94 b 8.81 c 8.21 a 22.22 a

YS-25 D25 - 39.83 ab 10.75 b 8.69 a 21.81 a
D30 - 39.79 ab 9.66 b 7.38 ab 18.54 b

35 d D15 - 21.19 d 9.27 bc 4.39 c 20.72 a
D20 - 31.53 c 10.67 b 6.77 b 21.47 a

PS-32 D25 - 35.80 b 11.13 ab 7.83 ab 21.87 a
D30 - 41.26 a 13.43 a 7.70 ab 18.66 b

ANOVA
C - 2.12 ns 14.91 *** 2.25 ns 0.64 ns

T - 12.43 *** 6.92 *** 49.01 *** 20.86 ***
C × T - 2.96 ** 2.67 ns 1.64 ns 6.21 **

DAP, days after planting; SR, storage root; Y, year; C, cultivar; T, treatment; YS-25, Yanshu25; PS-32, Pushu32.
Two-way ANOVA, LSD were used. Values followed by different letters present significant differences among
planting density treatments (p < 0.05). * p < 0.05; ** p < 0.01; *** p < 0.001; ns, no significance. † D15, 15 cm plant
distance and 83,280 plants ha−1; D20, 20 cm plant distance and 62,520 plants ha−1; D25, 25 cm plant distance and
50,025 plants ha−1; D30, 30 cm plant distance and 41,640 plants ha−1. The row distance was set at 80 cm for all.

2.5. Effect on Dry Biomass Accumulation and Allocation

A high accumulation and allocation ratio of dry weight in the root system benefits
storage root formation. The results indicated that the total plant dry weight and the root
and shoot dry weight significantly increased with the increment in the plant distance
(p < 0.05, Table 5). However, the allocation ratio of root dry weight and the root/shoot ratio
dramatically increased at a higher planting density (D15 and D20) and reached the peak
values under the D20 treatment (p < 0.05). The allocation ratio of shoot dry weight had
no significant difference among treatments at 15–25 days after planting (p > 0.05), but it
significantly decreased under the D20 treatment at 35 days after planting (p < 0.05).

Table 5. Effect of planting density on dry matter accumulation and allocation during storage root
formation (2022 Sanya).

DAP
(d)

Cultivar Treatment †
Total Plant
Dry Weight

(g)

Root Dry
Weight

(g)

Shoot Dry
Weight

(g)

Root Dry
Weight

Allocation
(%)

Shoot Dry
Weight

Allocation
(%)

Root/Shoot
Ratio

15 d

YS-25

D15 1.98 c 0.21 d 1.77 d 10.61bc 89.39 a 0.12 b
D20 2.40 b 0.32 a 2.08 bc 13.33 a 86.67 a 0.15 a
D25 2.55 a 0.24 c 2.31 a 9.41 cd 90.59 a 0.10 c
D30 2.56 a 0.28 b 2.28 a 9.94 c 89.06 a 0.11 c

PS-32

D15 2.04 c 0.23 c 1.86 cd 8.83 d 91.17 a 0.10 c
D20 2.29 bc 0.31 a 1.98 c 13.54 a 86.46 a 0.16 a
D25 2.42 b 0.27 b 2.15 b 11.16 b 88.84 a 0.13 b
D30 2.25 bc 0.28 b 2.05 bc 8.89 d 91.11 a 0.10 c

ANOVA
C 4.87 * 2.15 ns 6.59 * 10.39 ** 8.75 ** 11.37 **
T 3.43 * 27.47 *** 2.02 ns 21.20 *** 22.02 *** 19.72 ***

C × T 19.17 *** 1.73 ns 20.93 ** 10.25 *** 10.49 *** 8.52 ***

25 d

YS-25

D15 4.23 c 0.62 b 3.61 c 14.80 ab 85.20 a 0.17 b
D20 4.49 c 0.71 a 3.78 c 15.82 a 84.12 a 0.19 a
D25 5.06 b 0.67 a 4.39 b 13.00 c 87.00 a 0.15 c
D30 5.67 b 0.63 b 5.04 a 11.20 d 88.20 a 0.12 d

PS-32

D15 4.14 c 0.58 c 3.56 c 14.00 b 86.00 a 0.16 bc
D20 4.27 c 0.61 b 3.66 c 14.20 b 85.80 a 0.16 bc
D25 4.51 c 0.62 b 3.89 c 11.00 d 89.00 a 0.16 bc
D30 6.20 a 0.69 a 5.51 a 11.20 d 88.80 a 0.12 d
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Table 5. Cont.

DAP
(d)

Cultivar Treatment †
Total Plant
Dry Weight

(g)

Root Dry
Weight

(g)

Shoot Dry
Weight

(g)

Root Dry
Weight

Allocation
(%)

Shoot Dry
Weight

Allocation
(%)

Root/Shoot
Ratio

ANOVA
C 0.52 ns 5.95 * 0.20 ns 0.64 ns 0.64 ns 1.29 ns

T 47.21 ** 4.64 ** 46.85 *** 20.81 *** 20.81 *** 21.56 ***
C × T 3.96 * 6.61 *** 3.17 * 2.29 ns 2.29 ns 1.56 ns

D15 13.44 e 3.58 d 9.88 d 26.60 c 73.40 b 0.36 c
D20 18.23 c 4.91 c 13.32 c 27.00 c 73.00 b 0.37 c

YS-25 D25 23.01 b 5.04 c 17.96 b 22.00 d 78.00 a 0.28 d
D30 25.30a 5.34 bc 19.95 a 21.20 d 78.80 a 0.27 d

35 d D15 15.34 d 4.76 c 10.08 d 31.00 b 69.00 c 0.47 b
D20 15.69 d 5.95 b 9.74 d 37.60 a 62.40 d 0.61 a

PS-32 D25 23.62 b 7.08 a 16.53 b 30.00 b 70.00 bc 0.43 bc
D30 24.34 ab 6.84 a 17.49 b 28.20 c 71.80 bc 0.39 c

ANOVA
C 0.51 ns 72.60 *** 24.68 *** 83.33 *** 83.33 *** 28.50 ***
T 208.66 *** 28.38 *** 150.35 *** 16.80 *** 16.80 *** 5.09 **

C × T 7.75 ** 1.69 ns 7.11 *** 2.44 ns 2.44 ns 1.67 ns

DAP, days after planting; SR, storage root; Y, year; C, cultivar; T, treatment; YS-25, Yanshu25; PS-32, Pushu32.
Two-way ANOVA, LSD was used. Values followed by different letters present significant differences among
planting density treatments (p < 0.05). * p < 0.05; ** p < 0.01; *** p < 0.001; ns, no significance. † D15, 15 cm plant
distance and 83,280 plants ha−1; D20, 20 cm plant distance and 62,520 plants ha−1; D25, 25 cm plant distance and
50,025 plants ha−1; D30, 30 cm plant distance and 41,640 plants ha−1. The row distance was set at 80 cm for all.

2.6. Influence on Expression of Genes Associated with Carbohydrate and Lignin Metabolism

The expression of genes’ regulating sucrose enzymolysis and starch synthesis had a
similar pattern during the storage root formation period. The gene expression levels of
SuSy, AGPase, SPS, SSS, SBE1, and GBSS in the D20 treatment were significantly enhanced
compared with those in the control D25 treatment. Furthermore, a significant decrease in
the expression of these genes was observed as the planting density decreased (p < 0.05;
Figure 1).

Figure 1. Effect of planting density on the expression of carbohydrate metabolism genes, namely
SuSy (a), AGPase (b), SPS (c), SSS (d), SBE1 (e), and GBSS (f), in YS-25 during storage root formation
period (2022 Sanya). D15, 15 cm plant distance and 83,280 plants ha−1; D20, 20 cm plant distance
and 62,520 plants ha−1; D25, 25 cm plant distance and 50,025 plants ha−1; D30, 30 cm plant distance
and 41,640 plants ha−1. The row distance was set at 80 cm for all. 15 d, 15 days after planting; 25 d,
25 days after planting; 35 d, 35 days after planting. Error bars represent 1 SD (n = 3) within the same
column, and different letters indicate a significant difference between treatments (p < 0.05).
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Differences were observed in the expression of PAL, C4H, CCoAOMT, HCT, 4CL, and
CAD. The expression of these genes (referring to lignin biosynthesis) in the D20 treatment
significantly decreased compared with that in the control D25 treatment (p < 0.05). However,
a significant increase was observed with a further decrease in the planting density (p < 0.05;
Figure 2).

Figure 2. Effect of planting density on expression levels of lignin metabolism genes, namely PAL (a),
C4H (b), CCoAOMT (c), HCT (d), 4CL (e), and CAD (f), in YS-25 during storage root formation period
(2022 Sanya). D15, 15 cm plant distance and 83,280 plants ha−1; D20, 20 cm plant distance and
62,520 plants ha−1; D25, 25 cm plant distance and 50,025 plants ha−1; D30, 30 cm plant distance
and 41,640 plants ha−1. The row distance was set at 80 cm for all. 15 d, 15 days after planting; 25 d,
25 days after planting; 35 d, 35 days after planting. Error bars represent 1 SD (n = 3) within the same
column, and different letters indicate a significant difference between treatments (p < 0.05).

2.7. Effect on Carbohydrate and Lignin Content

The starch and sucrose content in the potential storage root had the same effect.
Compared with the control, the starch and sucrose content in the potential storage root
significantly increased in the D20 treatment (p < 0.05) and decreased with a reduction in
planting density. Furthermore, the increment in starch and sucrose content at 35 days after
planting was more dramatic than at 15 and 25 days after planting (Figure 3a,b).

The lignin content in the potential storage root significantly increased with the reduc-
tion in planting density (p < 0.05), but the content in each treatment gradually decreased
with the prolongation of the planting period (p < 0.05; Figure 3c).

The ratios of starch to sucrose and starch to lignin showed a similar trend. The value
was significantly higher in D20 than in the control at 25 and 35 days after planting (p < 0.05).
Meanwhile, 15 days after planting, the ratio of starch to lignin was steadily reduced as the
planting density decreased (p < 0.05), whereas the ratio of starch to sucrose showed the
reverse trend (p < 0.05; Figure 3d,e).
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Figure 3. Effect of planting density on starch (a), sucrose (b), and lignin content (c), and ratios of
starch/sucrose (d) and starch/lignin (e), in YS-25 during storage root formation period (2022 Sanya).
D15, 15 cm plant distance and 83,280 plants ha−1; D20, 20 cm plant distance and 62,520 plants ha−1;
D25, 25 cm plant distance and 50,025 plants ha−1; D30, 30 cm plant distance and 41,640 plants ha−1.
The row distance was set at 80 cm for all. 15 d, 15 days after planting; 25 d, 25 days after planting;
35 d, 35 days after planting. Error bars represent 1 SD (n = 3) within the same column, and different
letters indicate a significant difference between treatments (p < 0.05).

2.8. Influence on Genes Invloved in Cambium Development and Potential Storage Root Anatomy

Ibkn1, Ibkn2, and Ibkn3, which regulate potential storage root cambium develop-
ment, were significantly higher in the D20 treatment than in the control D25 treatment
at 0–25 days after planting. However, the expression of Ibkn2 and Ibkn3 significantly de-
creased 25–35 days after planting, and Ibkn1 was similar to the control D25 treatment.
Furthermore, the gene expression levels were significantly reduced when the planting
density was further decreased (Figure 4a–c). Consequently, the D20 treatment significantly
enhanced the number of protoxylems and secondary xylem, the diameter of the stele and
potential root, and the cross-sectional area of the stele and potential storage root 15 days
after planting compared with the control D25 treatment (Figures 4d–f and 5).

2.9. Correlation Analysis of Storage Root Number Per Plant, Fresh Weight, and Yield with Relative
Gene Expression

The correlation analysis demonstrated that the storage root number per plant was
positively correlated with SuSy, SPS (p < 0.05), SSS, AGPase, GBSS (p < 0.01), and SBE,
which are involved in carbohydrate metabolism. Furthermore, no significant positive
correlation was found in PAL, 4CL, C4H, CCoAOMT, CAD, and HCT, which are involved in
lignin biosynthesis, whereas C4H and HCT were found to be negatively correlated. Ibkn1,
Ibkn2, and Ibkn3, which regulate cambium development, were also positively correlated
with the storage root number per plant but with no significant difference (Table 6). The
storage root fresh weight was insignificantly negatively correlated with all genes (p > 0.05;
Table 6), and the yield was positively correlated with the genes involved in carbohydrate
metabolism and cambium development and almost negatively correlated with the genes
involved in lignin biosynthesis (Table 6).
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Figure 4. Effect of planting density on gene expression levels of Ibkn1 (a), Ibkn2 (b), and Ibkn3 (c) dur-
ing storage root formation period. Analysis of the potential storage root section anatomy, including
the number of Px and Sx (d), the diameter of the stele and root (e), and the cross-sectional area of the
stele and root (f) at 15 days after planting. D15, 15 cm plant distance and 83,280 plants ha−1; D20,
20 cm plant distance and 62,520 plants ha−1; D25, 25 cm plant distance and 50,025 plants ha−1; D30,
30 cm plant distance and 41,640 plants ha−1. The row distance was set at 80 cm for all. 15 d, 15 days
after planting; 25 d, 25 days after planting; 35 d, 35 days after planting. Error bars represent SD (n = 3)
within the same column, and different letters indicate a significant difference between treatments
(p < 0.05).

Figure 5. Effect of planting density on sweet potato YS-25 root growth and development during
storage root formation period (a) and cambium development at 15 days after planting (b). D15, 15 cm
plant distance and 83,280 plants ha−1; D20, 20 cm plant distance and 62,520 plants ha−1; D25, 25 cm
plant distance and 50,025 plants ha−1; D30, 30 cm plant distance and 41,640 plants ha−1. The row
distance was set at 80 cm for all. 15 d, 15 days after planting; 25 d, 25 days after planting; 35 d, 35 days
after planting. Px, protoxylem; Sx, secondary xylem; Vc, vascular cambium. Scale bar = 100 μm.
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Table 6. Correlation analysis of storage root number, weight, and yield with gene expression.

SuSy SPS SSS AGPase GBSS SBE PAL 4CL

SRN † 0.44 0.61 *‡ 0.165 0.31 0.72 ** 0.30 0.27 0.33
SRFW −0.39 −0.39 −0.32 −0.23 −0.09 −0.38 −0.26 −0.05
Yield 0.44 0.62 * 0.43 0.29 0.33 0.47 −0.11 0.00

C4H CCoAOMT CAD HCT Ibkn1 Ibkn2 Ibkn3 -
SRN −0.20 0.62 0.17 −0.14 0.41 0.39 0.25 -

SRFW −0.21 −0.41 −0.04 −0.03 −0.35 −0.10 −0.27 -
Yield −0.24 0.16 −0.43 −0.25 0.51 0.08 0.32 -

† SRN, storage root number per plant; SRFW, storage root fresh weight. ‡, * and ** indicate significant differences
at p < 0.05 and p < 0.01, respectively.

3. Discussion

3.1. Effect of Planting Density on Carbohydrate and Lignin Metabolism and Cambium Cell Development

The upregulation of starch biosynthesis and downregulation of lignin biosynthe-
sis in potential storage roots are the main events during the storage root formation
period [8,15,22], probably because the activity of carbon flow towards carbohydrate metabolism
is stronger than the delivery into phenylpropanoid biosynthesis during the storage root
formation period [14,30]. Previous findings have shown that low sucrose and high hexose
content in the root system could facilitate storage root formation [14,31]. This process
could be explained by the fact that sucrose, the primary type of carbohydrate, is delivered
from the source leaves to the root through the phloem, where it is subsequently broken
down into hexoses to supply energy and the carbon skeletons needed for cell growth and
root swelling. Sucrose is decomposed into hexoses by the SuSy and sucrose invertase
pathways, and the former is the main source for fructose and UDP-glucose biosynthesis,
which provides the substrate for starch biosynthesis [14,31]. Crop root development is
adversely correlated with lignin deposition, and lignin accumulation has a negative effect
on root development [8,32].

Furthermore, lignin and cellulose content have a negative correlation with starch
accumulation in cassava tuber root formation [33,34]. Lignin content is a common physio-
logical indicator of sweet potato lignification, which strongly inhibits sweet potato storage
root formation [8,33,34]. In the present study, compared with the control D25 treatment,
the D20 treatment significantly promoted sucrose and starch biosynthesis by significantly
increasing the expression levels of SuSy, SPS, SSS, AGPase, SBE1, and GBSS (Figure 1).
By contrast, it inhibited lignin biosynthesis by dramatically decreasing the PAL, C4H,
CCoAOMT, HCT, 4CL, and CAD expression levels (Figure 2). In addition, the ratios of
starch to sucrose and starch to lignin were significantly higher in D20 than in the control
D25 treatment at 15–35 days after planting, and significantly higher or lower at 0–15 days
after planting, respectively (Figure 3). Previous studies revealed that sweet potato storage
root formation was determined by stele cell lignification and cambium proliferation [5,6].
Furthermore, only the appearance of anomalous cambium could prevent stele lignification
and favor storage root formation [33,34]. The KNOX1 protein stimulates cell differentiation
by negatively regulating lignin biosynthesis [35]. Ibkn1, Ibkn2, and Ibkn3 belong to the
KNOX gene family, and their expression in storage root was two-fold higher than that in
fiber roots [36]. In the present study, the D20 treatment promoted primary cambium cell
development by upregulating Ibkn1, Ibkn2, and Ibkn3 expression 0–25 days after planting
(Figure 4). Therefore, 15 days after planting, the D20 treatment significantly increased pro-
toxylems and secondary xylem, the stele and potential storage root diameter, and the stele
and potential storage root cross-sectional area compared with the control D25 treatment.
The correlation analysis found that the genes involved in carbohydrate metabolism were
positively correlated with the storage root number per plant, and SPS and GBSS reached a
significant level (p < 0.05 and p < 0.01, respectively). However, no significant positive corre-
lation was found with the lignin biosynthesis genes, and C4H and HCT were negatively
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correlated (Table 6). Furthermore, the storage root fresh weight was negatively correlated
with all genes’ expression, and the yield was positively correlated with the genes involved
in carbohydrate metabolism and cambium development and almost negatively correlated
with the genes involved in lignin biosynthesis. The correlation analysis strongly improved
the theoretical understanding of these processes; specifically, upregulated carbohydrate
and downregulated lignin biosynthesis could improve the yield by promoting storage root
formation in sweet potatoes.

3.2. Effect of Planting Density on Plant Dry Matter Dynamic and Root Development

Coordinating the shoot and root relationship is a considerable factor in promoting
storage root formation. The formation of sweet potato storage roots comprises four main
events: the initiation of cambial cells, cell division, cell expansion and growth, and car-
bohydrate storage [36,37]. Major developmental activities strongly rely on dry matter
accumulation in roots. The current study indicated that the total plant dry matter signifi-
cantly increased with the decrease in planting density. Furthermore, compared with the
control D25 treatment, the D20 treatment significantly increased the root dry weight, root
dry weight ratio, and R/T ratio. By contrast, the shoot dry matter weight significantly
decreased during the storage root formation period. However, the shoot dry matter ratio
was similar 0–25 days after planting and it dramatically decreased 35 days after planting
(Table 5). Root development is primarily measured by the number, weight, diameter, and
length of the roots, among other parameters, and these roots morphology could indicate
environmental changes, such as stress, the degree of nutrition and water uptake, and,
more crucially, the strength of root differentiation in sweet potatoes [38]. The number of
adventitious roots controls the quantity of storage roots during the early growth stage; the
more adventitious roots, the more storage roots that form [15,38]. The root diameter is an
important parameter to indicate the degree of root thickening caused by root cambium
cell division and differentiation. An adventitious root with a length of more than 20 cm
could facilitate storage root formation [39]. The results of the present study indicated that
an appropriate planting density under the D20 treatment significantly increased the adven-
titious root number but decreased the total root fresh weight. The potential storage root
parameters, namely the potential storage root diameter and potential storage root weight,
significantly increased in the D20 treatment at 0–25 days after planting and decreased
at 25–35 days after planting compared with those in other treatments. Furthermore, the
potential storage root weight ratio was always significantly higher in the D20 treatment
than in other treatments (Table 4).

3.3. Effect of Planting Density on Storage Root Yield, Components, and Commercial Characteristics

Altering the planting density is an effective practice in cereal crop production, bal-
ancing the relationship between the kernel number per spike and the average weight per
hundred kernels [40]. A higher planting density seems inclined to support kernel formation
while reducing the average weight per hundred kernels [41]. The maximum output from
cereal crops could only be reached by balancing the number of kernels per spike and the
average weight of a hundred kernels. Sweet potato storage root yields were determined
by the average storage root number per plant and average storage root weight, and the
storage root per plant was the most significant contributing factor to the yield [15,38]. An
increased storage root number could lead to a good appearance and improve the com-
mercial traits of this crop [38]. The canopy closure period is a key factor in determining
the storage root number of sweet potatoes, and the storage root number is known at this
point [15,38]. Hence, the maximum storage root number at the canopy closure period could
result in a high sweet potato yield. The current study showed that an appropriate planting
density (D20 treatment) could significantly increase the storage root number (mainly the
developing storage root number) compared with the control D25 treatment.

By contrast, the storage root weight, mature storage root number, and storage root
diameter remarkably increased during the canopy closure period as the planting density
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decreased (Table 3). Therefore, compared with the control D25 treatment, the appropriate
planting density under the D20 treatment significantly increased the yield by dramatically
increasing the storage root number per plant, instead of the storage root diameter and
average storage root weight. As a result, it improved the storage roots’ commercial charac-
teristics by significantly increasing the number of commercial and middle-sized storage
roots and reducing the storage root weight CV and L/D ratio to create a good-quality
appearance (Tables 1 and 2).

4. Materials and Methods

4.1. Materials

Orange-fleshed and widely cultivated sweet potato cultivars in China, YS-25 and
PS-32, with approximately four storage roots, were selected for this experiment. Vegetative
terminal cuttings with the following characteristics were used: the length was approxi-
mately 25 cm, the excess buds and leaves were removed, and the top three fully unfolded
leaves were retained. The cutting base was soaked with 30 mg kg−1 carbendazim for 5
min. In this experiment, the fertilizers were urea (46% N, Sinopec, Co., Ltd., Dongfang,
China), calcium superphosphate (16% P2O5, SDIC Xinjiang Lop Nur Potassium Salt Co.,
Ltd., Hami, China), and potassium sulfate (52% K2O, Guangdong Zhanhua Group Co.,
Ltd., Zhanjiang, China).

4.2. Methods
4.2.1. Experimental Design

The two-year and two-site field experiments were conducted from 2020 to 2022. The
first round of field experiments was arranged on 1 November 2020 and plants were har-
vested on 1 March 2021. The second round was conducted on 5 November 2021 and plants
were harvested on 5 March 2022. The China Meteorological Data Service Center provided
the two growth seasons’ climate data, as shown in Table S1.

The first field experiment was carried out at the agricultural base of Hainan University,
Haikou, China (20◦06′ N, 110◦33′ E), and the second was conducted at the research base
of the Institute of Nanfan & Seed Industry, Guangdong Academic of Sciences at Yazhou
District, Sanya, China (18◦21′30′ ′ N, 109◦9′54′ ′ E). The soil type of the two fields was sandy
loam. All the soil physical and chemical properties at the 0–30 cm soil tillage layer are
presented in Table S2.

The field experiments were carried out as a two-factor split-plot design with five
replicates in a randomized block arrangement. The two sweet potato cultivars, YS-25
and PS-32, were assigned to the main plot with four plant distances, namely D15, 15 cm
plant distance and 83,280 plants ha−1; D20, 20 cm plant distance and 62,520 plants ha−1;
D25, 25 cm plant distance and 50,025 plants ha−1; and D30, 30 cm plant distance and
41,640 plants ha−1. The row distance was set at 80 cm for all. Each sub-plot had five ridges
covering 12.60, 16.80, 21.00, and 25.20 m2. Before planting, each treatment was initiated
with 120 kg ha−1 N, 112 kg ha−1 P2O5, and 240 kg ha−1 K2O as a base fertilizer.

Stem cuttings were planted with four nodes introduced into the soil by the oblique
planting method. During the experimental period, the field management, including pest,
disease, and weed control, consisted of local high-yield field practices.

4.2.2. Sampling and Measurements

Ten representative plants from each treatment were divided into two groups evenly at
15, 25, and 35 days after planting. In one group, the six thickest roots from five plants were
selected as potential storage roots [15,38], and the potential storage roots were washed with
distilled water. Then, they were dried with a tissue, immersed in liquid nitrogen, and stored
at −80 ◦C. These samples were obtained to analyze the gene expression. The root and shoot
systems of five plants from the other group were separated. Each plant’s root system was
examined to count the number of adventitious roots, weigh the total roots and potential
storage root by using an electric weighing balance, and measure the potential storage root’s
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thickest part’s diameter by using a Vernier caliper. The thickest part, with approximately a
1.00 cm length of the potential storage root, was immersed in 70% FAA fixative solution
(Scientific Phygene) to observe cambium development. The shoots and roots of each plant
were blanched at 105 ◦C for 30 min and 80 ◦C to a constant weight by oven drying. The
root dry matter was preserved to quantify the lignin and carbohydrate content.

Meanwhile, several parameters were obtained as follows:
Root/shoot ratio = root dry weight/shoot dry weight × 100%;
Ratio of root dry biomass allocation = root dry weight/total plant dry biomass × 100%;
Ratio of shoot dry biomass allocation = shoot dry biomass/total plant dry biomass × 100%;
Potential SR weight ratio = potential storage fresh weight/total root fresh weight × 100%.

At 45 days after planting, the division method of Wang [23] was used to calculate
the potential storage roots weighed and the number per plant (Φ > 2.00 mm). Further-
more, the number of young storage roots (2.00 < Φ ≤ 5.00 mm), developing storage roots
(5 < Φ ≤ 20 mm), and mature storage roots (Φ > 20 mm) was calculated. All store roots
were harvested 120 days after planting, and the total weight of the fresh storage roots in
each plot was recorded. Then, the average storage root numbers per plant, weight, and
yield were calculated. Moreover, five representative plants per plot were selected to mea-
sure the diameter and length of the storage root, and then the length/diameter ratio (L/D
ratio) was calculated [42]. The L/D ratio has been used to describe the shape in agricultural
products (if an object has L/D ratio = 1, it is considered circular). The uniformity of the
storage root weight is expressed by the coefficient of variation (CV), where CV = standard
deviation/average. The smaller the CV, the better the uniformity of the storage root weight.
In accordance with the grading standard of fresh sweet potato introduced by Si [38] and the
actual production in China in recent years, the storage roots (Φ > 1.00 cm, FW > 50 g) were
considered commercial storage roots. They were divided into large commercial storage
roots (FW of 250–500 g), medium-sized commercial storage roots (FW of 100–250 g), and
small commercial storage roots (FW 50~100 g). The number of commercial storage roots of
each grade was investigated manually.

4.2.3. Carbohydrate Content Determination

Sucrose and starch content was analyzed by anthrone colorimetry [43]. Approximately
200 mg of dry root sample was crushed into a powder and placed in a 10 mL centrifugal
tube with 5 mL distilled water. Then, the sample was centrifuged at 3000 rpm for 5 min.
The supernatants were collected in a 50 mL volumetric flask, and then distilled water was
added to the scale mark. This sample was noted as solution A. The residue was dissolved
by 10 mL of 3 mol mL−1 HCl and placed in a 50 mL volumetric flask. Then, it was placed
in a water bath for 40 min, cooled down to room temperature, and combined with 10 mL of
3 mol mL−1 NaOH. Afterwards, distilled water was added to the scale mark, and 2 mL of
this sample was transferred to a new 50 mL volumetric flask. Distilled water was added to
the scale mark, and this sample was noted as solution B. Solution A was used for sucrose
determination, and solution B was used for starch determination.

Approximately 2 mL of 2 mol L−1 KOH solution was transferred to 10 mL of solution
A, boiled for 10 min, cooled down to room temperature, and diluted with distilled water
to 50 mL. Afterwards, 2 mL of this sample was transferred to a new tube to react with the
anthrone reagent. The sucrose content was measured spectrophotometrically at 640 nm. A
sucrose solution (0.1%) was used as a standard solution.

Approximately 2 mL of solution B was transferred to the anthrone reagent and placed
in a boiling water bath for 5 min. Then, it was cooled to room temperature, and the starch
content was determined at 640 nm. Furthermore, a glucose solution (0.1%) was used to
generate a standard curve.

4.2.4. Lignin Content Determination

A lignin content assay kit was used to measure the lignin content in the potential
storage root (Suzhou Comin Biotechnology Co., Ltd., Suzhou, China). Dried roots (15 mg)
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were crushed and sieved (0.25 mm). Each sample was transferred to a 10 mL stoppered
glass test tube, and each tube was immersed with 1000 μL of reagent 1 and 40 μL of
perchloric acid and then placed at 80 °C for 40 min. Then, 5 mg quartz sand per tube for
three repetitions was used as the control. Each tube was shaken for 10 min. Then, 1000 μL
of reagent 2 was added and mixed well. The mixture was centrifuged at 5000 rpm for
2 min, and then 40 μL of the supernatant was removed and mixed with 1960 μL of reagent
3. Subsequently, the mixture was evaluated at 280 nm. Moreover, the lignin content was
calculated as follows:

Lignin content (mg/g dry weight) = (ΔA − 0.0068) ÷ 0.0694 × Vt × 10 − 3 ÷ W × T,

where ΔA = Asample − Actrl; Vt = total reaction system volume; W = sample weight; and
T = dilution ratio.

4.2.5. Root Anatomical Observation and Histochemical Analysis

Root samples were soaked in a 70% FAA fixation solution (FTY. Phygene Life Sciences
Co., Ltd., Fuzhou, China) and dehydrated using an ethanol dilution series before being
embedded in paraffin wax. Three samples from each treatment were cut into 15-μm-thick
sections with a microtome (Campden Instruments Ltd., London, UK). They were deparaf-
finized in a histoclear solution and rehydrated with an ethanol dilution series to further
prepare root sections for histochemical staining and autofluorescence imaging. Safranin–
fast green staining was used to investigate the root vascular system. The deparaffinized
samples were stained in safranin-O (1%) for 2 h, the excess dye was washed off with
distilled water, and then the samples were stained in fast green (0.5%) for 10 s. Images were
observed and captured by a Nikon DS-Fi1 digital camera. The number of protoxylems
and secondary xylem elements, the stele diameter, and the stele cross-sectional area were
counted or measured.

4.2.6. Real-Time Quantitative PCR Performance

The total RNA of potential storage roots was extracted in accordance with the Plant
Total RNA Isolation Kit Plus (Foregene, RE05024, Chengdu, China). The quality of iso-
lated RNA was described by the RNA concentration and strip integrity measured by a
micro-spectrophotometer (UV–Vis spectrophotometer Q5000, Quawell Technology, Inc.,
Sunnyvale, CA, USA). The first-strain cDNA was generated by the MonScriptTM RTIII
ALL-in-One with dsDNase (One-Step) (Monad Biotech Co., Ltd., Wuhan, China). Real-time
quantitative PCR was performed in a 20 μL reaction volume containing 1× MonAMPTM
ChemoHS qPCR Mix (Monad Biotech Co., Ltd., Wuhan, China). The procedures of real-time
quantitative PCR were performed in two steps as follows: initiated with predenaturation
at 95 ◦C for 10 min, followed by 40 cycles at 95 ◦C for 15 s and 60 ◦C for 30 s, and default
settings were used to collect the melt curves. Quantitative analysis was conducted using the
ABI QuanStudioTM 5 System with standard mode. qRT-PCR detection was performed in
three biological replicates. The relative expression levels were estimated using the 2−ΔΔCt

method. β-actin was used as the internal control. The primers used in qRT-PCR are listed
in Table S3.

4.2.7. Statistical Analysis

Two-way ANOVA was applied to determine the statistical significance, with a signifi-
cance level at p < 0.05, which was tested by LSD. The statistical analysis was performed
using the SPSS software (Version 19), and the figures were designed using the GraphPad
Prism software (Version 8.4.2 for Windows).

5. Conclusions

In this study, the response mechanism of the storage root number, yield, and storage
root commercial traits to the planting density was explained from the aspects of carbohy-
drate and lignin metabolism, such as carbohydrate content, lignin content, and the related
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regulatory gene expression in potential storage roots, as well as the potential storage root
histochemical analysis, plant dry matter dynamics, and young root traits. The results
proved that an appropriate planting density (D20 treatment in this study) could promote
carbohydrate accumulation and inhibit lignin biosynthesis in potential storage roots. This
finding could facilitate storage root formation to increase the storage root number by stim-
ulating cambium cell division and inhibiting stele cell lignification. The planting density is
an important factor in regulating carbohydrate and lignin metabolism in potential storage
roots, affecting the number and yield and the commercial traits of sweet potato storage
roots. However, storage root formation and storage root bulking are two important events
that determine the final yield of this crop. Therefore, the findings were confirmed by taking
into account the storage root bulking mechanism and photosynthetic features in response
to planting density during the storage root bulking period (50–90 days after planting, data
not given in this study).

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/plants12102039/s1, Table S1: Climatic conditions; Table S2: Experimental
soil physical and chemical properties; Table S3: Gene primer sequences used in qRT-PCR.
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10. Bilska-Kos, A.; Mytych, J.; Suski, S.; Magoń, J.; Ochodzki, P.; Zebrowski, J. Sucrose phosphate synthase (SPS), sucrose synthase
(SUS) and their products in the leaves of Miscanthus× giganteus and Zea mays at low temperature. Planta 2020, 252, 23. [CrossRef]

11. Stein, O.; Granot, D. An overview of sucrose synthases in plants. Front. Plant Sci. 2019, 10, 95. [CrossRef]

29



Plants 2023, 12, 2039

12. Yu, H.; Wang, T. Proteomic dissection of endosperm starch granule associated proteins reveals a network coordinating starch
biosynthesis and amino acid metabolism and glycolysis in rice endosperms. Front. Plant Sci. 2016, 7, 707. [CrossRef] [PubMed]

13. Li, H.; Gidley, M.J.; Dhital, S. High-amylose starches to bridge the “Fiber Gap” development, structure, and nutritional functional-
ity. Compr. Rev. Food Sci. Food Saf. 2019, 18, 362–379. [CrossRef]

14. Du, F.; Liu, H.; Yin, X.; Zhao, Q.; Shi, C. Potassium-mediated regulation of sucrose metabolism and storage root formation in
sweet potato. Arch. Agron. Soil Sci. 2021, 67, 703–713. [CrossRef]

15. Si, C.; Shi, C.; Liu, H.; Zhan, X.; Liu, Y.; Wang, D.; Meng, D.; Tang, L. Influence of two nitrogen forms on hormone metabolism in
potential storage roots and storage root number of sweetpotato. Crop Sci. 2018, 58, 2558–2568. [CrossRef]

16. Wu, Y.; Ren, Z.; Gao, C.; Sun, M.; Li, S.; Min, R.; Wu, J.; Li, D.; Wang, X.; Wei, Y.; et al. Change in sucrose cleavage pattern and
rapid starch accumulation govern lily shoot-to-bulblet transition in vitro. Front. Plant Sci. 2021, 11, 564713. [CrossRef]

17. Mottiar, Y.; Vanholme, R.; Boerjan, W.; Ralph, J.; Mansfield, S.D. Designer lignins harnessing the plasticity of lignification. Curr.
Opin. Biotechnol. 2016, 37, 190–200. [CrossRef]

18. Escamilla-Treviño, L.L.; Shen, H.; Hernandez, T.; Yin, Y.; Xu, Y.; Dixon, R.A. Early lignin pathway enzymes and routes to
chlorogenic acid in switchgrass (Panicum virgatum L.). Plant Mol. Biol. 2014, 84, 565–576. [CrossRef]

19. Xu, R.X.; Ni, R.; Gao, S.; Fu, J.; Xiong, R.L.; Zhu, T.T.; Liu, H.X.; Cheng, A.X. Molecular cloning and characterization of two distinct
caffeoyl CoA O-methyltransferases (CCoAOMTs) from the liverwort Marchantia paleacea. Plant Sci. 2022, 314, 111102. [CrossRef]

20. Chao, N.; Huang, S.; Kang, X.; Yidilisi, K.; Dai, M.; Liu, L. Systematic functional characterization of cinnam yl alcohol dehydroge-
nase family members revealed their functional divergence in lignin biosynthesis and stress responses in mulberry. Plant Physiol.
Biochem. 2022, 186, 145–156. [CrossRef]

21. Li, L.; Yang, K.; Wang, S.; Lou, Y.; Zhu, C.; Gao, Z. Genome-wide analysis of laccase genes in moso bamboo highlights PeLAC10
involved in lignin biosynthesis and in response to abiotic stresses. Plant Cell Rep. 2020, 39, 751–763. [CrossRef] [PubMed]

22. Cai, Z.; Cai, Z.; Huang, J.; Wang, A.; Ntambiyukuri, A.; Chen, B.; Zheng, G.; Li, H.; Huang, Y.; Zhan, J.; et al. Transcriptomic
analysis of tuberous root in two sweet potato varieties reveals the important genes and regulatory pathways in tuberous root
development. BMC Genom. 2022, 23, 473. [CrossRef] [PubMed]

23. Wang, H.; Yang, J.; Zhang, M.; Fan, W.; Firon, N.; Pattanaik, S.; Yuan, L.; Zhang, P. Altered phenylpropanoid metabolism in the
maize Lc-expressed sweet potato (Ipomoea batatas) affects storage root development. Sci. Rep. 2016, 6, 18645. [CrossRef] [PubMed]

24. Shao, H.; Xia, T.; Wu, D.; Chen, F.; Mi, G. Root growth and root system architecture of field-grown maize in response to high
planting density. Plant Soil 2018, 430, 395–411. [CrossRef]

25. Wang, Y.; Qin, Y.; Chai, Q.; Feng, F.; Zhao, C.; Yu, A. Interspecies interactions in relation to root distribution across the rooting
profile in wheat-maize intercropping under different plant densities. Front. Plant Sci. 2018, 9, 483. [CrossRef]

26. Zhou, J.; Zhang, Z.; Xin, Y.; Chen, G.; Wu, Q.; Liang, X.; Zhai, Y. Effects of Planting Density on Root Spatial and Temporal
Distribution and Yield of Winter Wheat. Agronomy 2022, 12, 3014. [CrossRef]

27. Muñoz-Parra, E.; Pelagio-Flores, R.; Raya-González, J.; Salmerón-Barrera, G.; Ruiz-Herrera, L.F.; Valencia-Cantero, E.; López-
Bucio, J. Plant–plant interactions influence developmental phase transitions, grain productivity and root system architecture in
Arabidopsis via auxin and PFT1/MED25 signalling. Plant Cell Environ. 2017, 40, 1887–1899. [CrossRef]

28. Sukumaran, S.; Reynolds, M.P.; Lopes, M.S.; Crossa, J. Genome-wide association study for adaptation to agronomic plant density:
A component of high yield potential in spring wheat. Crop Sci. 2015, 55, 2609–2619. [CrossRef]

29. Zhang, H.; Xie, B.; Wang, B.; Wang, Q.; Dong, S.; Li, A.; Hou, F.; Duan, W.; Zhang, L. Effects of Planting Density on Yield and
Source-sink Characteristics of Sweet Potato [Lpomoea batatas (L.) Lam]. Agric. Sci. Technol. 2015, 16, 1628–1642.

30. Firon, N.; LaBonte, D.; Villordon, A.; Kfir, Y.; Solis, J.; Lapis, E.; Perlman, T.S.; Doron-Faigenboim, A.; Hetzroni, A.; Althan, L.; et al.
Transcriptional profiling of sweetpotato (Ipomoea batatas) roots indicates down-regulation of lignin biosynthesis and up-regulation
of starch biosynthesis at an early stage of storage root formation. BMC Genom. 2013, 14, 460. [CrossRef]

31. Si, C.; Shi, C.; Liu, H.; Zhan, X.; Liu, Y. Effects of nitrogen forms on carbohydrate metabolism and storage-root formation of sweet
potato. J. Plant Nutr. Soil Sci. 2018, 181, 419–428. [CrossRef]

32. Singh, V.; Zemach, H.; Shabtai, S.; Aloni, R.; Yang, J.; Zhang, P.; Sergeeva, L.; Ligterink, W.; Firon, N. Proximal and distal parts of
sweetpotato adventitious roots display differences in root architecture, lignin, and starch metabolism and their developmental
fates. Front. Plant Sci. 2021, 11, 609923. [CrossRef] [PubMed]

33. Sun, J.; Hui, K.; Guo, Z.; Li, Y.; Fan, X. Cellulose and lignin contents are negatively correlated with starch accumulation, and their
correlation characteristics vary across cassava varieties. J. Plant Growth Regul. 2023, 42, 658–669. [CrossRef]

34. Wang, C.; Wu, J.; Tang, Y.; Min, Y.; Wang, D.; Ma, X.; Li, H.; Li, J.; Chen, Y.; Chen, S.; et al. Understanding the changes of
phenylpropanoid metabolism and lignin accumulation in wounded cassava root during postharvest storage. Sci. Hortic. 2023,
310, 111765. [CrossRef]

35. Townsley, B.T.; Sinha, N.R.; Kang, J. KNOX1 genes regulate lignin deposition and composition in monocots and dicots. Front.
Plant Sci. 2013, 4, 121. [CrossRef]

36. Tanaka, M. Recent progress in molecular studies on storage root formation in sweetpotato (Ipomoea batatas). Jpn. Agric. Res. Q.
2016, 50, 293–299. [CrossRef]

37. Ravi, V.; Chakrabarti, S.K.; Makeshkumar, T.; Saravanan, R. Molecular regulation of storage root formation and development in
sweet potato. In Horticultural Reviews: Volume 42; Wiley Online Library: Hoboken, NJ, USA, 2014; pp. 157–208.

30



Plants 2023, 12, 2039

38. Si, C.C.; Liang, Q.G.; Liu, H.J.; Wang, N.; Kumar, S.; Chen, Y.L.; Zhu, G.P. Response Mechanism of Endogenous Hormones of
Potential Storage Root to Phosphorus and Its Relationship with Yield and Appearance Quality of Sweetpotato. Front. Plant Sci.
2022, 13, 872422. [CrossRef]

39. Villordon, A.Q.; Clark, C.A. Variation in virus symptom development and root architecture attributes at the onset of storage root
initiation in ‘Beauregard’sweetpotato plants grown with or without nitrogen. PLoS ONE 2014, 9, e107384. [CrossRef]

40. Liu, Y.; Liao, Y.; Liu, W. High nitrogen application rate and planting density reduce wheat grain yield by reducing filling rate of
inferior grain in middle spikelets. Crop J. 2021, 9, 412–426. [CrossRef]

41. Severini, A.D.; Borrás, L.; Westgate, M.E.; Cirilo, A.G. Kernel number and kernel weight determination in dent and popcorn
maize. Field Crops Res. 2011, 120, 360–369. [CrossRef]

42. Villordon, A.; LaBonte, D.; Firon, N.; Carey, E. Variation in nitrogen rate and local availability alter root architecture attributes at
the onset of storage root initiation in ‘Beauregard’sweetpotato. HortScience 2013, 48, 808–815. [CrossRef]

43. Laurentin, A.; Edwards, C.A. A microtiter modification of the anthrone-sulfuric acid colorimetric assay for glucose-based
carbohydrates. Anal. Biochem. 2003, 315, 143–145. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

31



Citation: Lesmes-Vesga, R.A.; Cano,

L.M.; Ritenour, M.A.; Sarkhosh, A.;

Chaparro, J.X.; Rossi, L. Variation in

the Root System Architecture of

Peach × (Peach × Almond)

Backcrosses. Plants 2023, 12, 1874.

https://doi.org/10.3390/

plants12091874

Academic Editor: Erica Lumini

Received: 30 March 2023

Revised: 1 May 2023

Accepted: 2 May 2023

Published: 3 May 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

plants

Article

Variation in the Root System Architecture of Peach × (Peach ×
Almond) Backcrosses

Ricardo A. Lesmes-Vesga 1, Liliana M. Cano 2, Mark A. Ritenour 1, Ali Sarkhosh 3, Josè X. Chaparro 3

and Lorenzo Rossi 1,*

1 Indian River Research and Education Center, Horticultural Sciences Department, Institute of Food and
Agricultural Sciences, University of Florida, Fort Pierce, FL 34945, USA; ricardolesmes@ufl.edu (R.A.L.-V.)

2 Indian River Research and Education Center, Plant Pathology Department, Institute of Food and Agricultural
Sciences, University of Florida, Fort Pierce, FL 34945, USA; lmcano@ufl.edu

3 Horticultural Sciences Department, Institute of Food and Agricultural Sciences, University of Florida,
Gainesville, FL 32603, USA

* Correspondence: l.rossi@ufl.edu; Tel.: +1-(772)-577-7341

Abstract: The spatial arrangement and growth pattern of root systems, defined by the root system
architecture (RSA), influences plant productivity and adaptation to soil environments, playing an
important role in sustainable horticulture. Florida’s peach production area covers contrasting soil
types, making it necessary to identify rootstocks that exhibit soil-type-specific advantageous root
traits. In this sense, the wide genetic diversity of the Prunus genus allows the breeding of rootstock
genotypes with contrasting root traits. The evaluation of root traits expressed in young seedlings and
plantlets facilitates the early selection of desirable phenotypes in rootstock breeding. Plantlets from
three peach × (peach × almond) backcross populations were vegetatively propagated and grown in
rhizoboxes. These backcross populations were identified as BC1251, BC1256, and BC1260 and studied
in a completely randomized design. Scanned images of the entire root systems of the plantlets were
analyzed for total root length distribution by diameter classes, root dry weight by depth horizons,
root morphological components, structural root parameters, and root spreading angles. The BC1260
progeny presented a shallower root system and lower root growth. Backcross BC1251 progeny
exhibited a more vigorous and deeper root system at narrower root angles, potentially allowing it to
explore and exploit water and nutrients in deep sandy entisols from the Florida central ridge.

Keywords: Prunus; stone fruit; rootstock breeding; stem cutting; root system architecture; rhizotron

1. Introduction

Given the continuing increase in food demand and the environmental impacts of
agricultural production worldwide, the improvement of water and nutrient use efficiency
is essential for sustainable horticulture. Plant genotype determines root morphology, which
influences the plants’ efficiency in nutrients and water uptake [1]. There is widespread
evidence for genotypic variation in root traits of many species [2] and the genus Prunus, to
which peach [Prunus persica (L.) Batsch] belongs, is no exception. Peach is the third most
produced temperate tree fruit species behind apple and pear [3].

Root architectural traits determine the temporal and spatial distribution of the root
systems in soil, playing a fundamental role in the ability of plants to uptake soil resources.
According to Manschadi et al. [2], root system architecture (RSA) is defined as the in situ
space-filling properties or the spatial distribution of the root system within the rooting
volume. Lynch [4] defines RSA as the spatial arrangement and growth pattern of roots,
which influences the water and nutrient uptake ability of plants and their exploration ca-
pacity in the growing media in response to resource distribution. Thus, RSA determines the
productivity and adaptation of horticultural crops to suboptimal soil environments [2,5].
Rootstocks with longer roots and numerous lateral branches and root hairs explore the

Plants 2023, 12, 1874. https://doi.org/10.3390/plants12091874 https://www.mdpi.com/journal/plants32



Plants 2023, 12, 1874

soil more efficiently as they uptake water and nutrients at different depths and soil tex-
tures [6]. RSA traits play a fundamental role in achieving this goal, influencing the ability
of root systems to take up water and nutrients [7]. This was confirmed by Fitter et al. [8],
who demonstrated that nutrient and water uptake efficiency is a function of root system
architecture. The development and configuration of the root system affect plants’ soil
exploration and resource exploitation in the niche occupied by plants [9]. A herringbone
root architecture (branches from a single primary root axis) is typically developed by plants
adapted to nutrient- or water-poor soils [10].

In general, the main challenges for peach production are associated with drought,
waterlogging, alkalinity tolerance, and soil-borne diseases, especially nematodes [11,12].
Since the Prunus genus encompasses a wide number of species (over 230), exploiting this
genetic diversity can significantly enhance the development of rootstocks with improved
resource use efficiency and field performance [13]. The range of rootstocks available for
peach production has increased dramatically in the last few decades [3]. Despite the
fundamental importance of studying root systems, this “hidden half” has not been studied
as detailed as the aerial part of the plants, particularly in perennial fruit trees such as peach.
Studying the RSA and diversity of root traits among peach genotypes can be important for
rootstocks breeding given the horticultural applications for water and nutrient management
of orchards [9,14]. The relative tolerance of rootstocks to water stress is influenced by RSA
traits, such as rooting depth, root density, specific root length, and root/shoot ratio [15].

Extensive research has reported the potential for RSA improvement since traits such
as root depth appear to be controlled by multiple genes in crops such as wheat [7]. Nev-
ertheless, root growth and architecture are also influenced by the local soil environment,
depending upon the plasticity of the genotype [16]. Soil is often heterogeneous and a com-
plex medium with high spatial and temporal environmental variability (i.e., soil texture,
structure, nutrient, and water content) [17,18]. There are contrasting RSAs between plant
materials and soil types, as found in the peach production area in Florida. Root architectural
traits that increase the acquisition efficiency for one soil resource may not be appropriate
to capture other soils’ resources. Optimizing root architecture to improve the acquisition
efficiency for one soil resource may incur trade-offs for acquiring other resources [2]. For
instance, shallower RSAs are more efficient in acquiring immobile nutrients such as phos-
phorus (P). In contrast, deeper RSAs optimize water uptake and increase the acquisition
of mobile nutrients such as nitrate (NO3-N) [5]. As pointed out by Manschadi et al. [2],
the advantages of architectural root traits must be interpreted in the context of the type
of environment in which the crops are grown. Therefore, it is highly relevant to identify
the appropriate rootstock root system suitable to the specific limitations, and that can offer
advantages that the in situ-soil type presents.

One of the particularities of the peach industry in Florida (USA) is that most of the
main production areas cover contrasting soil types represented by psamments (sandy
entisols) in the central ridge and aquods (wet spodosols) in the Flatwoods [19]. Since
choosing the best rootstock for a particular soil is one of the most important decisions
for successful peach orchard establishment [20], the study of rootstock RSA is crucial for
understanding their adaptability to given edaphic conditions [21].

For the reasons given above, it is very important to develop studies that provide
information about the potential horticultural performance of rootstocks in light of their
RSA analysis. However, the study of the below-ground part of perennial fruit trees, such as
stone fruits, under field conditions is highly challenging. The development of methods and
equipment such as rhizoboxes has helped to overcome these issues by allowing direct and
repeated observations of the roots within the rhizosphere [22,23]. Rhizoboxes also permit
the imaging and monitoring of root growth dynamics without disturbance [1,24].

The total root length of a system is the most important measure of its growth [2,25–27].
According to Manschadi et al. [28], the analysis of early expressed root traits, such as root
angle, represents potential selection criteria for breeding. Many studies of RSA analysis
are carried out in young seedlings under laboratory conditions since seedling roots can be
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observed and measured rapidly and relatively easily. These laboratory conditions allow for
higher detail, replication and standardization, allowing the comparison between species
and genotypes [14].

‘Flordaguard’ is a seed propagated rootstock released by the University of Florida in
1991, with complex parentage that includes P. persica and P. davidiana in its pedigree. It is
currently the only rootstock recommended for commercial peach production in Florida
mainly because of its lower chill requirement and resistance to root-knot nematode, in-
cluding Meloidogyne floridensis found in Florida soils [29]. Among other advantages that
‘Flordaguard’ exhibits, this rootstock is compatible with all peach cultivars, propagates
easily by seed, has quicker readiness for grafting [30,31], and its red leaves facilitates the
suckers detection and removal. However, ‘Flordaguard’ is susceptible to iron deficiency
chlorosis under alkaline conditions [32]. The backcrossing with almond for peach produc-
tion confers better adaptation to low-chill areas [33,34], and more tolerance to drought
and alkalinity avoiding iron chlorosis (known as lime-induced chlorosis) [20,35,36]. In
this study, ‘Flordaguard’ was used in one of the peach × (peach × almond) backcross
families studied in this experiment. The peach × almond parental selections used in this
study, being ‘Flordaguard’ the female parental line, are highly resistant to Botryosphaeria
dothidea. These materials segregate rootstock populations for peach production on con-
trasting soils in Florida (USA): Sandy Entisols of the Central Ridge and Wet Spodosols
of the Flatwoods [19]. The main objective of this study was to compare the root system
architecture of vegetatively propagated peach × (peach × almond) backcrosses.

2. Results

2.1. Root Growth Parameters

The average total root length of Backcross BC1260 was 243 cm, which was significantly
lower than that of BC1251 (806 cm) and BC1256 (591 cm) (Table 1). Similar differences
were obtained for total root surface area between the backcrosses BC1251 (82.1 cm2),
BC1256 (71.9 cm2), and BC1260 (29.4 cm2) (Table 1). There were no significant differences
between the average root diameters (0.39–0.44 cm) of all the backcrosses (Table 1). The
total root volume of BC1260 (0.29 cm3) was significantly lower than BC1251 (0.69 cm3) and
BC1256 (0.72 cm3), which were not significantly different from each other (Table 1). BC1251
generated significantly more root tips (3608) compared with the backcrosses BC1256 (1920)
and BC1260 (1156), which were also significantly different from each other (Table 1). These
relative differences were also evident in the number of root forks, where BC1251 (3207)
had a significantly higher number of root tips than backcrosses BC1256 (1803) and BC1260
(1179), which did not report a significantly different number of root forks from each other
(Table 1).

2.2. Root Structural Parameters

The root specific length of BC1251 (6500 cm/g) was significantly higher than back-
crosses BC1256 (5195 cm/g) and BC1260 (5534 cm/g), which show non-significant dif-
ferences between each other. Similarly, the root fineness of BC1251 (1201 cm/cm3) was
significantly higher than BC1256 (832 cm/cm3) and BC1260 (860 cm/cm3) (Table 1). Finally,
the root tissue density of backcross BC1256 (0.16 g/cm3) was not significantly different from
BC1251 and BC1260 (0.19 and 0.15 g/cm3, respectively). However, BC1251 was significantly
higher than BC1260 for this structural root parameter (Table 1).

2.3. Root Dry Weight and Morphological Components

The root dry weight of BC1260 (0.04 g) was significantly lower than BC1251 (0.14 g)
and BC1256 (0.12 g), which were not significantly different from each other (Table 1).

BC1251 had a root mass ratio (0.13 g/g) significantly higher than BC1260 (0.06 g/g)
(Table 1). The root mass ratio of BC1256 (0.11 g/g) was intermediate and not significantly
different from BC1251. These relative differences were mirrored in the root length ratio for
BC1251 (661 cm/g), BC1256 (512 cm/g), and BC1260 (334 cm/g) (Table 1).
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Table 1. Statistical results of the comparisons between the backcrosses BC1251, BC1256, and BC1260
for their root growth parameters, and structural parameters, dry weight, and morphological compo-
nents. Mean values (n = 4) not connected by the same letter are significantly different according to
Tukey’s studentized range (HSD) test (p ≤ 0.05).

Root Growth Parameters

Backcross Response SE Group Backcross Response SE Group

Total root length (cm) Total Root Volume (cm3)

BC1251 806 91.5 a BC1251 0.69 0.10 a
BC1256 591 148.5 a BC1256 0.72 0.16 a
BC1260 243 21.3 b BC1260 0.29 0.02 b

Total Root Surface Area (cm2) Number of Root Tips

BC1251 82.1 10.6 a BC1251 3608 41.85 a
BC1256 71.9 16.5 a BC1256 1920 529.09 b
BC1260 29.4 0.5 b BC1260 1156 164.60 c

Average Root Diameter (mm) Number of Root Forks

BC1251 0.41 0.06 ns BC1251 3207 649.73 a
BC1256 0.44 0.04 ns BC1256 1803 572.20 b
BC1260 0.39 0.03 ns BC1260 1179 238.19 b

Root Structural Parameters Root Dry Weight and Morphological Components

Backcross Response SE Group Backcross Response SE Group

Root Specific Length (cm/g) Root Dry Weight (g)

BC1251 6500 650.35 a BC1251 0.14 0.03 a
BC1256 5195 377.91 b BC1256 0.12 0.03 a
BC1260 5534 341.82 b BC1260 0.04 0.00 b

Root Tissue Density (g/cm3) Root Mass Ratio (g/g)

BC1251 0.19 0.01 a BC1251 0.13 0.03 a
BC1256 0.16 0.02 ab BC1256 0.11 0.02 a
BC1260 0.15 0.02 b BC1260 0.06 0.01 b

Root Fineness (cm/cm3) Root Length Ratio (cm/g)

BC1251 1201 47.15 a BC1251 661 70.71 a
BC1256 832 133.90 b BC1256 512 90.18 a
BC1260 860 123.63 b BC1260 334 63.16 b

2.4. Total Root Length Distribution by Diameter Classes

The total length of very fine roots (≤0.5 mm) of BC1251 (673.41 cm) was significantly
higher than BC1256 (442.04 cm), which was significantly higher than BC1260 (189.59 cm)
(Figure 1a). However, the total length of fine (>0.5–≤1.0 mm) and thin (>1.0 mm) roots
from BC1251 (118.59 cm and 13.60 cm, respectively) were not significantly different from
BC1256 (129.84 cm and 19.23 cm). Conversely, BC1260 had significantly lower values in
fine and thin class roots (47.29 cm and 6.62 cm) compared with the other two backcrosses.

2.5. Root Spreading Angle

The total root length of all the backcrosses were not significantly different within the
shallower (0–25◦) and shallow (25–45◦) spreading angles (Figure 1b). However, the root
length within the deep spreading angle (45–65◦) in the backcross BC1260 (85.68 cm) was
significantly lower than the other two backcrosses. Finally, within the deeper spreading
angle (65–90◦), BC1251 showed a significantly higher root length (352.10 cm) than the other
two backcrosses, which were significantly different to each other, where BC1256 showed a
higher root length (248.62 cm) than BC1260 (85.68 cm) (Figure 1b).
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Figure 1. (a) Total root length comparisons grouped in three root diameter classes (very fine, fine,
and thin) for families BC1251, BC1256, and BC1260, showing the interaction backcross/diameter
class. (b) Root Spreading Angles (RSG) values estimated in terms of the total root length distributed
between angular sections: shallower (0–25◦), shallow (25–45◦), deep (45–65◦), and deeper (65–90◦).
Bars represent the standard error from the mean (n = 4), and different letters represent significant
differences at p ≤ 0.05.

2.6. Root Depth Pattern and Root Depth Index

There were no significant differences between BC1251 (Figure 2a) and BC1256 (Figure 2b)
within the percentage of total root length between their root horizons (A, B, and C). Con-
versely, in BC1260 (Figure 2c), the percentage of the total root length from horizon C (8.78%)
was significantly lower than horizon A (51.49%) and horizon B (41.92%), which were not
significantly different from each other. Regarding the root depth index (RDI), the backcross
BC1260 (10.5) had significantly lower values than BC1251 (15.0) and BC1256 (14.4), which
were not significantly different from each other (Figure 2d).
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Figure 2. Root distribution pattern (RDP) based on the vertical distribution of roots of the backcrosses:
(a) BC1251, (b) BC1256, and (c) BC1260 along the root system horizons (A, B, and C). (d) Root depth
index (RDI) of the three backcrosses. Bars represent the standard error from the mean (n = 4), and
different letters represent significant differences at p ≤ 0.05.
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3. Discussion

Most of the root growth parameters of backcross BC1260 exhibited a smaller average
size. A possible explanation for the smaller root system in BC1260 may be due to the vigor
reduction provoked by inbreeding depression, where the reduction in vigor traits occurs in
offspring of related parents [37,38]. BC1260 was the only backcross that has ‘Flordaguard’
in the pedigrees of the male (peach × almond male parent) and female parents (‘R95654.16’).
The selection ‘R95654.16’ originated from a USDA selection × ‘Flordaguard’ F2 population.
It is possible that backcross BC1260 is potentially a dwarfing rootstock. In peach, dwarf
trees exhibit smaller root systems, and compact trees tend to exhibit high root branching [9].

On the other hand, the backcross BC1251 exhibited superior values in most root
growth parameters resulting in a more robust root system in general. This is a potential
advantage for BC1251 and BC1256 over BC1260 in the psamments (sandy entisols) of the
Florida central ridge. The root system architecture is critically important for soil exploration
and nutrient acquisition (Lynch, 2007), and trees with smaller root systems may be more
sensitive to soil resource limitations typical of sandy entisols [9].

The backcrosses BC1251 and BC1256 exhibited an interesting superiority in root
diameter classes. Fine roots (<1 mm in diameter) are believed to play an important role
in water and nutrient uptake [39]. According to Solari et al. [40], the efficiency in water
transport of peach rootstocks may be influenced by this trait, where most of the water
uptake is presumed to occur in roots with <1 mm of diameter, with a direct effect on the
radial hydraulic conductance. Moreover, BC1251 exhibited a higher number of root tips
with a diameter <1 mm at the deepest horizon (C) compared with the other horizons and
compared with the other backcrosses in this horizon (data not shown). This agreed with
Basile et al. [41], who found in ‘K119-50’, a rootstock with almond in its genetic background,
the highest number of fine roots in the deepest soil layer (below 69 cm) compared with
‘Nemaguard’ and ‘Hiawatha’ rootstocks.

Root dry matter and root morphological components of backcross BC1251 were higher
in general, and significantly different from BC1260. This is especially advantageous for
BC1251, since the root mass ratio can affect tree–soil–water relations [39]. Additionally, a
higher root length ratio may suggest a more efficient soil exploration and higher hydraulic
conductance, leading to superior water uptake efficiency [40]. Similar studies in citrus
rootstocks have reported this correlation between a higher root length ratio and high root
hydraulic conductance [42].

The root length per unit root biomass (root specific length) of BC1251 was also higher
than the other backcrosses with no significant differences. Higher values of this trait
suggest an efficient soil exploration at lower carbohydrate costs, which is beneficial under
limited water supply, as reported by Eissenstat [43] in citrus rootstocks in sandy soil
(quartzipsamment) in Florida. It is noteworthy that this soil type is similar to the psamments
(sandy entisols) from the Florida central ridge, where a good part of Florida’s peach
production is located. These soil types have a low water-holding capacity and essentially
no horizon development or soil structure [19].

The root depth pattern of backcrosses BC1251 and BC1256 was similar, showing a
deeper and more evenly distributed average root length between the substrate profiles.
Conversely, the backcross BC1260 exhibited a significantly higher percentage of its total
root length distributed in the shallowest horizon (A). This shallower root system would
be more appropriate for flood-prone ‘Flatwood’ soils, where root asphyxiation can be a
problem. Conversely, the root systems of BC1251 and BC1256 have a higher proportion
of the roots in the deepest profile. This morphology suggests that BC1251 and BC1256 be
evaluated in the deep, well-drained soils of the Florida central ridge. Such higher root-
length distribution at depth allows potential access to water at greater depth, potentially
making the rootstocks more drought-tolerant [28,44,45]. These features are also convenient
in response to soil drying at the surface layers [2], as they tend to occur in psamments
because of percolation [19]. Moreover, Glenn and Welker [46] found circumstantial evidence,
indicating that the development of deep roots is important to maintain the root system
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when the soil’s top layers are dry in peach. In this sense, deeper root distribution patterns
and higher root depth indexes are key for capturing leach-prone nutrients in such soils as
well. A deeper and more vigorous root system enables access to leached nitrates (NO3−)
and enhances drought adaptation by improving access to water stored in subsoil [45].

The higher values of root length distributed within the deeper spreading angles
(65–90◦) in the backcrosses BC1251 and BC1256 were consistent with the root distribution
pattern and root depth index, confirming the feasible higher adaptability of BC1251 and
BC1256 to deep sandy soils. According to Lynch [5], root gravitropism is an architectural
trait under genetic control, and genotypes that express a narrow growth angle may be
suitable for environments where plants rely largely on subsoil water [47]. Moreover, this
type of root spreading may enhance the energy efficiency of these backcrosses for this
purpose by inhibiting the elongation of lateral roots while maintaining primary root growth
downwards [16,48].

Based on the principle of reiteration found in the entire root system of plum trees [49],
we inferred the performance of adult rootstocks from the studied rootstock plantlets.
Breeding for root system architecture traits may be a more efficient method to select for
drought tolerance compared to breeding for physiological tolerance [36].

One of the goals of this study was to identify promising rootstock materials for the
Florida central ridge and/or the Florida flatwoods. The root architecture of BC1251 and
BC1256 is different to that observed in BC1260. Our results suggest that the three backcross
populations should be evaluated under field conditions in locations with contrasting
flatwood and central ridge-type soils. Such an experiment would demand the use of a
technique different from rhizoboxes to study the RSA in situ with a wider time span. The
results from such an experiment would indicate if the architectural data obtained in the
rhizoboxes is predictive of root architecture in the field and, therefore, tree performance
under varying soil conditions. Low-chill rootstocks that include plum (Prunus subg. prunus)
in their genetic background are likely to be tolerant to flooding stress, whereas those crossed
with almonds, such as the backcrosses BC1251, BC1256, and BC1260, are likely to be highly
susceptible [50]. Finally, no anatomical studies were carried out on the rootstock materials
used in this project. Therefore, we recommend for future studies to consider, in addition to
the root architectural traits analyzed in this study, to include the additional factors such as
the anatomical features of these backcrosses that may potentially influence the rootstock
hydraulic conductivity in peach [40].

4. Materials and Methods

4.1. Plant Material

Seedlings of peach backcrosses: peach [Prunus persica (L.) Batsch] × (peach × almond
[Prunus dulcis (Mill.) D.A. Webb]) were obtained. The mother trees were the peach selection
‘R95654.16’, located at the Southeastern Fruit and Tree Nut Research Laboratory of the
USDA-ARS in Byron, GA, USA. The pollen parents were three different peach × almond
hybrid selections: 1251, 1256, and 1260, located at the Fruit Tree Breeding and Genetics Lab-
oratory of the Horticultural Sciences Department at the University of Florida in Gainesville,
FL, USA. The parentages of the backcross families (BC) pedigrees are described in Table 2.
The Peach × ‘Tardy Nonpareil’ almond hybrids used in this study have been identified as
resistant to peach gummosis caused by Botryosphaeria dothidea [42].

4.2. Production of Backcross Populations

During the bloom season, “popcorn” stage (still closed and with expanded petals)
were collected daily from peach × almond F1 hybrids for pollen extraction. The collected
flowers were stored at 9 ◦C in sealed plastic bags, and the pollen was extracted by removing
and drying the anthers at ambient temperature. The extracted pollen was stored in sealed
plastic bags at 1 ◦C.

For controlled crosses, all open flowers were removed from the mother trees prior to
pollination. Pollinations were performed daily on “popcorn” stage flowers. Flowers were

38



Plants 2023, 12, 1874

emasculated by removing the sepals, petals, and stamens, exposing the pistil. Pollen was
immediately applied to the stigma using a pencil eraser. Pollinations were performed over
a 5-week period.

Table 2. List of interspecific peach × (peach × almond) backcross populations from which the leafy
softwood cuttings used in this study were obtained.

Backcross ID Female ♀(peach) Male ♂(peach × almond)

BC1251 ‘R95654.16’ ‘Fla. 97-47c’ × ‘Tardy-Nonpareil’
BC1256 ‘R95654.16’ ‘Fla. 97-42c’ × ‘Tardy-Nonpareil’
BC1260 ‘R95654.16’ ‘Flordaguard’ × ‘Tardy-Nonpareil’

4.3. Seeds Stratification and Germination

The mature fruits were harvested from the mother trees, discarding the extracted seed
that floated in the water. Non-floating seeds were hydrated by immersing them in water
for 96 h, renewing the water every 24 h. After this period, the seeds were submerged
in Captan fungicide (Drexel Chemical, Memphis, TN, USA) (0.15% w/v) for 24 h. Seeds
were then stratified in a plastic bag containing perlite moistened with Captan (0.15% w/v)
for six weeks at 4–8 ◦C, until germination. Germinating seeds were sown in plastic trays
(720700C SureRoots®; T.O. Plastics, Inc.; Clearwater, MN, USA) containing a 1:1 blend
of potting mix sphagnum (Jolly Gar-dener® Pro-Line C/20 Growing Mix; Jolly Gardener
Products, Inc.; Poland Spring, ME, USA) and coarse perlite (Specialty Vermiculite Corp.;
Pompano Beach, FL, USA). Before filling up the germination trays, these were disinfected
using a sodium hypochlorite solution (1.5% v/v) for 30 min. The potting blend was
autoclaved at 121 ◦C for 90 min prior to use. The germination trays were covered with
shade cloth at 70% shading in the greenhouse and watered manually. In the case of early
fruit drops or pest/pathogen damage, the embryo rescue protocol developed by Chaparro
and Sherman [43] was used: fruits were incubated in a sodium hypochlorite solution
(1.88% v/v) for 20 min. Seeds were extracted under a laminar flow hood and cultured
in test tubes containing sterile K2 tissue culture media with 30 mg of sucrose for peach
ovule culture. Tubes were appropriately labeled, sealed with cellophane film (regenerated
cellulose) and stored in a dark room at 4–8 ◦C until germination (radicle tip emergence).

4.4. Seedling Development

After germination, the seedlings were transplanted into plastic pots (10 cm × 10 cm
× 35.5 cm) containing a 3:1 mixture of potting mix sphagnum and coarse perlite from
the same manufacturers used for the germination trays. The plastic pots were previ-
ously disinfected using a sodium hypochlorite solution (1.5% v/v) for 30 min. The
seedlings were grown within a plastic-covered greenhouse located in Fort Pierce, FL, USA,
27◦25′34.2′′ N–80◦24′34.0′′ W. Leaf color was used to rogue the seedling populations. Red
leaved seedlings were hybrids and progeny from self-pollination green-leaved.

4.5. Softwood Cuttings Obtaining

Leafy softwood cuttings obtained from five selected 1-year-old plants of each backcross
were treated with K-IBA at 0.2% (w/v) and rooted aeroponically, following the protocol
described by Lesmes-Vesga et al. [51] (Table 2).

4.6. Plantlets Growing Conditions

After 28 days, three selected rooted cuttings (plantlets) from each BC plant were es-
tablished in rhizoboxes (40 cm × 40 cm × 2.5 cm) to serve as biological replications. The
rhizoboxes consisted of a three-sided plastic frame with two clear glass panes (40 cm × 40 cm)
attached to both faces (front and back) (Figure 3a). The bottom of the rhizoboxes frames
were perforated for drainage. The rhizoboxes were disinfected using a sodium hypochlorite
solution (1.5% v/v) for 30 min prior to filling with a sphagnum/coarse perlite (3:1) potting
mix (same manufacturers as germination trays substrate) containing 0.5% (v/v) Osmocote®
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Plus (15-9-12) (A.M. Leonard, Inc., Piqua, OH, USA), a 3-month controlled release fertilizer.
Additionally, a preventive control of pathogens was conducted prior to transplanting by
drenching the substrate in each rhizobox and soaking the roots of the plantlets for 10 min in
the systemic fungicide Luna® Experience (Bayer CropScience, Research Triangle Park, NC,
USA) [Fluopyram (17.6%) and Tebuconazole (17.6%)] diluted in distilled water at 0.2% (v/v).

 
(a) 

(b) 

 
(c) 

 
(d) 

Figure 3. (a) Diagram of the rhizoboxes with their respective dimensions. (b) Diagram of the pinboard
and the fitted acrylic grid to extract the root systems from the rhizoboxes. (c) Root system image
of one of the root systems divided by horizons. The letters represent the three horizons (A, B, and
C) in which the root systems were split for scanning. Each horizon had a depth of 10 cm. (d) Root
system image of the root system, throughout the 3 horizons, divided by spreading angles to estimate
the Root Spreading Angle (RSG). RSG was estimated by measuring the root length (cm) within each
angular section: shallower (0–25◦), shallow (25–45◦), deep (45–65◦), and deeper (65–90◦). Photos
courtesy of Ricardo A. Lesmes-Vesga.
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The plantlets were transplanted in the center of the rhizoboxes to ensure their suc-
cessful growth by avoiding air gaps around their base that generate root dehydration
(Figure 3a). The glass panes of each rhizobox were covered with aluminum foil to keep
the roots in the substrate under darkness. The rhizoboxes with plantlets were set standing
in black plastic containers with bottom draining holes. The experiment was maintained
under laboratory conditions (23 ◦C and 65% RH), where supplementary light from LED
(light-emitting diode) bulbs and HPS (high-pressure sodium) lamps were installed to keep
the photoperiod at 16–8 h (day-night). The plantlets were treated twice with a Luna®

Experience drench for pathogen control for the duration of the experiment. The plantlets
were watered manually daily throughout the study.

4.7. Scanning of the Root Systems

The root systems of the plantlets were extracted from each rhizobox after 70 days
for root analysis. The root system was accessed by removing one of the glass panes and
inserting a pinboard into the roots-substrate mass to keep the spatial distribution of the
roots. The pinboard consisted of a grid of acrylic panels with holes inserted on another
panel with 2.5 cm-long nails separated 2.5 cm × 2.5 cm (Figure 3b). The pinboard-acrylic
grid was inserted into the exposed side of the rhizoboxes, and the potting substrate was
gently washed off the root systems inserted in the pinboard. The whole root system of
each plantlet was scanned using a flatbed scanner EPSON Expression 10000XL (EPSON
America, Inc.). Full-color images were captured in TIFF (Tagged Image Format File) at a
resolution of 400 dpi (dots per inch). The aerial portion of each plantlet was removed, and
the root systems were split into three horizons (A, B, and C) (Figure 3c). The roots from
each horizon were placed in a Plexiglas tray (20 cm × 30 cm × 1.5 cm) containing water
prior to scanning with an EPSON Perfection V800/V850 (EPSON America, Inc.) flatbed
scanner. The Plexiglas tray with water was used to untangle the roots and minimize root
overlap prior to scanning. The images were captured in TIFF at 600 dpi resolution.

4.8. Image Analysis Software and Measurements

The images obtained with the EPSON Perfection V800/V850 scanner were analyzed
using the root image analysis software WinRHIZOTM Pro (Regent Instruments Inc., Quebec
City, Quebec, Canada). The root growth parameters measured were as follows: total
root length (cm), total root surface area (cm2), average root diameter (cm), total root
volume (cm3), number of root tips, and number of root forks. Additionally, total root
length was distributed into three root diameter classes, following the criteria applied by
Caruso et al. [52]: very fine (≤0.5 mm), fine (>0.5–≤1.0 mm), and large (>1.0 mm). The
dry weight (g) of the aerial portion of the plant and the roots from each horizon was
estimated by placing the samples in paper bags at 70 ◦C for 7 days, following the Ryser
and Lambers [53] protocol.

Based on the root growth measurements and the dry weight of the aerial portion,
the morphological components’ root mass ratio (RMR) (g/g) and root length ratio (RLR)
(cm/g) were estimated. The RMR, which indicates the relative biomass allocated to the
roots [53], was estimated by dividing the root’s dry weight by the whole plant’s dry weight.
The RLR was estimated by dividing the total root length by the whole plant’s dry weight.
This parameter expresses the root’s potential for the acquisition of below-ground resources.
The structural root parameters were estimated as follows: root specific length (RSL) (cm/g),
root fineness (RF) (cm/cm3), and root tissue density (RTD) (g/cm3). RSL was estimated by
dividing the total root length by the root dry weight [54], the RF was estimated by dividing
the total root length by the total root volume, and RTD by dividing the root dry weight by
the total root volume.

The whole root system images, obtained with the flatbed scanner EPSON Expression
10000XL, were used to measure the root spreading angle (RSG) based on the protocol
applied by Ramalingam et al. [55]. For this purpose, the root length (cm) was measured
in four angular sections from the root systems images, being the cutting base the central
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point, with four categories as follows: shallower (0–25◦), shallow (25–45◦), deep (45–65◦),
and deeper (65–90◦) (Figure 3d).

4.9. Experimental Design and Statistical Analysis

The experiment was arranged in a completely randomized design with five replications
(n = 5) per backcross, using three plantlets per replicate. The collected data were analyzed by
Analysis of Variance (ANOVA) using RStudio software (R, 2019), with a significance level
of 0.05, and the means separation conducted using the Tukey HSD (Honestly Significance
Difference) test.

5. Conclusions

The large genotypic diversity in Prunus is a valuable resource for breeding peach root-
stock cultivars that overcome production challenges. Significant phenotypic differences in
root system architecture of rootstocks that belong to the same genus may be found, with po-
tential applications in their horticulture. This study demonstrates that similar populations
can have different root architectures that may represent peach backcross. BC1251 represents
a promising rootstock material, combining resistance to root-knot nematodes and peach
gummosis (given its genetic background) with variable root architectures. As such, further
field studies in these environments are warranted in addition to anatomical studies.
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Abstract: Modern agriculture has boosted the production of food based on the use of pesticides
and fertilizers and improved plant varieties. However, the impact of some such technologies is
high and not sustainable in the long term. Although the importance of rhizospheres in final plant
performance, nutrient cycling, and ecosystems is well recognized, there is still a lack of information
on the interactions of their main players. In this paper, four accessions of pepper are studied at
the rhizosphere and root level under two farming systems: organic and conventional. Variations
in soil traits, such as induced respiration, enzymatic activities, microbial counts, and metabolism
of nitrogen at the rhizosphere and bulk soil, as well as measures of root morphology and plant
production, are presented. The results showed differences for the evaluated traits between organic
and conventional management, both at the rhizosphere and bulk soil levels. Organic farming showed
higher microbial counts, enzymatic activities, and nitrogen mobilization. Our results also showed
how some genotypes, such as Serrano or Piquillo, modified the properties of the rhizospheres in
a very genotype-dependent way. This specificity of the soil–plant interaction should be considered
for future breeding programs for soil-tailored agriculture.

Keywords: rhizosphere; soil respiration; enzymatic activity; N cycle; Capsicum annuum; soil microorganism

1. Introduction

Capsicum peppers are one of the most relevant vegetables (and spices) in the world.
They are an economically important crop, particularly appreciated for their nutritional
properties and antioxidant content [1]. In Spain, which is the main pepper producer within
the EU [2], peppers are cultivated mainly as an intensive high input crop in the Andalucía
and Murcia region [3]. However, in recent years, organic farming has increased in impor-
tance [4]. In contrast with conventional farming, where production is based on creating an
“ideal” environment for plant development by limiting abiotic or biotic restrictions by any
means, organic agriculture is based on maintaining an equilibrated ecosystem (especially
in the soil, as no other substrates are allowed) compatible with agricultural production.
Therefore, their management and consequences for the environment can be very different.

It is well known that plant characteristics, development, yield, and quality are affected
by the environment [5–7]. The majority of research focuses on temperature or hydrological
conditions, but little is known about the soil environment, which can be profoundly
different from one field to another, especially if they are under distinct management
systems. Different soil-environment conditions affect nutrition [8] and the health condition
of the soil. For example, the effect of plant growth-promoting rhizobacteria (PGPR) in
eliciting so-called “induced systemic tolerance (IST)” in plants under different abiotic
stresses is well known [9–11]. Most of these interactions take place at the rhizosphere level.
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The rhizosphere is the biologically active zone of soil where plant roots and soil in-
teract and is of great importance for plant performance as well as for nutrient cycling
and ecosystem functioning [12]. Rhizosphere processes are poorly understood and in
situ agricultural soils are largely uncharacterized [13]. The rhizosphere dynamics involve
complex interactions among roots, root exudates, the physical and chemical properties
of the soil, and soil microorganisms, among others. All these factors change according to
the others in the soil system. First, root architecture and root exudates depend mainly on
plant species, genotype, and farming techniques, especially fertilization regimes [14,15].
It has been demonstrated how root exudates can shape the microbial community in the
rhizosphere [16]. Second, different farming systems also modify the rhizosphere’s microbial
communities [17]. For example, chemical fertilizers used in conventional farming supply
nutrients, mainly N, P and K, whereas organic fertilizers also supply different amounts of
C with macro and micronutrients, thus selecting microbial communities with different nu-
tritional requirements [18,19]. Therefore, the different techniques applied (tilling, inorganic
fertilization, etc.) modify the soil properties and microbiome [20]. Finally, soil microbes can
play an important role in growth and nutrient uptake by plants as well as modifying their
tolerance to biotic and abiotic stresses. Genotypes, farming systems, and microorganisms
shape the performance of a crop in the field; thus, they are important aspects to consider in
plant breeding.

Microbial community diversity and soil functional diversity are effective measures to
illustrate the effects of natural and anthropological actions on the soil [21,22]. The character-
ization of soil microbiological community diversity and functional diversity can be assessed
by different means, such as determining the microbial profiles [23], analyzing microbial
catabolic potential [24], analyzing soil enzymatic activities [25], and by substrate-induced
respiration measures [26]. Assessments of microbial activity with the MicroRespTM system
need small volumes of soil, making the method suitable for rhizosphere studies [27]. These
traits can be used as appropriate indicators of soil heterogeneity and performance, which
have been used extensively to check the health status of soil under different agricultural
systems [28].

To sum up, to change from intensive agricultural systems to less harmful agriculture,
increased knowledge of the rhizosphere’s processes is needed. In this paper, four accessions
of pepper, selected for having diverse root systems and phosphorous uptake efficiency [14],
are studied at the rhizosphere and root level under two farming systems (organic and
conventional) to better understand root–soil interactions for more sustainable agriculture.

2. Results

All data obtained were subjected to exploratory MANOVA to identify the possible
effects of the accessions and the farming system on the rhizosphere’s characteristics and
plant performance. This analysis was carried out by separating the two sampling times,
which correspond with two phenological stages of the plant: at the vegetative stage (T1,
summer) and at the late fruit stage (T2, autumn). The MANOVA demonstrated that the
farming system had a significant effect on the rhizosphere’s studied traits at T1 (Figure 1a).
At this time, 9 out of 17 evaluated rhizosphere traits showed significant differences due
to the farming system, in contrast with just 1 trait that showed significant differences
according to the accession. Interestingly, accession × farming system interaction was
observed in five studied traits. This situation changed at T2 (Figure 1b), where although the
farming system effect was the highest, being significant for 12 out of 17 traits, the accession
effect increased the number of meaningful traits, being significant for 7 out of 17 traits.
In this phenological stage, the interaction effect was significant for five traits again, but
only one was the same as T1. In the case of root and biomass traits, influence at T1 of the
accession was as important as the farming system and interaction effects, being significant
in 9, 9, and 10 out of 14 traits, respectively (Figure 1a). At T2, the accession and farming
system effects increased (15 and 11, respectively, Figure 1b). In the following sections, the
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values of the different rhizosphere and plant traits in each farming system and sampling
time are described.

Figure 1. Percentage of MANOVA effects’ sum of squares (SS) contribution for trait; (a) At the
vegetative stage (T1); (b) At the late fruit stage (T2). Percentage contribution of variance of each effect:
Accessions and bulk (when available) (A, bricks pattern), Farming system (B, lines pattern), A × B
interaction (dots pattern) and Residual (plain white). Substrate induced respiration: CiAc, MaAc, Gal
and Glu; Enzymatic activity: AcPh, AlPh, BGlu, DeHy, and Ur; Microbial count: TVA, TMY, TAn,
and TO; N- cycle: Am, NIT-I, NIT-II, and DN; Root traits: AD, BD, NF, RD, SA, TL, TV, and diameter
classes: ≤0.5, 0.5–2.5, and >2.5; Biomass: AeDW, AeFW, FFW, RDW, RFW, SDW, and SFW; Average
percentage MANOVA effects’ SS; *–***: significant at p-values of 0.05–0.001, ns non-significant.

2.1. Rhizosphere’s Traits
2.1.1. Substrate Induced Respiration

At T1, induced respiration was significantly different between farming systems
regardless of the substrate (Figure 1a and Table 1). Induction with citric acid (CiAc)
and malic acid (MaAc) produced lower respiration under the organic farming system
compared to the conventional farming system: 17.70 μg CO2 g soil−1 h−1 at organic
vs. 53.02 μg CO2 g soil−1 h−1 at conventional, 21.47 μg CO2 g soil−1 h−1 at organic vs.
47.02 μg CO2 g soil−1 h−1 at conventional, respectively (Table 1). CiAc also showed ac-
cession × farming system interaction, probably due to the different performance of Bola
accession, which has higher respiration in organic, 45.82 μg CO2 g soil−1 h−1, than conven-
tional soil, 38.19 μg CO2 g soil−1 h−1.

Respiration with sugar substrates such as Gal and Glu was also lower in the organic
field than the conventional (1.58 μg CO2 g soil−1 h−1 vs. 2.96 μg CO2 g soil−1 h−1 and
4.02 μg CO2 g soil−1 h−1 vs. 13.80 μg CO2 g soil−1 h−1, respectively). None of the acces-
sions showed significantly different respiration rates from the ones shown in the bulk soil.

At T2, the trend for all the substrates in the organic system was to show a slight
increase with respect to T1 (Table 1), whereas in the conventional system, the induced
respiration was lower at T2 than at T1, especially for Gal and Glu. Therefore, the induced
respiration for CiAc and MaAc at T2 was not significantly different between farming
systems, but there were significant differences for Gal: 1.83 μg CO2 g soil−1 h−1 at organic
vs. 1.15 μg CO2 g soil−1 h−1 at conventional, and for Glu: 4.73 μg CO2 g soil−1 h−1 at
organic vs. 2.61 μg CO2 g soil−1 h−1 at conventional (Figure 1b, Table 1). Interestingly, at
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T2, the accession factor was the major contributor to the variance for CiAc, MaAc, and Gal
(Figure 1b). For these sources of carbon, the rhizospheres of Serrano and Bola produced
significantly higher amounts of CO2 than the rest of the accessions, both in conventional
and organic farming systems (Table 1) and were stable between phenological stages.

Table 1. Mean values (n = 3) of substrate induced respiration (μg CO2 g soil−1 h−1) from rhizospheres
and bulk soil samples using different substrates: citric acid (CiAc), malic acid (MaAc), galactose (Gal),
glucose (Glu), in two farming systems (organic; org and conventional; con) at two sampling times
(T1: summer, T2: autumn).

Sample Substrate
Farming
System

BOL-58 Serrano Bola Piquillo Bulk Average

T1

CiAc
Org 08.35 a 08.09 a 45.82 b 15.58 a 10.65 a 17.70
Con 60.92 ns 06.17 ns 38.19 ns 82.02 ns 77.80 ns 53.02 *

MaAc
Org 08.86 a 08.88 a 46.58 b 18.66 a 24.35 a 21.47
Con 70.90 ns 13.51 ns 43.07 ns 61.08 ns 46.54 ns 47.02 *

Gal
Org 01.69 ns 01.66 ns 01.89 ns 01.36 ns 01.29 ns 01.58
Con 02.75 ns 01.07 ns 04.02 ns 02.91 ns 04.06 ns 02.96 *

Glu
Org 03.68 ns 04.33 ns 04.00 ns 03.92 ns 04.16 ns 04.02
Con. 06.14 ns 02.46 ns 12.58 ns 07.67 ns 40.16 ns 13.80 *

T2

CiAc
Org. 25.75 ab 58.76 b 37.33 ab 08.13 a 12.24 a 28.44 NS

Con. 22.62 ns 51.84 ns 42.64 ns 35.99 ns 06.87 ns 31.99 NS

MaAc
Org. 29.80 ns 43.62 ns 50.53 ns 08.06 ns 05.51 ns 27.50 NS

Con. 27.98 ns 30.28 ns 43.57 ns 32.39 ns 22.37 ns 31.32 NS

Gal
Org. 01.81 ns 01.80 ns 02.22 ns 01.64 ns 01.66 ns 01.83 *
Con. 01.13 ab 02.08 b 01.66 ab 00.41 a 00.47 a 01.15

Glu
Org. 04.01 ns 05.87 ns 06.56 ns 03.41 ns 03.82 ns 04.73 *
Con. 01.69 ns 02.39 ns 01.77 ns 02.12 ns 05.10 ns 02.61

* Mean values with different lower-case letters within rows indicate significant differences among rhizospheres
including bulk soil based on the Student–Newman–Keuls multiple range test at p-value < 0.05, ns indicates
no significant differences. Asterisk in last column (average), indicates significant differences between farming
systems for pairs of data from the same substrate at p-value < 0.05, NS in the last column indicates no significant
differences between farming systems for pairs of data from the same substrate.

2.1.2. Soil Enzymatic Activity

Acid phosphatase activity (AcPh) was significantly different among farming systems
at both phenological stages (Figure 1a,b), with mean values significantly higher at organic
(91.09 μmol g−1 h−1 at T1 and 89.88 μmol p-nitrophenol soil g−1 h−1 at T2) than at conven-
tional (73.89 μmol g−1 h−1 and 74.51 μmol g−1 h−1 at T1 and T2, respectively) (Table 2).
No significant differences were observed between the rhizospheres or the bulk soil for this
enzymatic activity. The case of alkaline phosphatase (AlPh) was different. At T1, the only
significant effect was the accession × farming system interaction (Figure 1a), which was due
mainly to the higher AlPh activity registered for Serrano’s rhizosphere in comparison to the
rest of the accessions or the bulk soil at organic (563.92 μmol p-nitrophenol soil g−1 h−1) but
not at conventional (402.87 μmol g−1 h−1). This trend was conserved at T2, with significant
differences in AlPh activity in the rhizosphere of Serrano (569.41 μmol g−1 h−1 at organic).
In addition, at T2, there were significant differences between farming systems for AlPh
(485.33 μmol g−1 h−1 at organic and 427 μmol g−1 h−1 at conventional, Table 2).

β-glucosidase (βGlu) activity was similar at both sampling times; the activity of this
enzyme was significantly higher in organic 0.72 μmol p-nitrophenol soil g−1 h−1 at T1 and
0.62 μmol g−1 h−1 at T2 than for conventional cultivation, 0.42 μmol g−1 h−1 at T1 and
0.45 μmol g−1 h−1 at T2. For this enzyme activity, there were no differences regarding the
accession rhizospheres. Dehydrogenase (DeHy) activity in the soil was around 1 μmol
INTF soil g−1 h−1. At T1, there were accession and accession x farming system interaction
effects, mainly due to DeHy activity in the BOL-58 rhizosphere, 1.18 μmol g−1 h−1, in
the organic field, which was higher than other genotypes and bulk soil, and by the low
activity of DeHy in the rhizosphere of Serrano in the conventional field, 0.78 μmol g−1 h−1
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(Table 2). At T2, there were no significant effects. The activity of the urease (Ur) was
around 0.165 μmol N-NH4

+ soil g−1 h−1 T1 and there were no differences due to the farm-
ing system or accession. However, at T2, although the activity was similar, an increase
was observed for all accessions and bulk, as well as significant differences among the
two farming systems (0.36 μmol g−1 h−1 at organic and 0.20 μmol g−1 h−1 at conventional).
For the accession, Ur activity from Bola’s rhizosphere was higher than the rest in organic
cultivation, at 0.47 μmol g−1 h−1 (Table 2).

Table 2. Mean values (n = 3) of enzymatic activity of the rhizospheres and the bulk soil for acid phos-
phatase (AcPh, μmol p-nitrophenol soil g−1 h−1), alkaline phosphatase (AlPh, μmol p-nitrophenol
soil g−1 h−1), β-glucosidase (βGlu, μmol p-nitrophenol soil g−1 h−1), dehydrogenase (DeHy, μmol
INTF soil g−1 h−1), and urease (Ur, μmol N-NH4

+ soil g−1 h−1) in two farming systems (organic:
org or conventional: con) at two sampling times (T1, summer and T2, autumn).

Sampling Enzyme
Farming
System

BOL-58 Serrano Bola Piquillo Bulk Average

T1

AcPh
Org. 90.16 ns 89.34 ns 98.49 ns 87.59 ns 89.85 ns 91.09 *
Con. 76.15 ns 65.68 ns 76.81 ns 80.23 ns 70.56 ns 73.89

AlPh
Org. 455.69 a 563.92 b 450.40 a 429.01 a 467.92 a 473.39 NS

Con. 460.04 ns 402.87 ns 435.10 ns 459.57 ns 526.41 ns 456.80 NS

βGlu
Org. 00.72 ns 00.61 ns 00.80 ns 00.68 ns 00.79 ns 00.72 *
Con. 00.40 ns 00.60 ns 00.55 ns 00.44 ns 00.39 ns 00.48

DeHy Org. 01.18 b 00.95 a 00.91 a 00.99 a 00.94 a 00.99 NS

Con. 01.08 b 00.78 a 01.14 b 01.07 b 01.02 b 01.02 NS

Ur
Org. 00.16 ns 00.17 ns 00.17 ns 00.18 ns 00.20 ns 00.18 NS

Con. 00.14 ns 00.13 ns 00.15 ns 00.20 ns 00.14 ns 00.15 NS

T2

AcPh
Org. 93.99 ns 85.00 ns 95.04 ns 87.75 ns 87.60 ns 89.88 *
Con. 76.11 ns 69.38 ns 72.79 ns 76.03 ns 78.22 ns 74.51

AlPh
Org. 477.13 a 569.41 b 472.26 a 449.11 a 458.76 a 485.33 *
Con. 406.98 ns 350.58 ns 420.99 ns 447.58 ns 510.30 ns 427.29

βGlu
Org. 00.62 ns 00.70 ns 00.67 ns 00.60 ns 00.52 ns 00.62 *
Con. 00.53 ns 00.43 ns 00.50 ns 00.44 ns 00.34 ns 00.45

DeHy Org. 01.04 ns 00.94 ns 00.96 ns 00.99 ns 00.98 ns 00.98 NS

Con. 01.02 ns 01.03 ns 01.14 ns 00.99 ns 01.07 ns 01.05 NS

Ur
Org. 00.31 a 00.36 a 00.47 b 00.35 a 00.30 a 00.36 *
Con. 00.23 ns 00.19 ns 00.19 ns 00.20 ns 00.18 ns 00.20

* Mean values with different lower-case letters within rows indicate significant differences among rhizospheres
including bulk soil based on the Student–Newman–Keuls multiple range test at p-value < 0.05, whereas, ns
indicates no significant differences. Asterisk in last column (average), indicates significant differences between
farming systems for pairs of data from the same substrate at p-value < 0.05, NS in the last column indicates no
significant differences between farming systems for pairs of data from the same substrate.

2.1.3. Microbial Counts

At T1, the counts of total viable aerobic mesophilic bacteria (TVA) and the counts
of total anaerobic bacteria (TAn) were significantly different depending on the farming
system (Figure 1a). The higher means were observed for the organic system, with 7.40 log
CFU g soil−1 for TVA and 6.45 log CFU g soil−1 for TAn (Table 3). For total molds and
yeast counts (TMY) and for total oligotrophic bacteria counts (TO), no significant effects or
differences were observed among systems, nor between the rhizosphere’s accessions or the
bulk soil, with the average count for molds and yeast being 5.56 log CFU g soil−1 and the
average count for oligotrophic bacteria being 7.27 log CFU g soil−1. At T2, the difference
among systems for the TVA was maintained as in T1 (Figure 1b, Table 3). However, during
this period, the accession and accession x system interactions also had significant effects.
The rhizosphere of Serrano in the conventional system (7.79 log CFU g soil−1) had higher
counts of viable bacteria than Piquillo’s rhizosphere (6.76 log CFU g soil−1) (Table 3). No
differences were observed due to the farming systems, rhizospheres, or bulk soil at T2 for
TMY (5.21 log CFU g soil−1) and for TAn (5.92 log CFU g soil−1). It is interesting to note
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that the TAn was lower at T2 in organic farming but not in conventional farming. Finally,
TO showed significant differences among systems (Figure 1b, Table 3) at T2. In this case,
the conventional system showed lower counts (6.66 log CFU g soil−1) in comparison with
the organic system, or the values registered at T1.

Table 3. Mean values of microbial counts (log CFU g soil−1) from rhizospheres and bulk soil samples
using different growing media: total viable aerobic mesophilic bacterial count (TVA), total molds
and yeast count (TMY), total anaerobic bacteria (TAn), total oligotrophic bacterial count (TO) in
two farming systems (organic; org and conventional; con) at two sampling times (T1: summer,
T2: autumn).

Sampling
Microbial

Count
Farming
System

BOL-58 Serrano Bola Piquillo Bulk Average

T1

TVA
Org 7.34 ns 7.51 ns 7.53 ns 7.37 ns 7.27 ns 7.40 *
Con 6.88 ns 7.00 ns 6.78 ns 7.04 ns 6.89 ns 6.92

TMY
Org 8.30 ns 4.67 ns 5.57 ns 5.12 ns 4.45 ns 5.62 NS

Con 5.64 ns 5.78 ns 5.59 ns 5.06 ns 5.40 ns 5.50 NS

TAn
Org 7.29 ns 5.98 ns 6.67 ns 6.57 ns 5.74 ns 6.45 *
Con 5.64 ns 5.69 ns 5.53 ns 5.90 ns 5.39 ns 5.63

TO
Org 7.18 ns 7.33 ns 7.55 ns 7.33 ns 7.23 ns 7.33 NS

Con. 7.18 ns 7.49 ns 7.38 ns 6.76 ns 7.24 ns 7.21 NS

T2

TVA
Org 7.62 ns 7.40 ns 7.43 ns 7.46 ns 7.36 ns 7.45 *
Con 6.19 a 7.79 b 7.05 ab 6.42 a 7.01 ab 6.89

TMY
Org 4.76 ns 5.47 ns 5.43 ns 5.33 ns 5.44 ns 5.329 NS

Con 5.10 ns 5.32 ns 5.11 ns 5.05 ns 4.97 ns 5.11 NS

TAn
Org 5.81 ns 5.66 ns 6.18 ns 5.82 ns 5.68 ns 5.83 NS

Con 5.42 ns 6.86 ns 6.13 ns 5.68 ns 5.94 ns 6.01 NS

TO
Org 7.41 ns 7.29 ns 7.19 ns 7.31 ns 7.22 ns 7.28 *
Con. 6.73 ns 6.58 ns 6.85 ns 6.64 ns 6.48 ns 6.66

* Mean values with different lower-case letters within rows indicate significant differences among rhizospheres
including bulk soil based on the Student–Newman–Keuls multiple range test at p-value < 0.05, ns indicates
no significant differences. Asterisk in last column (average), indicates significant differences between farming
systems for pairs of data from the same substrate at p-value < 0.05, NS in the last column indicates no significant
differences between farming systems for pairs of data from the same substrate.

2.1.4. Nitrogen Catabolism Potential (N-Cycle)

At T1, for ammonification (Am), the only significant effect was the accession × farming
system interaction (Figure 1a), mainly due to the rhizosphere of Piquillo in the conventional
field (310.4 mg NH4

+-N g−1), which showed a higher rate of ammonification in comparison
with the others, contravening the general tendency to have higher ammonification potential
in the organic field (Table 4). At T1, the nitrification I (NIT-I) potential was significantly
higher in the organic (20.27 mg NO2-N g−1) than the conventional (2.56 mg NO2-N g−1).
No differences were found among samples for nitrification II (NIT-II), with an average
of 20.34 mg NO3-N g−1. For potential denitrification (DN), there were no significant
differences among samples, which were, on average, 2.8.

At T2, all N-cycle parameters showed differences among farming systems with higher
activity in the organic field, except for DN, which had higher levels in the conventional field
(Figure 1b, Table 3). Interestingly, again, the rhizosphere of Piquillo in conventional farming
showed the highest Am among accessions and bulk (31.04 mg NH4+ -N g−1). For NIT-I, the
general values were very low, ranging from 0.15 to 0.76 mg NO2− -N g−1, exceeding the
values of the rhizosphere of Bola with values of 2.53 mg NO2− -N g−1, although this value is
lower than in T1. Lastly, at T2, there were significant differences in DN levels, which were
higher in the conventional field (Table 4).
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Table 4. Mean values of nitrogen catabolism products of the rhizospheres and the bulk soil for
ammonification potential (Am, mg NH4

+-N g−1), nitrification I potential (NIT-I, mg NO2
+-N g−1),

nitrification II potential (NIT-II, mg NO3
+-N g−1), denitrification potential (DN, 0–4 scale) in two farm-

ing systems (organic: org or conventional: con) at two sampling times (T1, summer and T2, autumn).

Sampling
N-Cycle

Stage
Farming
System

BOL-58 Serrano Bola Piquillo Bulk Average

T1

Am
Org 232.8 ns 119 ns 206.9 ns 144.8 ns 75.0 ns 155.7 NS

Con 100.9 a 119 a 31.0 a 310.4 b 51.7 a 122.6 NS

NIT-I
Org 24.32 ns 16.21 ns 20.27 ns 20.27 ns 20.27 ns 20.27 *
Con 2.28 ns 3.24 ns 1.72 ns 2.03 ns 3.55 ns 2.56

NIT-II
Org 22.60 ns 15.07 ns 18.83 ns 18.83 ns 18.83 ns 18.83 NS

Con 22.60 ns 22.60 ns 18.83 ns 22.60 ns 22.60 ns 21.85 NS

DN
Org 2.50 ns 3.33 ns 1.00 ns 2.33 ns 3.67 ns 2.57 NS

Con. 3.50 ns 2.67 ns 3.33 ns 3.33 ns 2.33 ns 3.03 NS

T2

Am
Org. 77.60 ns 38.80 ns 77.60 ns 67.25 ns 103.5 ns 72.94 *
Con. 6.73 a 3.10 a 4.91 a 31.04 b 15.52 a 12.26

NIT-I
Org. 0.20 a 0.76 a 2.53 b 0.20 a 0.20 a 0.78 *
Con. 0.15 ns 0.22 ns 0.15 ns 0.30 ns 0.35 ns 0.24

NIT-II
Org. 18.83 ns 16.95 ns 18.83 ns 18.83 ns 22.60 ns 19.21 *
Con. 1.51 ns 1.88 ns 2.26 ns 2.26 ns 2.26 ns 2.03

DN
Org. 1.33 ns 2.50 ns 1.67 ns 1.00 ns 2.33 ns 1.77
Con. 3.00 ns 2.00 ns 3.67 ns 3.67 ns 2.67 ns 3.00 *

* Mean values with different lower-case letters within rows indicate significant differences among rhizospheres
including bulk soil based on the Student–Newman–Keuls multiple range test at p-value < 0.05, ns indicates
no significant differences. Asterisk in last column (average) indicates significant differences between farming
systems for pairs of data from the same substrate at p-value < 0.05, NS in the last column indicates no significant
differences between farming systems for pairs of data from the same substrate.

2.2. Plant’s Traits
2.2.1. Biomass and Yield

At T1, there were significant accession × system interaction effects for all biomass
traits (Figure 1a). For organic fields, BOL-58 and Serrano always had heavier shoots (AeDW
for dry and AeFW for fresh matter) and roots (RDW for dry and RFW for fresh matter);
for the conventional field, Bola and Piquillo were the heaviest and significantly different
(Table 5).

Table 5. Mean values (n = 3) of biomass and yield traits (g) from accessions: Aerial dry weight
(AeDW), aerial fresh weight (AeFW), root dry weight (RDW), root fresh weight (RFW), fruit fresh
weight (FFW), stump dry weight (SDW), stump fresh weight (SFW) in two farming systems (organic;
org and conventional; con) at two sampling times (T1: summer, T2: autumn).

Sample
Biomass

Traits
Farming
System

BOL-58 Serrano Bola Piquillo Average

T1

AeDW
Org 15.40 ns 14.74 ns 9.73 ns 8.69 ns 12.14 NS

Con 5.97 ns 7.95 ns 17.27 ns 15.91 ns 11.78 NS

AeFW
Org 106.15 ns 84.86 ns 56.36 ns 49.56 ns 74.23 NS

Con 44.85 ns 48.75 ns 118.65 ns 116.83 ns 82.27 NS

RDW
Org 1.79 ns 1.98 ns 1.35 ns 1.22 ns 1.58 NS

Org 0.83 a 0.69 a 2.24 b 1.85 b 1.40 NS

RFW
Org 7.98 ns 10.72 ns 6.94 ns 5.48 ns 7.78
Con 4.90 a 4.84 a 21.49 b 15.63 b 11.72 *
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Table 5. Cont.

Sample
Biomass

Traits
Farming
System

BOL-58 Serrano Bola Piquillo Average

T2

AeDW
Org 239.67 ns 329.00 ns 117.67 ns 175.00 ns 215.3 NS

Con 369.33 b 262.00 ab 112.33 a 122.67 a 216.6 NS

AeFW
Org 1103.7 ns 1173.0 ns 407.00 ns 723.33 ns 851.7 NS

Con 1533.00 b 883.00 ab 471.18 a 574.57 a 865.4 NS

RDW
Org 7.60 ns 15.06 ns 3.45 ns 12.13 ns 9.56 *
Con 6.30 b 10.66 c 2.62 a 5.68 b 6.32

RFW
Org 19.91 ab 33.69 ab 13.43 a 43.68 b 27.68 *
Con 14.83 ab 23.90 b 9.64 a 18.86 ab 16.80

FFW
Org 557.00 ns 1849.0 ns 419.33 ns 714.67 ns 885.0
Con 1047.4 ns 1629.5 ns 1261.0 ns 1657.3 ns 1398.8 *

SDW
Org 17.61 ns 25.10 ns 10.89 ns 19.45 ns 18.26 NS

Con 16.48 ns 26.41 ns 15.24 ns 19.84 ns 19.49 NS

SFW
Org 47.94 ns 69.60 ns 35.82 ns 58.58 ns 52.99 NS

Con 44.72 ns 65.79 ns 52.14 ns 61.64 ns 56.08 NS

* Mean values with different lower-case letters within rows indicate significant differences among rhizospheres
including bulk soil based on the Student–Newman–Keuls multiple range test at p-value < 0.05, ns indicates
no significant differences. Asterisk in last column (average) indicates significant differences between farming
systems for pairs of data from the same substrate at p-value < 0.05, NS in the last column indicates no significant
differences between farming systems for pairs of data from the same substrate.

At T2, there were significant differences among accessions for almost all biomass
traits (Figure 1b, Table 6). BOL-58 stood out for its great vegetative growth in the aerial
part (AeFW of 1103 g at organic and 1533 g at conventional), whereas Serrano had the
heavier root system (RFW of 33.69 g at organic and 23.9 g at conventional). There were no
significant differences in the development of the aerial parts of the accessions depending on
the farming system (Figure 1b, Table 5); however, the roots of all genotypes were heavier in
the organic field than in the conventional field (Table 5). Contrarily, the total yield (FFW for
fresh matter) was higher in conventional than in organic for the accessions tested, except
for Serrano. There were no significant differences in the stump weight (SDW for dry and
SFW for fresh matter) in any accession or farming system (Figure 1b, Table 5), but Serrano
had the highest values, as seen with root weight.

2.2.2. Root Parameters

At T1, there were significant differences in the roots among accessions, but in most
cases, there were also differences due to the farming system and, in some cases, interactions
(Figure 1a). The general trend according to the farming system was for the roots to be
more branched (0.95 forks cm−1) and dense (0.33 g cm−3) in the organic field than in the
conventional field (Table 6), but to be shorter with less volume. However, the roots of the
plants growing in the organic system were longer, with a diameter higher than 2.5 mm
(>2.5 class).

Regarding the performance of the genotypes at T1, Bola and Piquillo showed sig-
nificantly longer (TL, 2356 cm, and 1650 cm, respectively) and more voluminous roots
with a higher number of forks than the other genotypes, especially in conventional condi-
tions (NF, Table 6) in the conventional field. Serrano stood out for its great root diameter
(AD: 1.06 mm) and longer thicker roots (>2.5: 25.11 cm) in the organic field.

At T2, the situation was different, and in this case, higher values were found not
only for branching parameters (BD, NF) but also length (TL, >0.5, 0.5–2.5, and >2.5), root
volume (TV, cm3), and root area (SA, cm2) in organic farming (Table 6). There were also
differences among accessions and accession x farming system interactions. At this time,
Piquillo performed the best in terms of root length (TL) and branching (NF); however, this
higher performance was more accentuated in organic farming. Again, like T2, Serrano had
a vast root diameter (AD) and thicker roots (>2.5).
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Table 6. Mean values (n = 3) of root measurements from accessions: Average root diameter (AD, mm),
branching density as number of total forks by length (BD, cm−1), number of forks (NF, number),
root density (RD, g cm−3), surface area (SA, cm2), total length (TL, cm), total volume (TV, cm3), total
length of roots with diameter less than 0.5 mm (<0.5, cm), total length of roots with diameter between
0.5 mm and 2.5 mm (0.5–2.5, cm), total length of roots with diameter higher than 2.5 mm (>2.5, mm)
in two farming systems (organic; org and conventional; con) at two sampling times (T1: summer,
T2: autumn).

Sample
Root
Traits

Farming
System

BOL-58 Serrano Bola Piquillo Average

T1

AD
Org 0.88 a 1.06 b 0.77 a 0.80 a 0.88 NS

Con 0.75 ns 0.79 ns 0.88 ns 0.96 ns 0.85 NS

BD
Org 01.08 ns 00.84 ns 00.93 ns 00.94 ns 00.95 *
Con 00.90 b 00.76 ab 00.59 a 00.74 ab 00.75

NF
Org 896.50 ns 539.00 ns 1001.00 ns 715.33 ns 787.96 NS

Con 987.00 ab 588.00 a 1375.67 b 1230.67 b 1045.33 NS

RD
Org 0.36 ns 0.35 ns 0.30 ns 0.31 ns 0.33 *
Con 0.16 ns 0.17 ns 0.15 ns 0.16 ns 0.16

SA
Org 229.96 ns 214.40 ns 249.69 ns 182.88 ns 219.23
Con 263.43 a 190.60 a 658.16 b 499.66 b 402.96 *

TL
Org 827.97 ns 634.98 ns 1042.61 ns 728.04 ns 808.40
Con 1097.45 a 767.85 a 2356.56 c 1650.75 b 1468.15 *

TV
Org 5.09 ns 5.85 ns 4.76 ns 3.70 ns 4.85
Con 5.15 a 3.80 a 14.91 b 12.20 b 9.01 *

<0.5
Org. 411.63 ns 258.57 ns 558.74 ns 353.67 ns 395.65
Con. 550.34 ab 386.05 a 732.84 b 550.65 ab 554.97 *

0.5–2.5
Org. 403.25 ns 350.15 ns 473.91 ns 365.93 ns 398.31
Con. 539.32 a 374.29 a 1608.41 c 1088.20 b 902.56 *

>2.5
Org. 12.43 a 25.11 b 07.62 a 06.78 a 12.98 *
Con. 06.43 a 07.32 a 13.29 b 10.79 ab 09.45

T2

AD
Org 0.77 a 0.99 b 0.69 a 0.81 a 0.82
Con 0.93 ns 1.06 ns 0.93 ns 0.83 ns 0.94 *

BD
Org 01.84 b 01.15 a 01.63 b 01.60 b 01.56 *
Con 01.60 b 00.87 a 01.01 a 01.14 a 01.15

NF
Org 5567.33 a 2408.50 a 4940.33 a 9037.67 b 5488.46 *
Con 3913.67 ns 1373.50 ns 1759.33 ns 2862.00 ns 2477.13

RD
Org 0.50 a 0.88 b 0.28 a 0.40 a 0.52 NS

Con 0.40 a 0.74 b 0.29 a 0.40 a 0.45 NS

SA
Org 742.55 a 645.90 a 668.90 a 1450.86 b 877.05 *
Con 695.48 ns 506.02 ns 465.67 ns 646.71 ns 578.47

TL
Org 2976.85 a 2102.00 a 3034.65 a 5622.49 b 3434.00 *
Con 2449.62 ns 1554.31 ns 1592.53 ns 2452.94 ns 2012.35

TV
Org 14.88 a 16.51 a 12.17 a 30.60 b 18.54 NS

Con 22.23 ns 14.40 ns 10.97 ns 14.62 ns 15.56 NS

<0.5
Org. 1860.15 a 1212.32 a 1935.92 a 3267.68 b 2069.02 *
Con. 1378.57 ns 841.44 ns 702.66 ns 1426.58 ns 1087.31

0.5–2.5
Org. 1006.41 a 771.91 a 1020.79 a 2151.75 b 1237.71 *
Con. 997.92 ns 580.75 ns 839.86 ns 937.97 ns 839.12

>2.5
Org. 107.48 ab 117.57 ab 74.77 a 198.18 b 124.50 *
Con. 69.95 ab 129.53 b 48.82 a 85.88 ab 83.55

* Mean values with different lower-case letters within rows indicate significant differences among rhizospheres
including bulk soil based on the Student–Newman–Keuls multiple range test at p-value < 0.05, ns indicates
no significant differences. Asterisk in last column (average) indicates significant differences between farming
systems for pairs of data from the same substrate at p-value < 0.05, NS in the last column indicates no significant
differences between farming systems for pairs of data from the same substrate.
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2.3. Correlations and Exploratory Factor Analysis
2.3.1. Correlation among Root, Biomass, and Rhizosphere Traits

To better track root–soil interactions, a correlation analysis was carried out (Figure 2).
Some interesting correlations between plant traits and rhizosphere parameters were ob-
served (Figure 2). Interestingly, these correlations varied depending on the sampling time
and farming system. In the first place, the respiration of the rhizospheres using Gal as the
substrate was positively correlated at T1 and in both farming systems with many root pa-
rameters, mainly related to the root length and weight. This situation changed at T2, where
the correlations were different for each farming system; in the organic field, respiration
induced with galactose was negatively correlated with higher plant biomass, whereas in
the conventional field, plant parameters were uncorrelated with plant traits.

T1 T2

Org

Con

Figure 2. Heatmap showing correlations among plant traits and rhizosphere traits: citric acid (CiAc),
malic acid (MaAc), galactose (Gal), glucose (Glu), acid phosphatase (AcPh), alkaline phosphatase
(AlPh), β-glucosidase (βGlu), dehydrogenase (DeHy), and urease (Ur), total viable aerobic mesophilic
bacterial count (TVA), total molds and yeast count (TMY), total anaerobic bacteria (TAn), total
oligotrophic bacterial count (TO), ammonification potential (Am), nitrification I potential (NIT-I),
nitrification II potential (NIT-II), denitrification potential (DN) in two farming systems (organic; org
and conventional; con) at two sample times (T1: summer, T2: autumn). Pearson’s multiple correlation
coefficient (−1 to 1 range, dark-gray to blue scale), in which the significance level of the t-test at 5%,
1%, and 0.1% was evaluated. The significance levels were indicated by *, **, and ***, respectively.

At T1, AlPh was positively correlated only in the organic field, with a diameter of
the root (AD and >2.5). DeHy activity was positively correlated with different plant traits,
depending on the system. In the organic field, it was positively correlated to BD and
biomass traits, whereas in the conventional field, it was correlated with NF and length
parameters (TL, TV, <0.5 and 0.5–2.5). At T2, the only enzymatic activities that significantly
correlated with root traits were AcPh and AlPh, and only in organic soil. AcPh activity was
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correlated negatively with lower biomass, whereas AlPh activity was correlated negatively
with lower diameter classes of root length but positively with AD and RD.

In general, the microbial count was not correlated with any plant parameter at any
time or farming system, but a correlation was observed with the higher oligotrophic
microorganisms (TO) with less dense roots (RD) (Figure 2).

The nitrogen cycle parameters showed very few correlations with plant traits at T1
(Figure 2). Nevertheless, a negative correlation between Am potential and BD for organic
farming, a positive correlation between RD and NIT-I potential, and a negative correlation
between RD and DN potential were observed. At T2, more significant correlations were
observed. In this case, AM potential was correlated with thinner (AD) and less dense roots
(RD). This happened only in the case of the organic field, where Am, NIT-I, and NIT-II were
also somehow correlated with lower values of biomass and production (AeDW, AeFW,
RDW, RFW, and FFW). This negative correlation was only maintained in the conventional
farming system for shoot biomass (AeDW and AeFW) and the NIT-II potential of the soil.
In this farming system, interestingly, the root diameter (AD), the length of the thick roots
(>2.5), and the root biomass (RDW and RFW) were negatively correlated with DN potential.

2.3.2. Factor Analysis of Rhizosphere and Bulk Soil

To resume all possible correlations among soil traits, an exploratory factor analysis
was carried out, where factor load was considered significant at levels higher than 0.4. For
the analysis, bulk samples were taken for both farming systems and sampling times; all root
and biomass traits were excluded from the analysis. At T1, fifteen traits were factorizable
(through the overall Measure of Sampling Adequacy, or MSA, at least 0.6 [29], Table 7) in
three factors. At T2, sixteen traits were factorizable, one more (DeHy) than at T1.

Table 7. Factor loads for rhizosphere and bulk soil analyzed parameters at two sampling times.
Citric acid (CiAc), malic acid (MaAc), galactose (Gal), glucose (Glu), acid phosphatase (AcPh), β-
glucosidase (βGlu), dehydrogenase (DeHy), and urease (Ur), total viable aerobic mesophilic bacterial
count (TVA), total molds and yeast count (TMY), total anaerobic bacteria (TAn), total oligotrophic
bacterial count (TO), ammonification potential (Am), nitrification I potential (NIT-I), nitrification II
potential (NIT-II), denitrification potential (DN) in two farming systems (organic: org or conventional:
con) at two sampling times (T1, summer and T2, autumn).

T1 T2

Trait F1.1 F2.1 F3.1 F1.2 F2.2 F3.2

CiAc 0.83 −0.36 0.19 −0.04 0.91 0.16
MaAc 0.57 −0.38 −0.03 0.01 0.92 −0.03

Gal 0.77 0.14 −0.06 0.45 0.26 0.55
Glu 0.71 0.12 −0.17 0.50 0.22 0.09

AcPh −0.35 0.19 0.66 0.60 −0.06 0.07
βGlu −0.50 0.29 0.40 0.73 0.33 0.12
DeHy - - - −0.40 0.06 0.19

Ur −0.05 −0.04 0.72 0.97 0.10 0.06
TVA −0.15 0.73 0.37 0.27 −0.03 0.91
TMY 0.12 0.43 0.32 0.24 0.18 0.14
TAn −0.25 0.47 0.32 −0.17 0.19 0.45
TO 0.05 0.81 −0.16 0.81 −0.08 0.28
Am 0.06 0.01 0.51 0.68 −0.26 0.24

NIT-I −0.57 0.29 0.37 0.44 0.28 0.03
NIT-II 0.13 −0.14 −0.42 0.87 −0.19 0.26

DN 0.05 −0.16 −0.01 −0.39 0.20 −0.48
% of Var. 30.21 14.38 12.26 35.89 15.46 10.67

Eigenvalues 4.53 2.16 1.84 5.74 2.47 1.71
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At T1, the main loads for the first factor (which explains the 30.21% variation, F1.1)
were all the induced respiration substrates (CiAc, MaAc, Gal, and Glu) with positive loads,
and βGlu activity and NIT-I with negative loads (Table 7). The main loads for the second
factor (14.38% of the variation, F2.1) were all the microbial counts with positive loads
(Table 7). For the third factor (12.26% of variance explained, F3.1), the main loads were
obtained with AcPh, βGlu, Ur, and Am potentials with positive loads and NIT-II with
a negative load. When observing the projection (Figure 3) of the rhizosphere’s scores of
each accession and bulk sample in each factor (Table S1, Supplementary Data), first (F1.1)
and second (F2.1) factors grouped each FS, being conventionally characterized by higher
respiration rates and lower βGlu activity and NIT-I potential (Figure 3). For Serrano
rhizosphere samples with scores that were not differentiated between farming systems,
these F1.1 and F2.1 traits had a strong genotype influence, therefore being grouped very
closely regardless of the farming system.

Figure 3. Varietal projection on the new factorial space. Scorings of accessions, bulks, and trait loads.
(a) in vegetative stage (T1), left is first and second factors projection; right is first and third factors
projection. (b) in late fruiting stage (T2), left is first and second factors projection; right is first and
third factors projection. Blue dotted line group are mostly organic farming system samples, and gray
dotted line group are mostly conventional farming system samples.

At T2, the first factor (35.89% of the variation, F1.2; Table 7) was characterized by
positive loads Gal, Glu, AcPh, βGlu, Ur, TO, Am, NIT-I, and NIT-II, and DeHy with
a negative load (Table 7). The second factor (F2.2) had only two but very high loads, CiAc
and MaAc. Finally, the third factor (F3.2) had three traits with positive loads (Gal, TVA,
and Tan) and one with negative and significant loads (DN). At this time, again, we were
unable to differentiate the F1.2 scores among farming systems (Figure 3). Additionally, with
F2.2, carboxylic acid’s induced respiration weight interestingly differentiated all bulk and
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Serrano samples. F3.2 was able to differentiate a few accessions from the bulk samples; in the
organic farming system, BOL-58 and Serrano had positive scores, and in the conventional
FS, BOL-58 and bulk had negative scores (Table S1, Supplementary Data) (Figure 3).

3. Discussion

3.1. The Farming System Conditions the Status of the Soil

The results showed the complexity and dynamics of the soils tested. In this experiment,
we selected two similar fields that were specifically chosen to minimize the effects of the
climatological conditions and physicochemical properties of the soil. Both soils differ
mainly in the management of the crop, with the application of chemical fertilizers and
pesticides in the case of conventional farming and only organic matter amendments and
organic agriculture-authorized products in the case of organic cultivation. The results
showed clear differences in the studied soil traits, which we were able to differentiate
among both soils from the very beginning of the experiment. This clearly showed the
imprint of the historic records of the soil, which were somehow maintained through the
season [30]. Olayemi et al. [31] in a 6-year study on loamy-silty soils of a semiarid climate
from Colorado (USA) concluded that soil biological communities are generally enriched
and more diverse under continuous organic residue retention, resulting in higher soil
biodiversity and a range of critical soil functions mediated by soil organisms. The results
obtained here for the different soil traits studied agree with that idea.

First, the induced respiration rate measured through the colorimetric method may be
an indicator of the level of microorganism biomass and diversity in certain soils [27,32–34].
In addition, the characterization of soil microbial catabolic diversity through substrate-
induced respiration could be a way to monitor soil biological resistance and resilience [35].
However, microbial respiration and carbon utilization are not static but variable through-
out the year, probably due to seasonal variations in the characteristics of the studied
ecosystems [36]. Therefore, the differences among the induced respiration results in the
two sampling times in this experiment are not surprising at all, as sampling was carried
out both at the beginning (T1: summer) and at the end (T2: autumn) of the warmest
period of the year in Valencia (average T◦, min and max = 24.3◦, 9.3–37 ◦C). Previous
studies carried out in drylands showed that soil microbial respiration can adapt to the
environmental temperature through the physiological adjustment of individual or entire
microbial populations [37]. In addition, this response of microbial communities to different
temperatures could be used to predict climate-induced changes in carbon fluxes [38]. It has
been found that increased temperature reduces total microbial biomass, but at the same
time, the response to temperature is dependent upon substrate quality [39]. Differences
in the temperature sensitivities of taxa and the taxonomic composition of communities
determine community-assembled bacterial growth [40].

In the present experiment, the induced respiration rate in the organic soil was lower
at the beginning of the experiment, whereas at T2, the respiration rates from the soils of
the two systems were alike. The fact that the respiration rates were more stable in the
organic field than in the conventional may indicate that the microbial populations are
buffered throughout the warm season, probably due to their specific microbial profile,
which may differ from the microbial community in the conventional plot. Despite the
general trend observed through time according to the farming system, it is important to
note that not all substrates behaved the same. Creamer et al. [41] demonstrated, after testing
eight substrates in 81 soils, that the substrate behavior was dependent upon combinations
of land-use, pH, and soil organic matter. Specifically, they reported greater utilization
of carboxylic acid-based substrates in arable sites, which concords with our results, with
higher respiration rates with CiAc and MaAc, especially in the conventional field. In
addition, the soils assayed had a pH of 8.2, which has been reported as negative for the use
of Gal but positive for the use of organic acids [41].

Secondly, other important indicators of soil quality are soil enzymes [42]. The different
soil enzymatic activities are the result of proliferating microorganisms and the accumulation
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of enzyme action. The main sources of accumulated enzymes are the cells of microorgan-
isms, and a small part may come from organic plant and animal residues. Dehydrogenase
and β-glucosidase are generally used as indicators for microbial activity. Dehydrogenase
is involved in intracellular oxidation-reduction processes, and β-glucosidase, as an extra-
cellular enzyme, is fundamental in the hydrolysis and degradation of soil carbohydrates,
releasing glucose. This represents the important contribution of energy to soil microor-
ganisms. Alkaline and acid phosphatase are two non-specific enzymes that catalyze the
hydrolysis of glycerophosphates and differ by their optimal pH for action, 11 and 6, respec-
tively, and are involved in the release of P from organic forms. Finally, urease activity in soil
may be associated with living cells, dead cells, or cell debris, or may even be immobilized
in humic clays and colloids. Urease hydrolyzes urea into ammonium, a usable form of
N by plants, and carbon dioxide, participating actively in the nitrogen cycle and then
in the fertility of the soil [43]. The enzymatic activities observed in the soils analyzed
here remained stable throughout the studied period, and were similar to those reported
by other authors such as Jat et al. [44], who studied soils from the rhizosphere and bulk
soils of cereal crops with different management in India. On the other hand, other au-
thors reported that in Western Spain, for acid phosphatases, levels were more likely to be
10–40 μmol g−1 h−1 [45].

In addition to soil properties, soil management has been described as a driver of the soil
enzymatic activity [46]. The results in this paper showed significant differences among the
two-farming systems for all tested enzymes, except for dehydrogenase. Interestingly, of all
the enzymes evaluated in this experiment, DHA was the only one found to have exclusive
intracellular activity. This may indicate similar microbial mass among conventional and
organic fields but different profiles of microorganisms. Moreover, as the fundamental
enzyme for the carbon cycle in soil, on average, β-glucosidase activity was proximally
30% higher in organic soil, evidencing the importance of the presence of organic carbon
in the soil, which was higher due to the manure fertilization in the organic field [47]. In
fact, its higher content in organic matter has been continuously correlated with higher
enzymatic activity. AlPh, AcPh, and urease were also significantly higher in the organic
than conventional farming systems; these enzymes are influenced not only by the organic
matter of the soil but also by the fertilization status. Higher fertilization has been correlated
with lower activity of those enzymes, although in the case of acid phosphatase, it has been
described that increasing levels of N produce higher activity [48].

Thirdly, microbial counts offer an opportunity to quantify the microbial biomass
and its profile. In concordance with previous enzymatic activity, microbial counts were
more abundant in the organic than conventional farming systems, with dependence on
the community profile and the sampling time. For instance, total viable aerobic (TVA)
counts were higher in organic than conventional at both sampling times, whereas anaerobic
microbial counts were higher in organic only at T1 and for oligotrophs only at T2. Higher
levels of microorganism diversity are usually reported in organic farming due to the higher
amount of organic matter [49]. Additionally, shifts over time in microbial communities are
common [50]. On the contrary, counts of molds and yeast were similar regardless of the
farming system or sampling time. Other authors have pointed out that these communities
are relatively stable, with a typical profile depending on the soil type and climate and a few
genera dominating over the others [51,52].

Finally, as in the case of microbial counts, the results presented here also indicate
differences in the N cycling dynamics among farming systems. Microorganisms have been
controlling the Earth’s nitrogen cycle since life originated [53]. The nitrogen cycle refers to
the dynamic process of circulating this element cyclically through the soil and the atmo-
sphere, allowing the transformation of nitrogen into forms accessible to the metabolism of
microorganisms, plants, and animals. Nitrogen fixation is the process of reducing molecu-
lar nitrogen to ammonia. The group of atmospheric nitrogen fixers consists of numerous
organisms, including (i) aerobic nitro-gen-fixers from the genera Azotobacter, Beijerinkia,
Derexia and Azotomones; (ii) strict anaerobic bacteria, such as those of the genus Clostridium;
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and (iii) symbiotic fixing bacteria such as Rhizobium for the Fabaceae family or Frankia for
non-legume angiosperms. Mineralization is the process of transforming organic nitrogen
into ammonia. The functional group of mineralizers is broad and includes fungi and
bacteria. In our experiment, total molds and yeast and total anaerobic bacteria correlate
with the potential mineralization rate. Some fungal genera such Mucor and Rhizopus or
Aspergillus and Penicillium have been described as N mineralizers, whereas mineralizing
bacteria could be represented by genera such as Pseudomonas, Clostridium, Serratia, Bacillus,
Escherichia and Micrococcus [54]. In the nitrification process, microorganisms convert ammo-
nium to nitrate to obtain energy. In our experiment, total oligo-tropic counts and anaerobic
correlates with the nitrification process. Typical nitrificating bacteria belong to the family
Nitrobacteriaceae: Nitrosomonas, Nitrosobolus, Nitrosospira, Nitrosococcus, and Nitrosovibrio,
oxidizing ammonium nitrogen to nitrite and Nitrobacter, Nitrospira and Nitrococcus that
oxidize nitrite to nitrate. Both mineralization and nitrification were higher in the organic
system than the conventional one, indicating a higher ability to recirculate N among the
system. Higher mineralization and nitrification rates were observed in organic farming
systems described by some authors [55–57] due to the use by microbial communities of
SOM (soil organic matter). The nitrification process is known to be enhanced when soil is
warm (20–30 ◦C), which explains the significant drop in the nitrification potential of the
soils at T2 (milder temperatures), which was more intense in the conventional than organic
farming system.

Denitrification occurs when N is lost through the conversion of nitrate to gaseous
forms of N, such as nitric oxide, nitrous oxide, and dinitrogen gas. In this experiment,
conventional soil suffered higher denitrification, but the type of gas produced was not
identified. Nitrous oxide is a potent greenhouse gas with a global warming potential [58],
whereas N2 is inert. Lazcano et al. [59] pointed out the need to build up soil C stocks to
contribute to N retention as microbial or stabilized organic N in the soil while increasing
the abundance of denitrifying microorganisms and, thus, reducing the emissions of N2O
by favoring the completion of denitrification to produce dinitrogen gas.

3.2. Rhizosphere Performance Depends on the Genotypes as the Crop Evolves

Despite the great importance of the soil properties and the farming system on the
studied soil parameters, in this experiment, it was also possible to observe the influence
of the plants on the rhizosphere properties, especially at T2. This showed that during
a plant’s growth, it interacts with the surrounding environment in a very specific way.
Rhizodeposits, root exudates, and root border cells shape microbial communities, pH,
and other factors in the rhizosphere, thereby allowing plants to uptake a wider variety of
nutrients for growth and inhibiting possible pathogens [15,60].

In this experiment, there were not many differences in the respiration rates between
the rhizospheres of the accessions and the bulk soil, except for Bola and Serrano. Although
other authors have also identified differences in rhizospheric catabolic activities at the
species-dependent level [61], to our knowledge, this is the first time that such differences in
respiration rates have been observed at the accession level.

Regarding enzymatic activity, generally, it is usually higher in the rhizosphere zone
than in bulk soil due to the higher organic carbon deposition in this area, which creates
favorable conditions for microbial activities [62]. Profuse vegetation, high root colonization,
and no tillage have been correlated with greater soil enzyme activity [43,63,64]. Generally,
rhizosphere soil is characterized by a higher amount of very labile carbon and lower
contents of mineral nitrogen as well as other nutrients, with a 19–32 times higher number
of microorganisms compared to bulk soil [65]. Contrary to what was expected, there were
not a great deal of differences in this experiment among the samples on the rhizosphere or
the bulk soil, except for the Serrano accession. In previous experiments, the action of the
accessions on the enzymatic activity of the soils was more intense [66,67].

Exudates and other secondary metabolites have been described to alter the rhizo-
sphere microbiota, as stated in a study by Hu et al. [68]. In our case, it was possible to
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observe this effect only for Serrano and Piquillo, which modified total viable counts at T2.
The effect of certain plant growth-promoting rhizobacteria (PGPR) and the exudates of
some accessions may be responsible for the increase in the total number of microorganisms
observed, as other authors have described [12,13]. These results have shown that the rhizo-
sphere communities modulated by the different exuded molecules make certain groups
of microorganisms have more affinity for some genotypes than others [69]. Furthermore,
in the case of Piquillo accession, N mineralization presented higher values in interactions
in the conventional farming system. This ability to mobilize the N cycle seemed to be
correlated with increasing aerial plant mass and fruit weight. There is clear evidence that
plants are not passive conduits, taking up whatever N diffuses to their roots; instead, they
can improve their N nutrition by (a) establishing symbiosis with soil microorganisms;
(b) stimulating the activity of microorganisms in the root vicinity to increase N availability;
and (c) increasing N conservation in soil by limiting microbial processes that lead to N
losses, such as nitrification and denitrification, directly through the release of inhibitors
from their roots [70,71].

3.3. Plant-Soil Interactions Are Complex and Multifactorial

Piquillo, Serrano, and Bola were selected to be part of this experiment due to their good
performance for phosphorous acquisition in previous studies, either P uptake efficiency or
P utilization efficiency. In those experiments, root length increased under P deficiency and
fine roots were found to be correlated with P efficiency parameters [14]. Here, the capacity
of these genotypes to alter the rhizosphere’s microbial community and function has been
described for the first time, although the impact of such alterations on the actual nutrition
status of the plant remains to be studied.

Contrary to what was expected, root morphological traits showed few correlations
with the rhizosphere, being significant only for galactose and glucose-induced respiration,
AcPh and AlPh, and some steps of the nitrogen cycle. Furthermore, the correlations were
not regularly seen through the different farming systems and sampling times. Therefore,
we can suggest that root exudation was more important than root morphology in creating
differences among the accession’s rhizospheres. Unfortunately, the study of root exudates
is difficult and still needs improvement [72].

Root exudation, root morphology, and mycorrhizal symbioses have been described as
shaping belowground resource acquisition strategies in a species-dependent manner [73].
It seems that each plant species has its own strategy that favors one of the possible solutions
over the others; for instance, the response of maize to P deficiency seems to be more depen-
dent on root morphological changes than increasing root exudates [74]. The independence
of the root morphology and the level of root exudates has also been described in studies
such as that of Iannucci et al. [75], where they studied eight durum wheat genotypes for
their root morphology, exudates, and soil community and only found a correlation between
the last two. For future analyses, it would be convenient to study whether the root exudates
are correlated with a certain root morphology, as some of our correlations may suggest, or
whether they are totally independent.

4. Materials and Methods

4.1. Plant Material, Experimental Design, and Sampling

Four different pepper accessions, two Mediterranean (Bola and Piquillo) and two Latin-
American (BOL-58 and Serrano), were grown in an open field in the 2018 spring-summer
season in two farming systems (FS): an organically managed field (FS-O) and a conventional
field (FS-C), both located in Sagunto, Valencia, Spain, which belongs to a Mediterranean
climatic area with hot and dry summers (Supplementary Table S2). Both fields were
clay-loam with a pH of 8.22, EC 0.28 dS/m organic and 0.3 dS/m conventional, with a
percentage of organic matter of 1.85% for organic and 1.65% for conventional. Both fields
were furrow-irrigated with water from the same well. The fields were managed as in Ribes-
Moya [5]. In the organic farm system, sheep manure (4 kg/m2) was applied as fertilizer at
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the beginning of the season. In the conventional field, there was one application of vegetable
humus (4 kg/m2) and one application of a mix of nitrogen, phosphorus, and potassium
(15-15-15) (50 g/m2) before transplanting, plus three foliar applications of calcium nitrate
(10 g/L), and one application of iron chelate (3 kg/1000 m2) after transplanting. Pests
and diseases were not treated in organic cultivation, whereas chlorpyrifos (48%, EC) and
abamectin (1.8%, EC) were applied, combined with copper oxychloride (58.8% WP) as
fungicide, in the conventional field. Adventitious plants were controlled mechanically at
both sites. Three blocks of five plants per accession were randomly distributed in each field.
Two phenological stages (PS) were also considered: at the end of the vegetative stage (T1)
and the end of the fruiting stage (T2).

Rhizosphere soil samples (100 g) corresponding to each genotype were obtained as
follows: at T1 and T2, the first 5 cm of topsoil of one plant per block was removed to avoid
contamination from the surface. Then, the shovel was cleaned, the full plant was dug up to
at least 20 cm depth, and the sample was taken carefully between the roots. Three bulk soil
samples were taken with the same depth and procedure, but in the middle of the lanes, for
each FS. All soil samples (rhizospheric and bulk) and plants (aerial and subterranean parts)
were refrigerated and processed within 24 h after sampling.

4.2. Induced Respiration (IR)

The respiration analysis was carried out using a MicroResp® microplate-based system,
according to the manufacturer’s manual [27,76], with modifications. Following manual
recommendations and availability, multiple carbon sources were used as substrates for
IR: citric acid (CiAc), malic acid (MaAc), galactose (Gal), and glucose (Glu). Absorbance
readings were made at 595 nm and converted into respiration rates (μg CO2 released
by g soil−1 h−1). For CO2 calculations, each microplate included a row of calibration
wells, in which known amounts of inorganic Rx citric acid + sodium bicarbonate were
added to produce known amounts of sodium citrate + carbon dioxide. The absorbance
readings of the calibration wells in the plate were transformed into CO2 liberation rates
(respiration) thanks to a calibration curve of CO2 liberation, with the same reaction created
with Dansensor’s Checkpoint O2/CO2

®.

4.3. Enzymatic Activities (EA) Analysis

Acid and alkaline phosphomonoesterase (AcPh and AlPh, respectively) activity were
measured based on the method of Tabatabai and Bermner [77] (phosphatases activity as
μmol p-nitrophenol soil g−1 h−1). It consisted of the spectrophotometric determination
of the p-nitrophenol released when the soil is incubated at 37 ◦C for 1 h with a buffered
solution (pH = 6.5 for acid, pH = 11 for alkaline) of p-nitrophenylphosphate. The amount
of released p-nitrophenol was measured with a spectrophotometer at a 400 nm wavelength.
To obtain the final concentrations, the raw absorbance data by sample were interpolated in
the calibration of the standard curve.

B-glucosidase (BGlu) activity was measured as described in Tabatabai [78]. The
colorimetric method is based on the determination of the p-nitrophenol obtained by the
action of the enzyme β-glucosidase after incubating the soil with the substrate p-nitrophenol
β-D-glucopyranoside at pH 6. The incubation was carried out at 37 ◦C for an hour, and the
released p-nitrophenol was removed by filtration after the addition of CaCl2 and THAM-
NaOH pH 12. With the absorbance readings at 400 nm of the standard, the calibration curve
was calculated and used to obtain the concentration in μmol p-nitrophenol soil g−1 h−1.
With the values obtained, net activity was calculated.

Dehydrogenase (DeHy) activity was measured as described in Trevors [79] and García
et al. [80]. The enzymatic reaction is based on the spectrophotometric measurement at the
wavelength of 540 nm of the iodonitrotetrazolium formazan (INTF), formed when the soil
is incubated with 2-p-iodophenyl-3-p-nitrophenyl-5-phenyltetrazolium (INT) in the dark
for 20 h at 20 ◦C. The absorbance for the sample was interpolated into the equation of the
calibration curve, obtaining the amount of μmol INTF soil g−1 h−1.
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Urease (Ur) activity was measured according to Kandeler and Gerber [81] and mod-
ified by Kandeler et al. [82]. This colorimetric method is based on the determination of
the ammonium released in the incubation of a soil solution at 37 ◦C for 2 h, where the
ammonia produced by urease activity reacts with salicylate and dichloro isocyanide to give
a bluish-green color. The absorbance at 610 nm was converted to the ammonia nitrogen
concentration (μmol N-NH4

+ soil g−1 h−1).

4.4. Microbial Count (MC)

One gram of soil per sample was used to cultivate and count different soil microor-
ganisms: total viable aerobic mesophilic bacteria count (TVA) was made with Plate Count
Agar (Scharlau, Barcelona, Spain) at 28 ◦C for 48 h, total molds and yeast count (TMY)
with Saboureaud Chloramphenicol Agar (Scharlau, Barcelona, Spain), at 28 ◦C for 3 d, total
strictly anaerobic bacteria count (Tan) with Schaendler Agar (Conda Pronadisa, Madrid,
Spain) at 37 ◦C in CO2 atmosphere for 48 h, and total oligotrophic bacteria count (TO)
with Oligotrophic Agar, composed of dipotassium phosphate (Panreac, Barcelona, Spain),
magnesium sulfate heptahydrate (Panreac, Barcelona, Spain), peptone (Scharlau, Barcelona,
Spain), glycerin (Scharlau, Barcelona, Spain), and bacteriologic agar (Labkem, Dublin,
Ireland) [83] at 28 ◦C, 5 d. All the analyses were performed in duplicate. Results were
expressed in log CFU/g of soil.

4.5. N2 Cycle (NC)

Rhizosphere soil samples were tested for their capacity to perform different steps
of the N2 cycle. To evaluate the mineralization, nitrification I and II, and denitrification
potential of the rhizospheres, 0.1 g of soil was added to different substrates (as follows) and
incubated at 28 ◦C for 1 to 3 weeks. Then, measurements were performed each week of the
NH4+ , NO2− , NO3− and N2 production, respectively.

Peptone water (Scharlau, Barcelona, Spain) was used as the substrate for the miner-
alization process (Am). NH4

+ production was measured seven days after sowing using
a colorimetric test strip method based on the Neßler reagent (Mquant TM Ammonium Test,
Merk Darmstadt, Germany).

Ammonium sulfate solution was used to measure the conversion of ammonia into
nitrate, from now on called nitrification I (NitI), after 14 days of incubation using test strips
(Mquant TM, Nitrites test Merck Darmstadt, Germany). The concentration of nitrite ions
was calculated by observing the color change produced by a reddish violet azodye, which
is formed due to the diazotization of the nitrosating species and subsequent coupling with
N-(1-naphthyl) ethylenediamine [84].

Nitrite solution was used to measure nitrification II with the same frequency as the
previous one by means of test strips (Mquant TM Nitrates Test Merk Darmstadt, Germany).
Nitrate ions are measured based on the same chemical reactions as in nitrification I. The
nitrate ion is reduced to nitrite ion; these nitrite ions, in an acidic medium, form the
nitrosating species and, when reacting with an aromatic amine, undergo diazotization,
forming a diazonium salt. Later, it binds to N-(1-naphthyl) ethylenediamine, giving rise to
a reddish violet azodye [84].

Nitrate solution was used to measure denitrification through the level of nitrogen
gas produced at 7 days, 14 days, and 21 days, and was assessed with a Durham hood gas
production expressed in a range from 0 to 4. The results were expressed in mg NH4+ -N/g,
mg NO2− -N/g, mg NO3− -N/g, and N2 production in a 0–4 scale.

4.6. Evaluation of Plant Samples

Plant biomass (shoots, fruits, and roots parts) was weighted fresh and dry. All pa-
rameters were sampled at PS-1 and PS-2, except stump and fruit weight. These were only
obtained at PS-2, as the plants were not big enough at PS-1, and the stump was not very
differentiated and had no fruits: aerial part fresh weight (AeFW), aerial part dry weight
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(AeDW), fruits fresh weight (FFW), root fresh weight (RFW), root dry weight (RDW), stump
fresh weight (SFW), and stump dry weight (SDW).

Roots were washed, spread in a transparent sheet, and scanned to be measured.
Images of scanned roots were measured with WinRHIZO-Pro 2003b, obtaining: average
diameter (AD, cm), branching density (BD, number of forks by total length), number of
forks (NF), root density (RD, dry weight (g) by volume (cm3)), surface area (SA, cm2), total
length (TL, cm), total volume (TV, m3), and length by diameter classes (0.5, 0.5–2.5, and
>2.5, mm).

4.7. Statistical Analysis

To determine the differences between the main effects (accessions and bulk soil, FS,
and interaction) and multivariate analysis of variance (MANOVA) for every trait, Student–
Newman–Keuls (SNK) tests were carried out to compare accessions at each farming system
and time using Statgraphics software V.18.1.13 (64-bits).

The rest of the analyses were carried out with R (R Core Team, Viena, Austria,
×64 V. 4.1.0 (18 May 2021) in Rstudio Team, V. 1.4.1106 (11 February 2021)): Pearson’s
multiple correlation coefficient analysis was carried out for each stage (full heatmap in
Supplementary Data), and the packages used were: corrplot [85], svglite [86]. Exploratory
factor analysis (EFA) was carried out at each phenological stage. For EFA, packages
used were psych [87], tidyverse [88], mvnormtest [89], nFactors [90], EFA.MRFA [91], and
dplyr [92]. Final numbers of factors were decided as a three-criteria decision-making path:
number of eigenvalues greater than one, parallel analysis, and previous knowledge of the
main effects (MANOVA’s effects).

5. Conclusions

The present study contributes novel insights into how pepper genotypes, farming
systems, and soils interact. Clear differences in the bulk and rhizosphere soils depending on
the farming system indicate that it is a key factor in shaping the health status of soil, nutrient
cycling capacity, and emissions. However, we are still far from understanding all possible
changes and their consequences for food production and the global environment. Pepper
genotypes changed the rhizosphere’s functionality in a specific way, probably because of
specific exudates. However, again, future studies are needed to discover those exudate
profiles, their relationship with the proliferation of certain microorganisms, and their rela-
tionship with the root architecture. A combined study on plant genotypes and soil microbial
profiles should be conducted in the future to create soil-tailored sustainable agriculture.
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Abstract: Huanglongbing (HLB) disease has caused a severe decline in citrus production globally
over the past decade. There is a need for improved nutrient regimens to better manage the pro-
ductivity of HLB-affected trees, as current guidelines are based on healthy trees. The aim of this
study was to evaluate the effects of different fertilizer application methods and rates with different
planting densities on HLB-affected citrus root and soil health. Plant material consisted of ‘Ray Ruby’
(Citrus × paradisi) grapefruit trees grafted on ‘Kuharske’ citrange (Citrus × sinensis × Citrus trifoliata).
The study consisted of 4 foliar fertilizer treatments, which included 0×, 1.5×, 3× and 6× the Univer-
sity of Florida Institute of Food and Agriculture (UF/IFAS) recommended guidelines for B, Mn and
Zn. Additionally, 2 ground-applied fertilizer treatments were used, specifically controlled-release
fertilizer (CRF1): 12−3−14 + B, Fe, Mn and Zn micronutrients at 1× UF/IFAS recommendation,
and (CRF2): 12−3−14 + 2× Mg + 3× B, Fe, Mn and Zn micronutrients, with micronutrients ap-
plied as sulfur-coated products. The planting densities implemented were low (300 trees ha−1),
medium (440 trees ha−1) and high (975 trees ha−1). The CRF fertilizer resulted in greater soil nutrient
concentrations through all of the time sampling points, with significant differences in soil Zn and
Mn. Grapefruit treated with ground-applied CRF2 and 3× foliar fertilizers resulted in the greatest
bacterial alpha and beta diversity in the rhizosphere. Significantly greater abundances of Rhizobiales
and Vicinamibacterales were found in the grapefruit rhizosphere of trees treated with 0× UF/IFAS
foliar fertilizer compared to higher doses of foliar fertilizers.

Keywords: citrus greening; Citrus paradisi; flatwoods; plant nutrition; rhizosphere

1. Introduction

Much citrus production worldwide has significantly declined due to a disease known
as huanglongbing (HLB, or citrus greening) [1]. In Florida, citrus production has been
reduced by more than 70% since HLB was first detected in 2005 [2–4]. The disease is
associated with Candidatus Liberibacter asiaticus (CLas), bacteria transmitted to tree hosts
by a vector called the Asian Citrus Psyllid (Diaphorina citri, ACP) [5–7]. As the bacteria
colonize the sieve tubes within the phloem, callose deposition occurs, resulting in the
plugging of the phloem, thus inhibiting nutrient uptake [1]. Symptoms following infection
can include leaf chlorosis, leaf drop, reduced canopy density, smaller fruit size, root dieback,
lack of juice quality and reduced yield [8]. Grapefruit, in particular, are more prone to root
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dieback when infected with HLB compared to specialty citrus, such as lemon and lime [9].
Most of the grapefruit production in Florida takes place in the Indian River district, a 200-
mile-long area that borders the Atlantic Ocean. Since the introduction of HLB, grapefruit
production has undergone an 85% decline [10].

There are several approaches toward dealing with HLB and alleviating symptoms,
including the development of disease-tolerant rootstocks [7,11], the implementation of
vector control [12] and the use of soil amendments [13] to improve soil health. The effect of
different methods and rates of fertilizer application on citrus health and yield have also been
studied [4,14–16]. There are several ways of applying nutrients to citrus: foliar applications,
ground-applied granular fertilizers, fertigation and banding [14]. The mobility of nutrients
in soil and plant tissues is a notable factor in deciding which application method is most
appropriate [15]. For instance, when applying micronutrients (generally performed in
smaller quantities), the efficiency of root uptake may be compromised when soil conditions
are not favorable, and thus the foliar application of micronutrients may serve as a better
alternative due to greater efficiency [17]. When applying micronutrients to the ground,
variation in soil characteristics, such as soil pH, drainage and moisture-holding capacity,
can significantly impact mobility, solubility and the root uptake of nutrients [15].

The development of improved nutrient guidelines has proven to be beneficial since
most of the established guidelines are based on healthy noninfected citrus trees rather
than HLB-affected trees [18]. Several studies have examined the effects of various fertilizer
types and rates on citrus health and yield [4,9,19–22]. The fruit yield increased in ‘Valencia’
sweet orange trees (Citrus × sinensis) when evaluating varying rates of manganese (Mn)
via foliar application at 3× the recommended rate [23]. Additionally, when examining
the effect of foliar application rates on mandarins, increased rates of boron (B) and zinc
(Zn) above the recommended guidelines resulted in greater fruit yield and quality [24].
The effect of controlled-release fertilizer (CRF) formulations has also been tested on HLB-
affected citrus, with CRF treatments resulting in a greater concentration of nitrogen (N),
calcium (Ca), sulfur (S) and B in leaves compared to soluble dry granular fertilizers [10].
Furthermore, [25] found that CRF formulations resulted in significantly high yields in
HLB-affected sweet orange trees relative to conventional fertilizer sources.

The application of various types and rates of fertilizers may also have subsequent effects
on the microbial communities in the soil, notably those that reside within the rhizosphere
(a portion of the soil that encompasses the roots of plants). When studying the effects of
various N fertilizer treatments on wheat health and rhizosphere composition, Ref. [26] found
that the abundance of dominant soil bacteria was significantly altered through changes in
pH from long-term fertilization. Similarly, Ref. [27] found that tea orchards treated with a
long-term application of organic fertilizer resulted in significant shifts in soil pH correlated
with substantial differences in rhizosphere bacterial diversity. Potential shifts in rhizosphere
community composition from fertilizer may be crucial for plant health, as they consist of plant-
growth-promoting rhizobacteria (PGPR), which can improve plant growth through symbiotic
relationships [28]. Some bacteria, such as Bacillus subtilis, can assist plant hosts directly in
the defense against pathogens [29]. Furthermore, PGPR can make plant essential nutrients
available for root uptake, as they are capable of solubilizing nutrients into forms that can be
utilized by plants [30]. Further insight into the interactions shared between fertilizer regimens,
rhizosphere microbial composition and root health is still needed, specifically toward citrus.
This study aimed to determine the impact of foliar and ground-applied fertilizer treatments
on grapefruit root health and rhizosphere composition at varying planting densities. It is
predicted that grapefruit treated with greater nutrient concentrations will result in a more
diverse rhizosphere bacterial community composition.

2. Results

2.1. Soil Nutrient Concentrations

Soil nutrient concentrations were influenced by planting density treatments, but no
clear patterns were established (Table 1). In September 2020, trees planted in a high
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density (975 trees ha−1) had significantly greater soil Mg (20%, Figure 1A), whereas no
significant differences were observed for Ca (Figure 2A). In September 2020, trees planted
in a high density had significantly greater soil Zn (31%, Figure 3A) than trees planted
in a medium density (440 trees ha−1). However, trees planted in a medium density had
significantly greater soil P (17%, Figure 1A) compared to trees planted in a high density.
In January 2021, trees planted in a low density (300 trees ha−1) had significantly greater
soil Zn (23%, Figure 3A) compared to trees planted in a high density. In May 2021, trees
planted in a high density had significantly greater soil Mn (29%, Figure 3A) and Zn (28%,
Figure 3A) compared to trees planted in a low density. In September 2021, trees planted
in a high density had significantly greater soil P (25%, Figure 1A) and B (14%, Figure 4A)
compared to trees planted in a medium density. In January 2022, trees planted in a high
density had significantly greater soil Zn (36%, Figure 3A) compared to trees planted in a
medium density.

Table 1. Corresponding p-values and r values (Pearson’s coefficient) of correlations examined between
soil nutrient concentrations and planting density treatments from all time points of sampling, which
include September 2020, January 2021, May 2021, September 2021 and January 2022.

Nutrient r p-Value

P −0.05 0.4
K 0.03 0.25

Mg −0.01 0.98
Ca 0.12 0.006
B 0.08 0.08

Zn −0.06 0.18
Mn 0.06 0.9
Fe 0.12 0.08
Cu 0.01 0.79

Ground-applied CRF treatments influenced soil nutrient concentrations; however,
similarly to what was reported for planting density, no patterns were established (Table 2).
Soil samples fertilized with CRF1 treatment had significantly greater K (41%, Figure 1B)
and B (34%, Figure 4B) than those fertilized with the CRF2 treatment in September 2020.
However, soil receiving CRF2 treatment had significantly greater Mn (56%, Figure 3B)
than the CRF1 treatment. In January 2021, soil receiving CRF2 treatment had significantly
greater P (16%, Figure 1B) and Zn (21%, Figure 3B) than those fertilized with CRF1. In May
2021, soil fertilized with the CRF2 treatment had significantly greater Mg (11%, Figure 1B),
Mn (75%, Figure 3B), Zn (26%, Figure 3B) and B (23%, Figure 4B) than those fertilized
with CRF1. In September 2021, soil fertilized with CRF2 had significantly greater Zn (41%,
Figure 3B), Mn (100%, Figure 3B) and Cu (11%, Figure 3B) than those fertilized with CRF2.
In January 2022, soil fertilized with CRF2 had significantly greater B (23%, Figure 4B) than
soil fertilized with CRF1. No significant differences were detected for Ca (Figure 2B).

Table 2. Corresponding p-values and r values (Pearson’s coefficient) of correlations examined between
soil nutrient concentrations and ground-applied CRF treatments from all time points of sampling,
which include September 2020, January 2021, May 2021, September 2021 and January 2022.

Nutrient r p-Value

K −0.05 0.33
P 0.09 0.08

Mg 0.1 0.03
Ca −0.21 5.12 × 10−6

B 0.13 0.004
Zn 0.17 0.0002
Mn 0.4 2.20 × 10−16

Fe 0.23 3.17 × 10−7

Cu 0.17 0.0002
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Figure 1. Soil macronutrient concentrations of ‘Ray Ruby’ grapefruit grafted on ‘Kuharske’ cit-
range planted in flatwood soils located in Fort Pierce, FL, USA, in response to (A) planting density,
(B) ground-applied fertilizer and (C) foliar fertilizer treatments during September 2020 (T0), January
2021 (T1), May 2021 (T2), September 2021 (T3) and January 2022 (T4). Bars are ± standard deviation
of the mean. Treatments with * and different letters were considered to be significantly different
(p < 0.05).
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Figure 2. Soil Ca concentrations of ‘Ray Ruby’ grapefruit grafted on ‘Kuharske’ citrange planted in
flatwood soils located in Fort Pierce, FL, USA, in response to (A) planting density, (B) ground-applied
fertilizer and (C) foliar fertilizer treatments during September 2020 (T0), January 2021 (T1), May
2021 (T2), September 2021 (T3) and January 2022 (T4). Bars are ± standard deviation of the mean.
Treatments with * and different letters were considered to be significantly different (p < 0.05).
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Figure 3. Soil micronutrient concentrations of ‘Ray Ruby’ grapefruit grafted on ‘Kuharske’ cit-
range planted in flatwood soils located in Fort Pierce, FL, USA, in response to (A) planting density,
(B) ground-applied fertilizer and (C) foliar fertilizer treatments during September 2020 (T0), January
2021 (T1), May 2021 (T2), September 2021 (T3) and January 2022 (T4). Bars are ± standard deviation
of the mean. Treatments with * and different letters were considered to be significantly different
(p < 0.05).
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Figure 4. Soil boron concentrations of ‘Ray Ruby’ grapefruit grafted on ‘Kuharske’ citrange planted in
flatwood soils located in Fort Pierce, FL, USA, in response to (A) planting density, (B) ground-applied
fertilizer and (C) foliar fertilizer treatments during September 2020 (T0), January 2021 (T1), May
2021 (T2), September 2021 (T3) and January 2022 (T4). Bars are ± standard deviation of the mean.
Treatments with * and different letters were considered to be significantly different (p < 0.05).
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As previously reported for planting densities and ground-applied fertilizers, foliar
fertilizer treatments affected soil nutrient concentrations. However, no clear trends were
observed (Table 3) and no significant differences were detected in soil macronutrients,
except for K in September 2020 (Figure 1C). Soil samples from 6× foliar treatments had
significantly greater Zn (88% and 39%, Figure 3C) and Mn (99% and 47%, Figure 3C)
concentrations than treatments fertilized with 0× and 1.5× foliar spray in September
2020. In January 2021, soil receiving 6× foliar sprays had significantly greater Zn (71%
and 32.71%, Figure 3C) and Mn (41% and 26%, Figure 3C) concentrations than 0× and
1.5× foliar treatments. In May 2021, soil receiving 6× foliar sprays had significantly greater
Zn (110% and 60%, Figure 3C) concentrations than those fertilized with 0× and 1.5× sprays.
In January 2022, soil receiving 6× foliar sprays had significantly greater Zn (110%, 30% and
54%, Figure 3C) concentrations than those fertilized with 0×, 1.5× and 3× foliar sprays.
Neither Ca or B showed significant differences (Figures 2C and 4C).

Table 3. Corresponding p-values and r values (Pearson’s coefficient) of correlations examined between
soil nutrient concentrations and foliar fertilizer treatments from all time points of sampling, which
include September 2020, January 2021, May 2021, September 2021 and January 2022.

Nutrient r p-Value

K −0.03 0.94
P 0.01 0.98

Mg −0.03 0.39
Ca −0.02 0.65
B 0.02 0.56

Zn 0.29 9.76 × 10−11

Mn 0.24 9.19 × 10−8

Fe −0.09 0.84
Cu −0.06 0.13

2.2. Root Nutrient Concentrations and Size

Root nutrient concentrations and size were significantly affected by planting density.
During September 2020, trees planted in a high density resulted in significantly greater total
root length (60%, Tables 4 and 5) than trees planted in a low density. In September 2021,
the root concentrations of Mg (52%, Figure 5A) were significantly greater in trees planted
in a high density than those planted in a low density. In May 2021, the root concentrations
of N (18%, Figure 6A), Mn (73%, Figure 7A) and Zn (59%, Figure 7A) were significantly
greater in trees planted in a high density compared to the trees planted in a medium density.
Additionally, B was significantly higher in high-density plantings compared to those in a
low planting density (45%, Figure 8A). In January 2022, trees planted in a high density had
significantly greater Zn (59%, Figure 7A) and Mn (73%, Figure 7A) in their roots than those
grown in a medium density. No significant differences were observed in root density in
response to planting density (Figure 9A).

Root nutrient concentrations and measurements were significantly affected by ground-
applied CRF treatments. In September 2020, grapefruit treated with the CRF2 treatment
resulted in roots with a significantly greater root density (40%, Figure 9B) and grapefruit
fertilized with the CRF1 treatment was significantly greater than those fertilized with the
CRF2. In May 2021, the root concentrations of K (17.32%, Figure 6B) were significantly
greater in trees fertilized with the CRF1 treatment compared to the CRF2. However, the
root concentrations of P (11%, Figure 5B) and Mg (17%, Figure 5B) were significantly greater
in trees fertilized with the CRF2 treatment compared to the CRF1. Additionally, the total
root volume (122%, Tables 6 and 7) and total root area (63%, Tables 8 and 9) of grapefruit
fertilized with the CRF2 treatment were significantly greater than those fertilized with
the CRF1. In September 2021, the root concentrations of Mn (52%, Figure 7B) and Zn
(35%, Figure 7B) were significantly greater in trees fertilized with CRF2 compared to CRF1.
In January 2022, the root concentrations of P (20%, Figure 5B) and Mg (17%, Figure 5B)
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were significantly greater in trees fertilized with CRF2 compared to CRF1. However, the
root concentrations of K (17%, Figure 6B) were significantly greater in trees fertilized
with CRF1 compared to CRF2. Ground-applied fertilizer treatments were not observed to
have a significant effect on the root B concentrations at all sampling times (Figure 8B). No
significant differences were observed in root nutrient concentrations in response to foliar
fertilizer treatments ( Figures 5C, 6C, 7C and 8C); additionally, no significant difference in
root density in response to foliar fertilizer treatments was observed (Figure 9C).

Table 4. Total root length of ‘Ray Ruby’ grapefruit grafted on ‘Kuharske’ citrange planted in flatwood
soils located in Fort Pierce, FL, USA, and treated with ground-applied fertilizer, foliar fertilizer and
different planting densities from September 2020 to January 2022.

Root Length (mm) Sept. 2020 Jan. 2021 May 2021 Sept. 2021 Jan. 2022

Ground-applied 1 CRF1 489 ± 120 622.6 ± 161 653.7 ± 143 545.5 ± 112 706.0 ± 95
CRF2 572 ± 90 432.9 ± 93 450.2 ± 103 509.0 ± 79 655.2 ± 111

Foliar 2

0× 504 ± 180 343.2 ± 143 539.3 ± 194 469.7 ± 118 617.5 ± 121
1.5× 476 ± 101 431.0 ± 78 456.0 ± 100 405.8 ± 95 600.5 ± 124
3× 401 ± 121 406.5 ± 131 329.8 ± 104 523.1 ± 155 685.1 ± 171
6× 772 ± 194 1120.8 ± 318 994.8 ± 298 726.6 ± 171 817.8 ± 173

Planting density 3
High 738 ± 128 651.6 ± 142 655.2 ± 183 729.2 ± 149 790.8 ± 156
Low 398 ± 144 529.0 ± 227 559.2 ± 194 382.3 ± 79 508.6 ± 68

Medium 402 ± 72 442.5 ± 176 593.5 ± 202 495.6 ± 113 747.8 ± 137

1 Controlled release fertilizer blends 1 (CRF1): 12N-1.31 P-11.62K and micronutrients at 1× the UF/IFAS recommen-
dation with micronutrients as sulfates (12-3-14 1× Micro) and CRF2: enhanced 12N-1.31 P-11.62K with 2× Mg and
2.5× the UF/IFAS recommendation with micronutrients as sulfur-coated products (#12-3-14 2.5× Micro). 2 Foliar
fertilizer treatments, which included 0×, 1.5×, 3× and 6× the UF/IFAS recommendation. 3 Low (300 trees ha−1),
medium (440 trees ha−1) and high (975 trees ha−1).

Table 5. p-values obtained via a three-way ANOVA followed by Tukey’s post hoc test, corresponding
to the total root length of ‘Ray Ruby’ grapefruit grafted on ‘Kuharske’ citrange planted in flatwood
soils located in Fort Pierce, FL, USA, and treated with ground-applied fertilizer, foliar fertilizer and
different planting densities from September 2020 to January 2022. Bold values were considered to be
significantly different (p < 0.05).

Root Length
p Values

Sept. 2020 Jan. 2021 May 2021 Sept. 2021 Jan. 2022

Ground-applied 1 CRF1—CRF2 0.28 0.74 0.35 0.78 0.75

Foliar 2

1.5×–0× 0.84 0.44 0.90 0.98 0.99
3×–0× 0.99 0.58 0.99 0.99 0.98
6×–0× 0.28 0.98 0.99 0.52 0.76

3×–1.5× 0.72 0.99 0.92 0.91 0.97
6×–1.5× 0.72 0.71 0.85 0.32 0.73
6×–3× 0.18 0.82 0.99 0.71 0.92

Planting density 3
Low—High 0.04 0.77 0.93 0.06 0.27
Med—High 0.32 0.90 0.86 0.22 0.94
Med—Low 0.62 0.96 0.66 0.79 0.42

1 Controlled-release fertilizer blends 1 (CRF1): 12N-1.31 P-11.62K and micronutrients at 1× the UF/IFAS recom-
mendation with micronutrients as sulfates (12-3-14 1× Micro) and CRF2: enhanced 12N-1.31 P-11.62K with 2× Mg
and 2.5× the UF/IFAS recommendation with micronutrients as sulfur-coated products (#12-3-14 2.5× Micro).
2 Foliar fertilizer treatments, which included 0×, 1.5×, 3× and 6× the UF/IFAS recommendation. 3 Low
(300 trees ha−1), medium (440 trees ha−1) and high (975 trees ha−1).

Table 6. Total root volume of ‘Ray Ruby’ grapefruit grafted on ‘Kuharske’ citrange planted in
flatwood soils located in Fort Pierce, FL, USA, and treated with ground-applied fertilizer, foliar
fertilizer and different planting densities from September 2020 to January 2022.

Root Volume (mm3) Sept. 2020 Jan. 2021 May 2021 Sept. 2021 Jan. 2022

Ground-applied 1 CRF1 491.8 ± 135 540.8 ± 117 467.1 ± 101 1139.7 ± 232 1949.4 ± 271
CRF2 732.7 ± 329 439.1 ± 101 316.0 ± 73 1143.3 ± 170 1777.7 ± 285
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Table 6. Cont.

Root Volume (mm3) Sept. 2020 Jan. 2021 May 2021 Sept. 2021 Jan. 2022

Foliar 2

0× 430.9 ± 199 367.4 ± 131 386.1 ± 138 1044.9 ± 256 1691.2 ± 367
1.5× 374.4 ± 110 344.8 ± 70 349.2 ± 75 908.5 ± 227 1647.4 ± 316
3× 856.8 ± 512 607.2 ± 176 285.6 ± 99 1163.3 ± 336 1861.2 ± 443
6× 692.7 ± 290 755.9 ± 98 672.0 ± 229 1479.3 ± 329 2225.4 ± 452

Planting density 3
High 916.5 ± 435 637.0 ± 171 397.5 ± 102 1527.2 ± 312 2131.2 ± 438
Low 485.4 ± 210 456.4 ± 134 423.4 ± 150 835.7 ± 155 1409.2 ± 161

Medium 391.6 ± 119 389.4 ± 90 449.9 ± 136 1109.8 ± 249 2072.9 ± 371

1 Controlled release fertilizer blends 1 (CRF1): 12N-1.31 P-11.62K and micronutrients at 1× the UF/IFAS recommen-
dation with micronutrients as sulfates (12-3-14 1 × Micro) and CRF2: enhanced 12N-1.31 P-11.62K with 2 × Mg
and 2.5× the UF/IFAS recommendation with micronutrients as sulfur-coated products (#12-3-14 2.5 × Micro).
2 Foliar fertilizer treatments, which included 0×, 1.5×, 3× and 6× the UF/IFAS recommendation. 3 Low
(300 trees ha−1), medium (440 trees ha−1) and high (975 trees ha−1).

Table 7. p-values obtained via a three-way ANOVA followed by Tukey’s post hoc test, corresponding
to the total root volume of ‘Ray Ruby’ grapefruit grafted on ‘Kuharske’ citrange planted in flatwood
soils located in Fort Pierce, FL, USA, and treated with ground-applied fertilizer, foliar fertilizer and
different planting densities from September 2020 to January 2022.

Root Volume
p Values

Sept. 2020 Jan. 2021 May 2021 Sept. 2021 Jan. 2022

Ground-applied 1 CRF1—CRF2 0.82 0.67 0.03 0.98 0.66

Foliar 2

1.5×–0× 0.92 0.69 0.65 0.99 0.99
3×–0× 0.92 0.29 0.88 0.99 0.99
6×–0× 0.77 0.99 0.97 0.69 0.78

3×–1.5× 0.99 0.83 0.98 0.92 0.97
6×–1.5× 0.99 0.62 0.86 0.49 0.72
6×–3× 0.98 0.26 0.98 0.86 0.92

Planting density 3
Low—High 0.22 0.79 0.63 0.09 0.29
Med—High 0.35 0.97 0.98 0.35 0.97
Med—Low 0.97 0.69 0.51 0.73 0.38

1 Controlled release fertilizer blends 1 (CRF1): 12N-1.31 P-11.62K and micronutrients at 1× the UF/IFAS recommen-
dation with micronutrients as sulfates (12-3-14 1 × Micro) and CRF2: enhanced 12N-1.31 P-11.62K with 2 × Mg
and 2.5× the UF/IFAS recommendation with micronutrients as sulfur-coated products (#12-3-14 2.5 × Micro).
2 Foliar fertilizer treatments, which included 0×, 1.5×, 3× and 6× the UF/IFAS recommendation. 3 Low
(300 trees ha−1), medium (440 trees ha−1) and high (975 trees ha−1).

Table 8. Total root area of ‘Ray Ruby’ grapefruit grafted on ‘Kuharske’ citrange planted in flatwood
soils located in Fort Pierce, FL, USA, and treated with ground-applied fertilizer, foliar fertilizer and
different planting densities from September 2020 to January 2022.

Root Area (mm2) Sept. 2020 Jan. 2021 May 2021 Sept. 2021 Jan. 2022

Ground-applied 1 CRF1 1598.3 ± 428 1463.1 ± 328 1869.0 ± 420 2763.6 ± 566 4111.4 ± 576
CRF2 1837.3 ± 498 1452.4 ± 312 1308.2 ± 301 2664.3 ± 402 3773.9 ± 621

Foliar 2

0× 1392.9 ± 499 1199.5 ± 457 1580.4 ± 556 2440.6 ± 605 3540.3 ± 771
1.5× 1240.9 ± 330 1173.8 ± 247 1392.2 ± 300 2126.1 ± 512 3485.3 ± 693
3× 1770.8 ± 733 1586.1 ± 427 1057.7 ± 354 2733.5 ± 799 3962.2 ± 963
6× 2388.7 ± 825 2202.7 ± 319 2771.5 ± 973 3633.9 ± 831 4722.7 ± 974

Planting density 3
High 2425.8 ± 668 2144.6 ± 532 1644.4 ± 464 3687.8 ± 754 4556.2 ± 949
Low 1433.9 ± 575 1208.7 ± 252 1686.7 ± 593 1977.3 ± 383 2962.8 ± 363

Medium 1205.9 ± 260 1039.3 ± 221 1800.6 ± 578 2598.5 ± 587 4364.4 ± 787
1 Controlled-release fertilizer blends 1 (CRF1): 12N-1.31 P-11.62K and micronutrients at 1× the UF/IFAS recom-
mendation with micronutrients as sulfates (12-3-14 1× Micro) and CRF2: enhanced 12N-1.31 P-11.62K with 2× Mg
and 2.5× the UF/IFAS recommendation with micronutrients as sulfur-coated products (#12-3-14 2.5× Micro).
2 Foliar fertilizer treatments, which included 0×, 1.5×, 3× and 6× the UF/IFAS recommendation. 3 Low
(300 trees ha−1), medium (440 trees ha−1) and high (975 trees ha−1).
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Figure 5. Root P, Mg and S concentrations of ‘Ray Ruby’ grapefruit grafted on ‘Kuharske’ citrange
planted in flatwood soils located in Fort Pierce, FL, USA. Graphs indicate response to (A) planting
density, (B) ground-applied fertilizer and (C) foliar fertilizer treatments during May 2021 (T2),
September 2021 (T3) and January 2022 (T4). Bars are ± standard deviation of the mean. Treatments
with * and different letters were considered to be significantly different (p < 0.05).
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Figure 6. Root N, K and Ca concentrations of ‘Ray Ruby’ grapefruit grafted on ‘Kuharske’ citrange
planted in flatwood soils located in Fort Pierce, FL, USA. Graphs indicate response to (A) planting
density, (B) ground-applied fertilizer and (C) foliar fertilizer treatments during May 2021 (T2),
September 2021 (T3) and January 2022 (T4). Bars are ± standard deviation of the mean. Treatments
with * and different letters were considered to be significantly different (p < 0.05).
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Figure 7. Root micronutrient concentrations of ‘Ray Ruby’ grapefruit grafted on ‘Kuharske’ citrange
planted in flatwood soils located in Fort Pierce, FL, USA. Graphs indicate response to (A) planting
density, (B) ground-applied fertilizer and (C) foliar fertilizer treatments during May 2021 (T2),
September 2021 (T3) and January 2022 (T4). Bars are ± standard deviation of the mean, and treatments
with * and different letters were considered to be significantly different (p < 0.05).
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Figure 8. Root B concentrations of ‘Ray Ruby’ grapefruit grafted on ‘Kuharske’ citrange planted
in flatwood soils located in Fort Pierce, FL, USA. Graphs indicate response to (A) planting density,
(B) ground-applied fertilizer and (C) foliar fertilizer treatments during May 2021 (T2), September
2021 (T3) and January 2022 (T4). Bars are ± standard deviation of the mean, and treatments with
different letters were considered to be significantly different (p < 0.05).

81



Plants 2023, 12, 1659

 

Figure 9. Root density of ‘Ray Ruby’ grapefruit grafted on ‘Kuharske’ citrange planted in flatwood
soils located in Fort Pierce, FL, USA, in response to (A) planting density, (B) ground-applied fertilizer
and (C) foliar fertilizer treatments during September 2020 (T0), January 2021 (T1), May 2021 (T2),
September 2021 (T3) and January 2022 (T4). Bars are ± standard deviation of the mean, and treatments
with * were considered to be significantly different (p < 0.05).
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Table 9. p-values obtained via a three-way ANOVA followed by Tukey’s post hoc test, corresponding
to the total root area of ‘Ray Ruby’ grapefruit grafted on ‘Kuharske’ citrange planted in flatwood
soils located in Fort Pierce, FL, USA, and treated with ground-applied fertilizer, foliar fertilizer and
different planting densities from September 2020 to January 2022. Bold values were considered to be
significantly different (p < 0.05).

Root Area
p Values

Sept. 2020 Jan. 2021 May 2021 Sept. 2021 Jan. 2022

Ground-applied 1 CRF1—CRF2 0.71 0.38 0.03 0.88 0.69

Foliar 2

1.5×–0× 0.94 0.37 0.73 0.98 0.99
3×–0× 0.98 0.16 0.93 0.98 0.98
6×–0× 0.52 0.99 0.99 0.59 0.77

3×–1.5× 0.99 0.89 0.98 0.91 0.97
6×–1.5× 0.86 0.30 0.83 0.40 0.72
6×–3× 0.67 0.14 0.97 0.79 0.92

Planting density 3
Low—High 0.13 0.93 0.81 0.08 0.28
Med—High 0.36 0.74 0.88 0.28 0.95
Med—Low 0.85 0.53 0.53 0.76 0.39

1 Controlled-release fertilizer blends 1 (CRF1): 12N-1.31 P-11.62K and micronutrients at 1× the UF/IFAS recom-
mendation with micronutrients as sulfates (12-3-14 1× Micro) and CRF2: enhanced 12N-1.31 P-11.62K with 2× Mg
and 2.5× the UF/IFAS recommendation with micronutrients as sulfur-coated products (#12-3-14 2.5× Micro).
2 Foliar fertilizer treatments, which included 0×, 1.5×, 3× and 6× the UF/IFAS recommendation. 3 Low
(300 trees ha−1), medium (440 trees ha−1) and high (975 trees ha−1).

2.3. Rhizosphere Microbiome Diversity

Data were log-transformed to reduce error rates caused by rarefaction and later utilized
for alpha and beta diversity analyses of the rhizosphere bacterial community through the R
package “Phyloseq” v1.24.0 (McMurdie and Holmes 2013). Rhizosphere bacterial alpha
diversity did vary according to treatments according to the Shannon index. Grapefruit
trees treated with CRF 2 had a greater bacterial alpha diversity than those treated with CRF
1 (Figure 10A). Grapefruit trees treated with 3× foliar fertilizer had a greater bacterial alpha
diversity compared to those treated with 0×, 1.5× and 6× foliar fertilizer (Figure 11A).

Figure 10. Alpha (A) and beta diversity (B) in rhizosphere bacteria of ‘Ray Ruby’ grapefruit grafted
on ‘Kuharske’ citrange planted in flatwood soils located in Fort Pierce, FL, USA, and grown with
different ground-applied fertilizer treatments. Alpha diversity was measured using the Shannon
index of rhizosphere bacteria among treatments. Plotted in Figure (A) are boxes (interquartile), the
median (line within each box), the mean (× within each box), and whiskers (lowest and greatest
values). Principal coordinates analysis (PCoA) based on the Bray–Curtis dissimilarity matrix of
rhizosphere bacterial samples can be found in Figure (B), where colors indicate treatment and include
CRF1 (orange) and CRF2 (blue).
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Figure 11. Alpha (A) and beta diversity (B) in rhizosphere bacteria of ‘Ray Ruby’ grapefruit grafted
on ‘Kuharske’ citrange planted in flatwood soils located in Fort Pierce, FL, USA, and treated with
various doses of foliar fertilizer applications. Alpha diversity was measured using the Shannon index
of rhizosphere bacteria among treatments. Plotted in Figure (A) are boxes (interquartile), the median
(line within each box), the mean (× within each box), and whiskers (lowest and greatest values).
Principal coordinates analysis (PCoA) based on the Bray–Curtis dissimilarity matrix of rhizosphere
bacterial samples can be found in Figure (B), where colors indicate treatment and include 0× (blue),
1.5× (orange), 3× (green) and 6× (purple) the UF/IFAS recommended.

Beta diversity analyses included principal coordinate analysis (PCoA) on Bray–Curtis
distances. An ANOSIM test was performed to determine significant differences in beta
diversity between treatments. Rhizosphere bacterial beta diversity did vary according to
treatments according to the Shannon index. Grapefruit trees treated with CRF 2 had greater
bacterial beta diversity than those treated with CRF 1 (Figure 10B). Grapefruit trees treated
with 3× foliar fertilizer had greater bacterial beta diversity compared to those treated with
0×, 1.5× and 6× foliar (Figure 11B).

There was variation in the relative abundance of bacterial taxonomic orders among
treatments. Grapefruit trees treated with 0× foliar fertilizer had a rhizosphere bacterial
community with a significantly greater abundance of Reyranellales (p < 0.05), Rhizobiales
(p < 0.05) and Rickettsiales (p < 0.05) compared to those from the 1.5× foliar treatment. Ad-
ditionally, grapefruit trees at 0× foliar fertilizer had a rhizosphere bacterial community with
a significantly greater abundance of Nitrosotaleales (p < 0.05), Vicinamibacterales (p < 0.05),
Tistrellales (p < 0.05) and Solirubrobacterales (p < 0.05) compared to those from the 3× foliar
fertilizer treatment. Furthermore, grapefruit trees with 0× foliar fertilizer had a rhizosphere
bacterial community with a significantly greater abundance of Nitrososphaerales (p < 0.05),
Clostridiales (p < 0.05), Caulobacterales (p < 0.05) and Rickettsiales (p < 0.05) compared
to 6× foliar treatment.

3. Discussion

Planting density affected root nutrient concentrations and root size, with notably
significantly greater root concentrations of Mn and Zn concentrations in a high density
than in a medium density in May 2021 and January 2022. When planting grapefruit in
higher densities, the greater presence of roots within a given soil area may have allowed
for greater root interception of essential nutrients. Similarly, Gezahegn et al. found that
closely spaced fava bean plants had increased root elongation, increasing moisture and
nutrient uptake [31]. Additionally, the greater presence and activity of grapefruit roots
from high-density plantings may also increase the amount of root exudates in these soils,
potentially contributing to observed increases in root concentrations of Mn and Zn. Root
exudates function to recruit microbes from the bulk soil to the rhizosphere for a multitude
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of tasks, whereby some of which range from plant defense to nutrient acquisition [32,33].
The type and amount of root exudates released vary according to the plant’s growth stage
and the root characteristics, such as root physiology and morphology [34,35].

Changes in root nutrient concentrations and measured parameters were more influ-
enced by ground-applied CRF treatments than foliar fertilizer treatments, due to application
sites being closer to the root zone than foliar application sites in the canopy. Long-term
ground-applied CRF use can have more pronounced effects on soil characteristics, such as
pH (commonly increased soil acidification), when compared to foliar fertilizers, affecting
the availability of plant essential nutrients [36,37]. Furthermore, long-term excessive fer-
tilizer applications have also been shown to alter total organic carbon (TOC), basic cation
content and soil physical properties, further emphasizing the effect of ground-applied
CRF on overall root health [38,39]. The phenology of citrus trees with several vegetive
flushes during the year, in combination with the sub-tropical weather of Florida (with
an abundance of rain during the summer and fall seasons) and the deterioration in tree
health caused by HLB disease, may have contributed toward the inconsistency in nutrient
concentrations, and the lack of observed patterns during the time periods of the study.

When comparing the impact of ground-applied CRF on root health, the CRF2 treat-
ment had an overall greater beneficial effect compared to the CRF1 treatment, notably in
May 2021, with significant increases in the total root area and total root volume of grapefruit.
Similarly, [40] found that 2× the dose of micronutrients (Mn, Zn and B) in HLB-affected
sweet orange trees led to a higher median root lifespan. Greater concentrations of micronu-
trients (3× B, Fe, Mn and Zn) in the CRF2 treatment may have also contributed toward
better root health. Nutrient supply is imperative to disease control because nutrients
influence plant resistance, pathogen vigor, growth and associated factors [15].

Both foliar and ground-applied fertilizer treatments had a greater impact on soil
micronutrient concentrations compared to planting density at all timepoints, as confirmed
through Pearson correlation coefficients. This was expected, as micronutrients were the
main component that changed through the foliar and ground-applied fertilizer treatments.

Excess amounts of micronutrients provided by the CRF2 treatment may have improved
HLB-affected root health by reducing the activity of pathogenic organisms, such as CLas.
Greater concentrations of micronutrients, such as Mn and Zn, have been shown to exhibit
antimicrobial functions [41]. For instance, Zn has been shown to exhibit host-pathogen
interactions, as increased concentrations have been shown to suppress the growth of
potential phytopathogens [42,43], thus promoting soil and plant health. Higher doses of
foliar Mn in HLB-affected trees reduced symptom severity [16].

Significantly greater abundances of Rhizobiales and Vicinamibacterales may have
been recruited from excess root exudates released from stressed HLB-affected grapefruit
treated with 0× UF/IFAS foliar fertilizer compared to the other trees treated with higher
doses of foliar fertilizers. Rhizobiales are a bacterial order of interest as they can interact
with host plants to produce auxins, vitamins and N fixation, and protect the plants against
stress [44]. Additionally, Vicinamibacterales have also been classified as PGPR, as they have
been associated with increased plant available nutrient concentrations (specifically N and
P) in rice rhizosphere soil [45]. Typically, greater amounts of exudates are released from
roots during periods of stress for the purpose of recruiting microorganisms, specifically
plant-growth-promoting rhizobacteria (PGPR) to assist in the acquisition of plant essential
resources that would otherwise be unavailable [46–48]. Similarly, host plants grown
under nutrient-deficient conditions have been shown to increase the synthesis of a root
exudate known as Strigolactones to promote mycorrhizal fungal recruitment for nutrient
acquisition [49,50]. Moreover, flavonoids released from the roots of nutrient-deficient
legumes have been shown to stimulate bacterial root infection, leading to the establishment
of nodules that promote N fixation [51].
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4. Materials and Methods

4.1. Experimental Design

The study site is located at the University of Florida Institute of Food and Agricultural
Sciences (UF/IFAS) Indian River Research and Education Center in Fort Pierce, FL (latitude
27.435342◦, longitude -80.445197◦, altitude 10 m). Plant material consisted of ‘Ray Ruby’ grape-
fruit trees (Citrus × paradisi) grafted on ‘Kuharske’ citrange (Citrus × sinensis × Citrus trifoliata).
Trees were planted in September 2013 in flatwood soils (Pineda sands classified as loamy,
siliceous, active, hyperthermic Arenic Glossaqualfs) which are poorly drained and consist of
96% sand, 2.5% silt and 1.5% clay and have an argillic soil layer at 90 cm below the soil surface.
The average soil pH was 5.8 and the cation exchange capacity (CEC) was 3.5 cmol kg−1. Trees
were grown on raised beds roughly 1 m tall to facilitate drainage, with swales 15 m between
beds. Irrigation was delivered using 39.7 L h−1 microjet sprinklers (Maxijet, Dundee, FL,
USA). The original experiment, which only focused on aboveground parameters, has been
described in [9] and was arranged in a split-split-plot design with three factors, each consisting
of plant densities, ground-applied controlled-release fertilizers (applied in February, May and
September) and foliar-applied fertilizer combinations (applied in March, June and October).
The three planting densities implemented were low (300 trees ha−1), medium (440 trees ha−1)
and high (975 trees ha−1). The study consisted of two ground-applied fertilizer treatments,
specifically, controlled-release fertilizer blends 1 (CRF1): 12.00N-1.31P-11.62K and micronutri-
ents at 1× the UF/IFAS recommendation with micronutrients as sulfates (12-3-14 1× Micro)
and CRF2: enhanced 12.00N-1.31P-11.62K with 2× Mg and 2.5× the UF/IFAS recommenda-
tion with micronutrients as sulfur-coated products (#12-3-14 2.5× Micro, Tables 10 and 11).
Additionally, there were four foliar fertilizer treatments, which included 0×, 1.5×, 3× and
6× the UF/IFAS recommendation [14]. Root and soil parameter sampling was performed
every 4 months from September 2020 to January 2022. Rhizosphere samples were collected in
January 2021.

Table 10. Details about treatment factors and arrangements for experimental design.

Experimental Design Factor and Level

Main plot

CRF application in the soil

• 12-3-14 + micronutrients at 1× UF/IFAS recommendation
• 12-3-14 + 2× Mg + micronutrients (3× UF/IFAS B, Fe, Mn and Zn)

Subplot

Three plant densities

• Single-row low density (SR/LD): 300 trees per ha
• Single-row high density (SR/HD): 440 trees per ha
• Double-row high density (DR/HD): 975 trees per ha

Sub-subplot

Four foliar treatments

• No supplemental nutrients applied (0×)
• 1.5 times the recommended doses of B, Mn and Zn 1 (1.5×)
• 3.0 times the recommended doses of B, Mn and Zn 1 (3.0×)
• 6.0 times the recommended doses of B, Mn and Zn 1 (6.0×)

1 B = 0.28 kg/ha, Zn = 5.6 kg/ha and Mn = 4.2 kg/ha: (UF/IFAS recommendation).

Table 11. Controlled-release fertilizer formula.

12-3-14 + Micronutrient at 1× UF/IFAS Recommendation
12-3-14 +2 × Mg + Micronutrients
(3× UF/IFAS B, Fe, Mn and Zn)

Nutrient (%) Amount (kg ha−1) Nutrient (%) Amount (kg ha−1)

N 12 180 12 180
P2O5 3 45 3 45
K2O 14 209 14 209
Ca 1 15 1 15
Mg 1.2 18 2.4 36
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Table 11. Cont.

12-3-14 + Micronutrient at 1× UF/IFAS Recommendation
12-3-14 +2 × Mg + Micronutrients
(3× UF/IFAS B, Fe, Mn and Zn)

Nutrient (%) Amount (kg ha−1) Nutrient (%) Amount (kg ha−1)

S 13 194 15 228
B 0.1 0.7 0.1 1.7
Cu 0 0.6 0.1 1.5
Fe 0.4 5.9 1 15
Mn 0.6 8.4 1.4 21
Mo 0 0 0 0.2
Zn 0.4 5.9 1 15

4.2. Soil Nutrient Analysis

A soil auger (One-Piece Auger model #400.48, AMS, Inc., American Falls, ID) 7 cm in
diameter and 10 cm in depth was used to collect soil samples for nutrient concentrations. A
single core was taken within the irrigated zone from one tree per experimental plot (total
of 96) across eight experimental blocks. Soil samples were analyzed for extractable N, P, K,
Mg, Ca, S, B, Zn, Mn, Fe and Cu.

Soil samples were dried overnight at 80 °C, and nutrient concentrations were deter-
mined using Mehlich III extraction [52]. A total of 25 mL of Mehlich III extractant solution
(0.2 M CH3COOH + 0.015 M NH4F + 0.013 M HNO3 + 0.001 M EDTA + 0.25 M H4NO3) was
pipetted into extraction tubes containing 2.5 ± 0.05 g of soil. Soil nutrient concentrations
were measured using inductively coupled plasma optical emission spectroscopy (ICP-OES,
Spectro Ciros CCD, Fitzburg, MA, USA) [14].

4.3. Root Parameter Analysis

Root parameters were measured using a minirhizotron system (CID Bio-Science CI-602,
CID Bioscience, Inc. Camas, WA, USA). Each tube consisted of three scannable windows at
different depths (0–19 cm, 19–39 cm and 39–59 cm), and all three windows in every tube
were scanned for each sampling point. After images were acquired, average root length
and density were calculated using commercial software (RootSnap™ Version 1.3.2.25, CID
Bio-Science, Camas, WA, USA).

4.4. Deoxyribonucleic Acid (DNA) Isolation and Quantification

Rhizosphere samples were taken shortly after bulk soil sampling, which consisted
of rhizosphere soil (located around the roots) being lightly shaken from the roots and
placed in 50 mL sterile tubes. Approximately, 50 g of the soil was collected and stored at
−20 ◦C before DNA extraction. Approximately, 15 mL of 1× sterile phosphate-buffered
saline (800 mL distilled water, 8 g NaCl, 0.2 g KCl, 1.44 g Na2PO4 and 0.24 g KH2PO4) was
added to the sample and shaken by hand for 15 s. Roots were removed with forceps and
discarded, the remaining soil was centrifuged at 3000 g for 15 min and the supernatant
was discarded. Soil DNA was extracted from 0.25 g of the soil pellet using the DNeasy
PowerSoil Kit (Qiagen Inc., Germantown, MD, USA) according to the manufacturer’s
instructions. A fluorometer (Qubit, Thermofisher Scientific, Wilmington, NC, USA) was
used to quantify the extracted DNA and determine whether the DNA was concentrated
enough for sequencing (>1 ng/μL). Rhizosphere DNA was amplified with 515Fa/926R
universal bacterial [53] primers and sequenced at the Genomics and Microbiome Core
Facility at Rush University, Chicago, IL, USA.

4.5. Rhizosphere Microbiome Diversity and Statistical Analysis

After sequencing, bioinformatic data were processed using DADA2 [54] within the
Qiime 2 [55] package. Raw sequences were demultiplexed. DADA2 was used to filter
chimeras, primers and adapters and assemble pair-ended sequences. Taxonomy was as-
signed to amplicon sequence variants (ASVs) with the reference dataset SILVA 128 database

87



Plants 2023, 12, 1659

for 16S rRNA using a naïve Bayes classifier in Qiime2 [56]. Alpha and beta diversity
analyses of the bacterial community were performed on log-normalized data to avoid an
increase in error rates due to rarefaction [57] with the R package “Phyloseq” v1.24.0 [58].
Alpha diversity analyses included the number of observed ASVs (Shannon index), whereas
beta diversity analyses included principal coordinate analysis (PCoA) on weighted UniFrac
distances. A two-way analysis of similarities (ANOSIM) test was performed to determine
significant differences in beta diversity between treatments.

4.6. Plant and Soil Data Statistical Analysis

An analysis of variance (three-way ANOVA) was performed using statistical software
(R Version 3.6.0, RStudio, Boston, MA, USA). The main effect means were separated using
Tukey’s honestly significant difference post hoc test. Differences were considered to be
significant when p-values were less than or equal to 0.05. Additionally, Pearson correlation
coefficients were computed.

5. Conclusions

In this study, we examined the impact of planting densities, ground-applied controlled-
release fertilizers and foliar fertilizer dosages on both soil and plant parameters, including
rhizosphere community composition. The use of the CRF2 ground-applied fertilizer re-
sulted in higher soil nutrient concentrations through all time points of the study, notably
with significant differences in Zn and Mn. Additionally, increased micronutrient concen-
trations provided by the CRF2 ground-applied fertilizer may have provided additional
nutrients required to assist the root health of HLB-affected grapefruit trees. Furthermore,
HLB-affected grapefruit at 0× the UF/IFAS recommended foliar fertilizer resulted in a
significantly greater abundance of Vicinamibacterales and Rhizobiales, whereby both of
which are PGPR that may have been recruited to assist grapefruit health under nutrient-
deprived conditions.
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Abstract: Over-applied copper (Cu)-based agrochemicals are toxic to citrus trees. However, less
information is available discussing the ultrastructural alterations in Cu-stressed citrus species. In the
present study, seedlings of Citrus sinensis and Citrus grandis that differed in Cu-tolerance were sandy-
cultured with nutrient solution containing 0.5 μM Cu (as control) or 300 μM Cu (as Cu toxicity) for
18 weeks. At the end of the treatments, the physiological parameters and ultrastructural features of the
citrus leaves and roots were analyzed. The results indicate that Cu toxicity significantly decreased the
ratio of shoot biomass to dry weight, the Cu translocation factor and the total chlorophyll of two citrus
species. The anatomical and ultrastructural alterations verified that excessive Cu resulted in starch
granules accumulated in the leaves and roots of the two citrus species. Under Cu toxicity, increased
root flocculent precipitate and thickened root cell wall might reduce the Cu translocation from citrus
roots to the shoots. Compared with C. sinensis, C. grandis maintained a relatively integral root cellular
structure under Cu toxicity, which provided a structural basis for a higher Cu tolerance than C.
sinensis. The present results increase our understanding of the physiological and ultrastructural
responses to Cu toxicity in citrus species.

Keywords: anatomy; Citrus grandis; Citrus sinensis; copper toxicity; ultrastructure

1. Introduction

The soil copper (Cu) contamination induced by the over-application of Cu-based
agrochemicals is a primary environmental and toxicological concern for sustainable agricul-
ture [1,2]. In citrus orchard management, Cu-plus fungicides (such as Bordeaux mixture)
and micronutrient fertilizers are frequently foliar-sprayed for pathogen controlling and
nutrient adjustment, respectively [3,4]. The Cu-containing solution dripped from the trees
or washed by precipitation increased the Cu concentration of the topsoil. Accordingly,
old citrus orchards often had a significantly higher soil Cu concentration than younger
ones [5,6]. Similar results were also reported in vineyards soils [7] and apple orchards [8].

It has been generally accepted that Cu concentrations (extracted with DPTA) above
5.0 μg/g [9] and 20.0 μg/g [10,11] represent excessive Cu levels in citrus orchard soil and
citrus leaves, respectively. According to our previous investigation of the mineral nutrients
in pummelo orchards in the Fujian province of China (309 samples), 28.3% of tested soils
and 70.0% of pummelo leaves had excessive Cu [12], which induced potential Cu toxicity in
citrus. Excessive Cu absorption by citrus roots resulted in oxidative stress, which inhibited
root elongation and decreased the number of root branches [13]. Citrus leaves suffering
from Cu toxicity are yellowish with lower chlorophyll content and photosynthetic rate [14].
Moreover, Cu phytotoxicity decreased the fruiting number of citrus species [15] and caused
visible damage on the fruit surface, which reduced its profitability markedly.
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Revealing the Cu-tolerant mechanisms of citrus species is crucial for optimized Cu-
nutrient management and for improving environmental quality in the sustainable develop-
ment of citrus production. For those purposes, we have investigated the Cu tolerance of
citrus seedlings at the biochemical and physiological [16], transcriptional [17], proteomic [18]
and metabolomic levels [19]. Our previous findings indicate that activated antioxidative
defenses [19] promote Cu retention by the root cell wall [20] and secretion of root exudates [21]
represented the most critical responses to Cu toxicity in citrus species. Despite versatile Cu-
tolerant mechanisms of a biochemical or molecular basis being unveiled, evidence regarding
ultrastructural alterations of citrus species under Cu toxicity is still missing.

The alterations of plant tissues and organs provide visible and direct evidence for a
better understanding of plant physiological responses to Cu toxicity. For instance, Sánchez-
Pardo et al. [22] revealed that a higher Cu tolerance of soybean than white lupin was
associated with the size of palisade parenchyma and epidermal cells, which accounted
for the Cu micro localization. Likewise, de Freitas et al. [23] have reported that Cu toxi-
city caused membrane and endoderm ruptures, inhibiting the root nutrient uptake and
translocation from roots to shoots in Inga subnuda based on anatomical and ultrastructural
analyses. Furthermore, using TEM, Minkina et al. [24] revealed that Cu toxicity disorga-
nized the thylakoid membranes of leaves and damaged the integrity of the root cell wall
and cytoplasmic membrane in barley (Hordeum sativum). The existing studies identified
that the ultrastructural alteration of plant tissues exposing Cu toxicity varied with plant
species and Cu tolerance. Therefore, the anatomical and ultrastructural investigations
would offer vital insights into the Cu tolerance of citrus species.

The present study aimed to explore the anatomical and ultrastructural alterations in
the leaves and roots of C. sinensis and C. grandis that were subjected to 300 μM Cu toxicity
for 18 weeks. At the end of treatments, the physiological parameters, including biomass
distribution, the Cu translocation and leaf total chlorophyll content, were measured. The
anatomical features of citrus leaves and roots were examined under SEM. Additionally, the
ultrastructural characteristics of citrus leaves and roots were observed by TEM. The results
of the present study would extend our understanding of the physiological responses of
citrus species conferring Cu toxicity on an ultrastructural basis.

2. Results

2.1. Cu Toxicity Downregulated Seedling Height, Induced Leaf Chlorosis and Hampered Root
Development of C. sinensis and C. grandis

The citrus seedlings exposed to 300 μM Cu toxicity were significantly lower than the
control seedlings in two citrus species (Figure 1A,D). The toxicity of 300 μM Cu decreased
the leaf area and caused obvious leaf chlorosis compared with the control of two citrus
species (Figure 1B,E). Moreover, the yellowish leaves were observed mainly on the upper
leaves compared with the lower leaves under 300 μM Cu in both citrus species. The fresh
roots of control seedlings were bright and vigorous. However, citrus roots that suffered
from Cu toxicity were dark, with fewer root branches. Remarkably, the root development
was inhibited by 300 μM Cu toxicity of two citrus species (Figure 1C,F).

Figure 1. The effects of Cu toxicity on seedling growth (A,D), leaf morphology (B,E) and root
development (C,F) of two citrus species (C. sinensis: (A–C); C. grandis: (D–F)).
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2.2. Cu Toxicity Altered the Biomass Distribution, Decreased the Cu Translocation Factor and Total
Chlorophyll Content of C. sinensis and C. grandis

As shown in Table 1, 300 μM Cu toxicity decreased the ratio (shoot biomass/dry
weight) by 7.42% and 4.12% in C. sinensis and C. grandis compared with the control, re-
spectively. Contrastingly, the ratio (root biomass/dry weight) increased by 40.86% and
27.45% under 300 μM Cu toxicity in C. sinensis and C. grandis compared with the control.
The comparison between two citrus species indicated that C. sinensis had a significantly
lower ratio of shoot biomass to dry weight but a significantly higher ratio of root biomass
to dry weight than C. grandis, both under control and 300 μM Cu toxicity. Moreover, the
control seedlings of C. grandis had a noticeably higher Cu translocation from the lateral
roots to the leaves than C. sinensis. However, the Cu translocation factors of two citrus
species decreased significantly under Cu toxicity compared with the control. Under Cu
toxicity, no significant difference was found between the two citrus species. Likewise, the
total chlorophyll content of the two citrus species was decreased remarkably by Cu toxicity
compared with the control without a significant difference between the two citrus species
under Cu toxicity.

Table 1. The effects of excessive Cu on biomass distribution, Cu translocation factor (TF, defined as
the ratio of Cu concentration in the leaves to the lateral roots) and total chlorophyll content of two
citrus species. The values represent means ± SE of four replicates. Significant differences (p ≤ 0.05)
between treatments are indicated by different letters.

Species Treatments
Shoot Biomass/Dry Weight

(%)
Root Biomass/Dry Weight

(%)
Cu TF

(%)
Total Chlorophyll

(μg/cm2)

C. sinensis Cu 0.5 μM 84.63 ± 0.26 b 15.37 ± 0.26 b 27.08 ± 0.08 b 73.22 ± 1.27 a
Cu 300 μM 78.35 ± 0.90 c 21.65 ± 0.90 a 0.53 ± 0.04 c 66.16 ± 1.09 bc

C. grandis Cu 0.5 μM 86.97 ± 0.85 a 13.03 ± 0.85 c 40.46 ± 3.65 a 68.73 ± 2.82 ab
Cu 300 μM 83.39 ± 0.83 b 16.61 ± 0.83 b 0.52 ± 0.06 c 61.59 ± 2.89 c

2.3. Cu Toxicity Disrupted the Anatomical Structure of Leaves and Roots of C. sinensis and C. grandis

The SEM revealed that the epidermal cells of the leaves of C. sinensis from the control
group were well-structured by a single layer in a rectangular-like shape. The palisade
parenchyma could be found under the epidermis, consisting of layers of parenchymal
cells in a regular column (Figure 2A). The spongy parenchyma adjacent to the lower
leaf epidermis was irregularly distributed, containing a small number of starch granules
(Figure 2B). Excessive Cu enlarged the epidermal cells and shrank the palisade parenchyma.
Strikingly, the number of starch granules increased in the palisade and spongy parenchyma
(Figure 2C,D). Compared with C. sinensis, C. grandis had a thicker epidermis and shorter
palisade parenchyma under control. The number of starch granules in the palisade and
spongy parenchyma was less than that in C. sinensis (Figure 2E,F). Cu toxicity disrupted
the arrangement of spongy parenchyma and significantly increased the number of starch
granules in the palisade and spongy parenchyma of C. grandis leaves (Figure 2G,H).

Figure 2. Cont.
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Figure 2. The SEM images of 0.5 μM (A,B,E,F) and 300 μM Cu-treated (C,D,G,H) leaves of two citrus
species. C. sinensis: (A–D); C. grandis: (E–H). Images (A,C,E,G) show epidermis and palisade tissues
of citrus leaves. Images (B,D,F,H) show the spongy tissue. The granules in cells labeled by arrows
are starch granules. The two-way arrow represents the average thickness of the leaf epidermis. The
scales in the figures represent 10 μm.

The cell layer in the root exodermis of control C. sinensis was well-structured in the
transversal and longitudinal sections under SEM (Figures 3A and 4A). The distorted ves-
sels and impaired structure at the cross-section of C. sinensis roots were found under Cu
toxicity (Figure 3C). The xylem of control C. sinensis was almost empty (Figures 3B and
4B). However, the cross-section of the root xylem was covered by flocculent precipitate
under Cu toxicity in C. sinensis (Figure 4D). Increased accumulation of starch granules
was observed in roots of excessive Cu-treated C. sinensis (Figure 3D). Compared with
C. sinenis under control, C. grandis had a thicker xylem and the inner ring was clear
(Figure 4E,F). The accumulated starch granules, disrupted vessels and flocculent precip-
itate at the longitudinal section were also found to be in excess of Cu-treated C. grandis
(Figures 3H and 4H). Compared with C. sinensis under Cu toxicity, C. grandis had a more
apparent flocculent precipitate on the cross sections under SEM.
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Figure 3. The SEM images of the longitudinal section of 0.5 μM (A,B,E,F) and 300 μM Cu-treated
(C,D,G,H) roots of two citrus species. C. sinensis: (A–D); C. grandis: (E–H). The right figures are
partial enlargements of the left figures. The granules in cells labeled by arrows are starch granules.
The scales in figures (A,C,E,G) represent 100 μm. The scales in figures (B,D,F,H) represent 10 μm.
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Figure 4. The SEM images of cross-section of 0.5 μM (A,B,E,F) and 300 μM Cu-treated (C,D,G,H) roots
of two citrus species. C. sinensis: (A–D); C. grandis: (E–H). The right figures are partial enlargements
of the left figures. Images (A,C,E,G) show epidermis, exodermis, cortex, endodermis, pericycle,
xylem and phloem. Images (B,D,F,H) show the xylem of the roots. The arrows represent the blocked
xylem of roots by flocculent precipitate in (D) and (H). The scales in figures (A,C,E,G) represent
100 μm. The scales in figures (B,D,F,H) represent 5 μm.

2.4. Cu Toxicity Destroyed the Ultrastructure of the Leaves and Roots of C. sinensis and C. grandis

Ultrastructural observation under TEM revealed an integral cellular structure of C.
sinensis leaf under control. As found in Figure 5A, the control leaf cell had an approximately
round shape and the membrane structure was clearly visible. The organelles were pushed
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by a center-located vacuole and closely distributed at the inner side of the plasma membrane.
The thylakoids were stacked closely and the lamellar structure was observed inside the
chloroplast. Moreover, several starch granules and osmiophilic globules were occasionally
found in the chloroplast. The bilayer structure and inner cristae structure of mitochondria
were also clearly visible under control (Figure 5B) as was excessive Cu-induced plasmolysis
of C. sinensis leaf cells (Figure 5C). Moreover, the cellular structure was impaired. The
vacuole was broken and replaced by many spherical vesicles. The size of mitochondria
decreased, and the bilayer structure was difficult to find under Cu toxicity. The integrity of
the chloroplast was destroyed, and the stacked thylakoids were loose (Figure 5D). Strikingly,
Cu toxicity increased the number and volume of starch granules in C. sinensis leaves.

Figure 5. The TEM images of 0.5 μM (A,B,E,F) and 300 μM Cu-treated (C,D,G,H) leaves of two citrus
species. C. sinensis: (A–D); C. grandis: (E–H). The right figures are partial enlargements of the left figures.
Chl: chloroplast; CW: cell wall; Cyt: cytoplasm; ER: endoplasmic reticulum; Mi: mitochondrion; OG:
osmiophilic globule; PM: plasmalemma; Sg: starch granules; SL: stroma lamella; V: vacuole. The scales
in figures (A,C,E,G) represent 5 μm. The scales in figures (B,D,F,H) represent 1 μm.
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The control leaf cells of C. grandis were presented in an oval-like shape (Figure 5E). The
organelles were well-organized. The stroma lamella of chloroplast and bilayer structure
of the mitochondria were apparent in the enlargement in Figure 5F. Under Cu toxicity,
the vacuole disappeared. The chloroplasts occupied most of the protoplast. The enlarged
starch granules could be found in each chloroplast. The mitochondria of C. grandis leaf
under Cu toxicity were smaller than in the control (Figure 5F). Compared with C. sinensis,
C. grandis had a relatively integral chloroplast structure.

In the root, the vacuole almost took up the protoplast of the control cell in C. sinensis
(Figure 6A) and C. grandis (Figure 6E). The mitochondria were distributed on the plasma
membrane’s inner side (Figure 6B,F). Under Cu toxicity, the vacuole disappeared in C.
sinensis roots. The mitochondrial structure was also difficult to observe (Figure 6C,D).
Differentially, C. grandis maintained a relatively integral structure of the root cell, supported
by an intact structure of mitochondria and a clear edge between the plasma membrane and
cell wall (Figure 6G). Interestingly, both citrus cell wall thicknesses increased under Cu
toxicity compared with the control.

Figure 6. Cont.
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Figure 6. The TEM images of 0.5 μM (A,B,E,F) and 300 μM Cu-treated (C,D,G,H) roots of two
citrus species. C. sinensis: (A–D); C. grandis: (E–H). CW: cell wall; Cyt: cytoplasm; ER: endoplasmic
reticulum; Mi: mitochondrion; PL: plasmalemma; V: vacuole. The two-way arrow represents the
average thickness of the cell wall. The scales in figures (A,C,E,G) represent 5 μm. The scales in figures
(B,D,F,H) represent 1 μm.

3. Discussion

Heavy metal (HM) stress had detrimental effects on seed germination and membrane
stability of horticultural plants, which inhibited plant growth and crop yield [25]. Similarly,
Cu toxicity decreased the leaf chlorophyll content and depressed the shoot and the root de-
velopment of citrus species, which is in line with our previous reports [26,27]. Additionally,
Cu toxicity significantly downregulated the shoot biomass to dry weight ratio whereas it
upregulated the root biomass to dry weight of the two citrus species (Table 1). The changes
in biomass distribution might be due, at least in part, to the limited nutrient transport to the
shoots. The Cu-toxicity-induced increased ratio of root biomass to shoot biomass agreed
with that in excessive-Cu treated Hymenaea courbaril L. (Caesalpinioideae), a promising
woody species for phytoremediation [28]. Cu toxicity significantly decreased the total
chlorophyll content of the two citrus species (Table 1). The decrement was also reported
in Cu-stressed falx leaves [29]. Coherently, the total chlorophyll content of soybean leaf
decreased with the increasing level of soil Cu [30].

Cu immobilized by the roots contributed to Cu detoxification of horticultural plants [31].
The present results indicate that C. grandis had a significantly higher TF than C. sinensis
under control. However, no significant difference in TF was found between the two cit-
rus species under Cu toxicity (Table 1). This finding suggests that a potential strategy
governing Cu mobility might exist in C. grandis under Cu toxicity. This hypothesis was
evidenced by the upregulation of genes involved in Cu-binding in excessive-Cu-treated
roots of C. grandis [20]. Beyond the transcriptional evidence, it has also been reported that
tiny crystals accumulated in the root xylem of Cu-stressed Moso Bamboo (Phyllostachys
pubescens), which block the Cu transport in the vascular tissue of the root xylem [32]. In
the present study, citrus roots that received Cu excess had similar amorphous material
accumulated on the xylem (Figure 4D,H). Interestingly, much more flocculent precipitate
was found in C. grandis than in C. sinensis.

The anatomical investigation provided essential information for understanding the
Cu-adaptation of citrus species. Herein, we found Cu toxicity increased starch granules
accumulation in the leaf palisade and spongy parenchymatous tissues (Figure 2C,D,G,H)
and root cells (Figure 3D,H) of two citrus species compared with control. Li et al. [26]
demonstrated the increased starch accumulation in the leaves and roots of two citrus
species. It has been proposed that Cu-toxicity-induced starch accumulation in cucumber
leaves is related to a decreased phloem loading [33], leading to feedback inhibition of
photosynthesis. Meanwhile, the accumulated starch in the root has been considered an
osmotic regulation in turgor pressure under stress [34,35]. Those findings, and an increased
ratio of root biomass to plant dry weight, imply a crucial role of starch accumulation in
citrus roots conferring Cu toxicity. Likewise, the enhanced starch content has also been
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reported in excessive Cd-treated poplar species [36] and apple seedlings [37]. Additionally,
Cu toxicity enhanced the thickness of the leaf epidermis of two citrus species compared
with the control (Figure 2C,G). The leaf thickening has also been observed in Cu-stressed
oregano leaves [38] and Al-treated sunflower (Helianthus annuus L.) leaf [39]. Bouazizi
et al. [40] have proposed that the Cu-toxicity-induced cell wall lignification contributes to
cell wall thickening, which ultimately strengthens the Cu tolerance of bean leaves. Further
studies have focused on phenylalanine ammonia-lyase activity (PAL, EC 4.3.1.5), a rate-
limited enzyme in lignin synthesis, and research on the lignin deposited on the cell wall
should be carried out to disclose the structural modification of Cu toxicity on citrus leaves
and roots.

Based on TEM observation, we believe that the ultrastructural alterations reflect the
status of plant organelles under heavy metal toxicity, which are complementary to the
plant’s physiological parameters [41]. For instance, our previous report has proven that
Cu toxicity resulted in oxidative damage of citrus leaves by overproduction of reactive
oxygen species [19]. It has also been further reported that oxidative stress accounted for
the membrane damage of plant cells exposed to excess Cu [42]. Therefore, the present
results, in which Cu-toxicity induced damage to the membrane structure of citrus leaves,
verify our previous findings and extend our knowledge of the response to Cu toxicity in
citrus roots and leaves. Additionally, it was striking to find a severely disrupted structure
of chloroplast and increased starch granules in Cu-stressed C. sinensis leaves (Figure 5D).
Studies have proposed that heavy metal stress decreased the leaf chlorophyll content
by downregulating the activities of enzymes involved in chlorophyll synthesis [43,44].
Similarly, the inhibited alpha-amylase and invertase isoenzymes have been reported for
their restricted breakdown of starch granules, leading to starch accumulation under Cu
toxicity [45]. The increasing number of starch granules has also been found in excessive-Mn-
treated leaves of Xanthium strumarium L., a candidate species for Mn-phytoremediation [46].
Compared with Cu-treated C. sinensis roots, C. grandis had a relatively robust chloroplast
structure (Figure 5C,G).

The thickening of the cell wall is significant for plant roots conferring heavy metal
toxicity [47]. Primarily composed of polysaccharides (such as pectin, cellulose and lignin),
the cell wall had numerous negatively charged groups, such as hydroxyl (–OH−) and
carboxyl (–COOH−) groups. Thickening the cell wall increased the negative charge, which
restricted the translocation of the toxic cation. In the present study, the observation under
stereoscopic microscopy verified that Cu toxicity expanded the fibrous roots of two citrus
species (Figure S1). Furthermore, the TEM observation of citrus roots indicated that the
root cell wall’s increased thickness might account for the root tips’ expansion (Figure 6D,H).
Our previous finding that Cu toxicity increased the ratio of cell wall biomass to the dry
weight of citrus roots is in line with present results [20]. Similar findings have also been
reported in excessive-Cu treated roots of Pinus pinaster Ait (Arduini et al., 1995), Arabidopsis
thaliana [48] and Allium cepa L. [49]. The comparison between Figure 6C,G implies that C.
grandis maintained a much more integral vacuole structure.

4. Materials and Methods

4.1. Plant Material and Treatments

Surface-sterilized seeds of C. sinensis and C. grandis were germinated in moist sand
in a greenhouse of Fujian Agriculture and Forestry University, Jinshan campus (26◦5′ N,
119◦14′ E) in March 2020. Six weeks after germination, the uniformly sized seedlings
(about 10 cm) were selected and precultured with 1/4 strength modified Hoagland nutrient
solution, which contained 2.5 mM KNO3, 2.5 mM Ca(NO3)2, 0.5 mM KH2PO4, 1 mM
MgSO4, 10 μM H3BO3, 2 μM MnCl2, 2 μM ZnSO4, 0.5 μM CuCl2, 0.065 μM(NH4)6Mo7O24
and 20 μM Fe-EDTA. Six weeks after preculture, the citrus seedlings were treated with
nutrient solution (pH = 4.30–4.50) containing 0.5 μM CuCl2 (as control) or 300 μM CuCl2
(as Cu toxicity) daily for 18 weeks. By the end of the treatments, citrus leaves, stems and roots
were sampled separately. For sampling, the citrus roots were first washed with tap water to
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remove excess sandy particles, followed by soaking in 0.5 M EDTA-Na2 for 10 min (three times)
to remove Cu residue on the root surface. After being washed with distilled water three times,
fresh lateral roots of citrus seedlings were fixed in 3% glutaraldehyde–1.5% paraformaldehyde
solution (fixing solution) in 0.1 M phosphate buffer solution (PBS, pH = 7.2) to prepare the
sample for microscopic observation. There were three replicates for each treatment. After
being cleaned with distilled water, the remaining fresh citrus leaves were collected for
chlorophyll content measurement. The remaining tissues of citrus seedlings were dried
before biomass analyses and Cu quantification. There were four replicates of each treatment
for biomass analyses.

4.2. Measurements of Cu Translocation Factor and Leaf Total Chlorophyll Contents of Two
Citrus Species

The Cu concentration of plant tissues and the leaf chlorophyll content were measured
according to Li et al. [16]. The Cu translocation factor was expressed as the ratio of Cu
concentration in the leaves to the lateral roots [50]. The leaf total chlorophyll content
was calculated as: 7.15 × A663 + 18.71 × A646, in which, A663 and A646 represented the
absorbances of leaf pigment extractant under the wavelength of 663 and 646, respectively.
There were four replicates of each treatment.

4.3. Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) Analyses
of Citrus Leaves and Roots

The pretreatment of citrus leaves and roots was performed according to Huang
et al. [51]. Briefly, the citrus leaf and root samples were vacuumed in a syringe filled
with fixing solution under 4 ◦C for 3 h, followed by three rinses in PBS, each lasting 15 min.
The samples were then post-fixed with 1% OsO4–1.5% potassium hexacyanoferrate for 2 h
and washed with distilled water three times. Thereafter, the citrus leaf and root samples
were dehydrated in an increasing concentration of ethanol (30%, 50%, 70%, 80%, 90%, 95%
and 100%) three times.

SEM observation: The dehydrated samples were rinsed in epoxypropane twice and
dried by an HCP-2 critical point dryer (HITACHI Ltd., Tokyo, Japan). Further, the samples
were mounted on brass stubs coated with gold in Eiko IB-5 ion-coater (Eiko Engineering,
Ibaragi, Japan). The images of citrus tissues were obtained using a JEOL JSM-6380LV elec-
tron microscope (JEOL, Ltd., Tokyo, Japan). There were three replicates of each treatment.

TEM observation: The dehydrated samples were rinsed with acetone for 10 min twice,
and then replaced by a mixture of resin and acetone on a shaker at the ratios of 1:1 and
3:1 for 2 h, respectively. The samples were then dried with filter paper to remove excess
acetone on the surface and infiltrated in resin overnight. After being embedded in epoxy
resin 618, the individual leaf and root blocks were cut into sections of approximately 80-nm
thickness with an ultra-microtome LEICA EM UC6 (Leica, Wetzlar, Germany). The sections
were stained with 2% uranyl acetate before observations with a TEM HITACHI HT7700
(HITACHI, Tokyo, Japan) equipped with a digital camera. There were three replicates of
each treatment.

4.4. Statistical Analysis

The data in the study represent mean ± SE (n = 4). Four means (two citrus species
× two treatments) were analyzed by two ANOVAs followed by Duncan’s multiple range
tests at p < 0.05 using SPSS (Version 22.0, IBM, Armonk, NY, USA).

5. Conclusions

Cu toxicity induced by 300 μM Cu significantly decreased the ratio of shoot biomass
to dry weight, the Cu translocation factor and the total chlorophyll of two citrus species.
By contrast, the ultrastructural alterations demonstrated that the starch granules in the
leaves and roots, the root flocculent precipitate and the thickness of the root cell wall all
increased under Cu stress in the two citrus species. The increased root flocculent precipitate
and thickened root cell wall might reduce the Cu translocation from roots to the shoots
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of the two citrus species. Compared with C. sinensis, C. grandis maintained a relatively
integral root cellular structure under Cu toxicity, which provided a structural basis for a
higher Cu tolerance than C. sinensis. The present results increase our understanding of
the morphological alteration of citrus leaves and roots under Cu toxicity. Further study
regarding root metabolites under Cu toxicity should be undertaken to reveal the Cu-tolerant
mechanisms of citrus species underlying the structural alteration.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants12020351/s1, Figure S1: The root tip morphology of two
citrus species under 0.5 μM and 300 μM Cu stress. The image was taken with stereoscopic microscopy
SMZ18 (Nikon, Tokyo, Japan).
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Abstract: Arbuscular mycorrhiza (AM) and ectomycorrhiza (ECM) are the two most common mycor-
rhizal types and are paid the most attention to, playing a vital common but differentiated function in
terrestrial ecosystems. The leaf carbon isotope ratio (δ13C) is an important factor in understanding
the relationship between plants and the environment. In this study, a new database was established
on leaf δ13C between AM and ECM plants based on the published data set of leaf δ13C in China’s
C3 terrestrial plants, which involved 1163 observations. The results showed that the differences
in leaf δ13C between AM and ECM plants related closely to life forms. Leaf δ13C of ECM plants
was higher than that of AM plants in trees, which was mainly led by the group of evergreen trees.
The responses of leaf δ13C to environmental changes were varied between AM and ECM plants.
Among the four life forms, leaf δ13C of ECM plants decreased more rapidly than that of AM plants,
with an increase of longitude, except for deciduous trees. In terms of the sensitivity of leaf δ13C to
temperature changes, AM plants were higher than ECM plants in the other three life forms, although
there was no significant difference in evergreen trees. For the response to water conditions, the leaf
δ13C of ECM plants was more sensitive than that of AM plants in all life forms, except evergreen and
deciduous trees. This study laid a foundation for further understanding the role of mycorrhiza in the
relationship between plants and the environment.

Keywords: leaf δ13C; arbuscular mycorrhiza (AM); ectomycorrhiza (ECM); environment factors;
life forms

1. Introduction

Leaf carbon isotope discrimination (δ13C) plays an important role in our understanding
of the relationship between plants and environment. It not only provides a series of climate
and environmental information related to plant growth processes, but it can also indicate
how plants interact with the environment, and respond [1–4]. Thus, the relationship
between leaf δ13C and the environment has aroused interest [5–8].

There are many studies which have demonstrated that the characteristics of the plant
itself can affect the leaf δ13C [9,10]. Study found significant differences in δ13C among
different species of R. natans, which may be caused by stomatal limitation [4]. Li et al. [7]
found the order of the averaged δ13C for plant life forms from most positive to most
negative was subshrubs > herbs = shrubs > trees > subtrees after studying 2538 plants in
China. He et al. [11] found that tree height affected the leaf δ13C of plants, and leaf δ13C
increased with the increase in tree height.

Most studies show that climatic variables have important roles in shaping the patterns
of leaf δ13C, in addition to the physiological characteristics of plants [12–14]. Zhou et al. [15]
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studied the relationship between δ13C and temperature and precipitation in temperate
grassland plants in Inner Mongolia and found that the δ13C of all plants increased with
increasing temperature, and decreased with increasing precipitation. Ma et al. [16] studied
the spatial variation of stable carbon isotope composition in leaves of three species of
Caragana in Northern China. The results showed that the δ13C in leaves of three species
decreased significantly with the increase of MAP and RH, and increased with the increase
of altitude and MAT. Liu et al. [17] studied the changes of δ13C in desert plant leaves in
Northern China along climatic gradients and found that δ13C in plant leaves decreased with
increasing precipitation. These studies are mainly about how environmental conditions
affect plant leaf δ13C and how plants adapt to the dynamic changes of habitat by adjust-
ing leaf δ13C. However, the effect of mycorrhizal type on plant leaf δ13C, especially the
relationship between mycorrhizal type and plant leaf δ13C on a large scale, is still unknown.

The response of leaf δ13C traits to biological factors, such as mycorrhizal characteristics
and their interrelationships, are of great significance to plants. Mycorrhizal fungi play
a crucial role in the regulation of leaf δ13C [18,19]. These fungi are obligate symbionts
that form a mutualistic relationship with plant roots, known as mycorrhiza. Previous
studies have shown that mycorrhizal fungi affect the leaf δ13C of host plants by influencing
the gas exchange parameters of plant leaves, such as photosynthetic rate, cellular CO2
concentration, and water use efficiency [20–22]. Although there are serval distinct types
of mycorrhiza status in nature, we focused on arbuscular mycorrhizal (AM) and ectomy-
corrhizal (ECM) associations because they are the two most universal and best-studied
types in terrestrial ecosystems. AM fungi are widespread, forming symbiotic associations
with 85% of all terrestrial plants [23]. By contrast, ECM fungi are restricted to a smaller
number of host plant species [24]. Vargas et al. [25] found that ecosystem CO2 fluxes were
differently influenced by arbuscular and ectomycorrhizal-dominated vegetation types.
Terrer et al. [26] suggested that mycorrhizal types can affect the plant nutrient acquisition
strategies thus affecting the trade-off between plant and soil carbon storage under elevated
CO2. The leaf δ13C and terrestrial ecosystem carbon cycle are closely linked.

However, the effects of different mycorrhizal fungi on the content of δ13C in the leaves
of different life forms, and the relationship between δ13C and environmental factors, are
still unclear.

Hence, we researched the difference in leaf δ13C between AM plants and ECM plants
across life forms and further analyzed the relationship between environmental factors and
leaf δ13C in AM plants and ECM plants across life forms. We considered that different types
of mycorrhizal fungi have different effects on the physiological processes of plant leaves,
especially on the photosynthetic processes of plants, and the geographical distribution
patterns of different types of mycorrhizal fungi. We also propose two hypotheses: (1) the
leaf δ13C value varies with mycorrhizal types; and (2) the leaf δ13C of different mycorrhizal
types varies with environmental factors.

2. Materials and Methods

2.1. Assembly of Database

Most C3 plants are positive among land plants, and the δ13C of C3 plants can better
help us understand the relationship between land plants and their environment [27,28]. In
this study, leaf 1δ13C data of Chinese C3 terrestrial plants were obtained from the database
constructed by Li et al. [7] along with the life form of each plant, photosynthesis type
and environmental data such as mean annual precipitation (MAP, mm), relative humidity
(RH, %), mean annual temperature (MAT, ◦C) and solar hours (SH, hours) for each sampling
site. We established a new database of leaf δ13C of different mycorrhizal types of C3 plants
in China based on the database constructed by Li et al. [7].

Based on the reference information provided by Li et al., we identified the specific
plant species corresponding to each observation. The mycorrhizal type of each plant species
was ascertained according to the published literature, especially by Wang and Qiu [29],
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Averill et al. [24], and Shi et al. [30]. We classified all the plants with typical AM and ECM
structures as AM type and ECM type.

In order to compare the differences between AM and ECM in different plant life types,
plants were subdivided into two subgroups based on their growth forms, i.e., woody species
and herbaceous species. In this study, we refer to those woody plants with independent
trunks as trees that occur from roots and have a distinct trunk and crown, usually higher
than 6 m. Woody plants without a distinct trunk and in a clumped state are dwarf, usually
less than 6 m, and are referred to as shrubs. Plants with herbaceous or fleshy stems with
less developed woody parts, whose above-ground parts mostly die in the same year, are
called herbaceous plants. The woody species were divided into two sub-sub groups, i.e.,
trees and shrubs; whereas the herbaceous species were divided into the annual herb and
perennial herb. The herbaceous species included 53 annual herbs and 337 perennial herbs.
Of these, 53 annual herbaceous plants and 336 perennial herbaceous plants belong to AM
plants and only 1 perennial plant belongs to ECM plants. The trees were further divided
into deciduous trees and evergreen trees; According to statistics, among the plants in the
database, 817 species belong to the AM group, including 153 tree species, 275 shrub species,
and 389 herb species; and 167 species belong to the ECM group, including 160 tree species,
6 shrub species, and 1 herb species. Since the number of shrub species and herb species in
ECM plants was too little to compare, for the accuracy of the conclusion, we only compare
the leaf δ13C of AM plants and ECM plants in four groups (i.e., total plants, trees, evergreen
trees, deciduous trees).

2.2. Data Analysis

Carbon isotopic value is expressed as the standard notation relative to the Vienna Pee Dee
Belemnite standard using the following equation: δ13C = (Rsample/Rstandard − 1) × 1000 (‰),
where Rsample and Rstandard are the 13C/12C ratios of the sample and the standard, respec-
tively [31]. In our study, leaf δ13C values of C3 plants were obtained from the database
established by Li et al. [7]. To compare the differences in leaf δ13C between AM plants and
ECM plants, we calculated the means of leaf δ13C of AM plants and ECM plants for each
group. The δ13C of AM plants and ECM plants variation in four groups was examined
by one-way analysis of variance. Then, after having diagnosed the covariance of environ-
mental factors, we attempted to establish the relationship between environmental factors
and plant leaf δ13C using multiple regression analysis, comparing the adjusted R2 of the
best multiple regression model to assess the relative importance of different environmental
factors in determining plant leaf δ13C. All statistical analyses were conducted using the
SPSS software (2012, ver. 22.0; SPSS Inc., Chicago, IL, USA).

We tested the relationship between environmental factors and leaf δ13C of two mycorrhizal-
type plants individually in each group. The slopes of regressions with 95% confidence
intervals were displayed with scatter plots.

3. Results

3.1. The Differences in Leaf δ13C between AM and ECM Plants

The results of the one-way analysis of variance revealed that the differences in leaf
δ13C between AM and ECM plants varied with life forms. When all vegetation types were
considered, the leaf δ13C did not vary between AM and ECM plants (Figure 1a).
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Figure 1. Leaf δ13C values of AM and ECM plants with different life forms. (a) Total plants, include
all plants in the database without distinguishing their life forms (b) Trees, only contain all the tree
species in the database (c) Evergreen trees, only contain all evergreen trees of the tree species (d)
Deciduous trees, only contain all deciduous trees of the tree species. All yellow triangles represent
AM plants and all green rectangles represent ECM plants. The blue triangle represents the average of
leaf δ13C values of AM plants and the red circle represents the average of leaf δ13C in ECM plants.
The asterisks above the line bars show the results of one-way ANOVA at the level of p < 0.05. Two
asterisks indicate extremely significant differences.

For AM plants, the mean of leaf δ13C is −27.01‰ and the value in ECM plants
is −27.12‰. But the leaf δ13C of AM and ECM plants varied significantly among trees
(Figure 1b, p < 0.001). For AM plants, the mean of leaf δ13C is −28.23‰ and the value in
ECM plants is −27.09‰. When only evergreen trees were considered, a one-way analysis
of variance results revealed that there were significant variations of leaf δ13C between AM
and ECM plants, leaf δ13C of ECM plants was significantly higher than that of AM plants
(Figure 1c, p < 0.001). By contrast, there was no significant difference in δ13C between AM
plants and ECM plants.

3.2. Variation of Leaf δ13C across Longitude and Latitude in AM and ECM Plants

For all plants, the leaf δ13C of AM and ECM both decreased significantly with the
increase in longitude and there is a visible difference in leaf δ13C in AM and ECM plants
(PAM < 0.05; PECM < 0.001; Figure 2a). With the increase of longitude, the decreasing rate
of δ13C value of ECM plant leaves was significantly higher than that of AM plant leaves
(PAM&ECM < 0.001). For all trees, the leaf δ13C of ECM plants decreased significantly with
the increase in longitude (PECM < 0.001), and there were no significant interactions between
the leaf δ13C of AM plants and the longitude (Figure 2b). For evergreen trees, the leaf
δ13C in AM plants decreased significantly with the increase of longitude (PECM < 0.001;
Figure 2c), yet no notable linear regression relation was found between leaf δ13C of AM
plants and longitude. For deciduous trees, both the leaf δ13C in AM plants and ECM plants
do not correlate with the longitude (Figure 2d).
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Figure 2. Variation of leaf δ13C in AM plants and ECM plants with different life forms along longitude.
(a) Total plants, include all plants in the database without distinguishing their life forms (b) trees, only
contain all the tree species in the database (c) evergreen trees, only contain all evergreen trees of the
tree species (d) deciduous trees, only contain all deciduous trees of the tree species. The red broken
line means AM, the blue broken line means ECM. The red and cyan bands represent, respectively, the
prediction intervals of AM and ECM plants. P(AM and ECM) represents the significant difference in
the slope of the two regression lines.

When all vegetation types were considered, the leaf δ13C of AM and ECM both first
increased and then decreased significantly with the increase of latitude (PAM < 0.001;
PECM < 0.001; Figure 3a). It is noteworthy that even though the two curves follow the same
trend, the maximum value of leaf δ13C is different in latitude. In AM plants, the leaf δ13C
had the highest value at the latitude of 42.10◦. In ECM plants, the leaf δ13C had the highest
value at the latitude of 37.56◦. In total plants, the maximum value of δ13C in the leaves of
AM plants was −21.05‰, which was higher than the maximum value of δ13C in the leaves
of ECM plants (−23.88‰). When only trees were considered, the relationship between
leaf δ13C of two kinds of mycorrhizal type plants and latitude in trees corresponded to
that in total plants (PAM < 0.001; PECM < 0.001; Figure 3b). In AM plants, the leaf δ13C had
the highest value at the latitude of 45.08◦. In ECM plants, the leaf δ13C had the highest
value at the latitude of 36.71◦. In trees, however, the difference between the leaf δ13C
maxima of AM plants and ECM plants decreased significantly, and the leaf δ13C maxima of
AM plants (−23.26‰) were higher slightly than those of ECM plants (−23.88‰). When
only evergreen trees were considered, even though the two parabolas open in opposite
directions, leaf δ13C of two kinds of mycorrhizal types have been rising as latitude within
the scope of the study. In evergreen plants, the maximum value of leaf δ13C was −23.88‰
for ECM plants. In deciduous plants, the maximum value of leaf δ13C was −23.46‰ for
AM plants.
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Figure 3. Variation of leaf δ13C in AM plants and ECM plants with different life forms along latitude.
(a) Total plants, include all plants in the database without distinguishing their life forms (b) trees, only
contain all the tree species in the database (c) evergreen trees, only contain all evergreen trees of the
tree species. (d) deciduous trees, only contain all deciduous trees of the tree species. The red broken
line means AM, the blue broken line means ECM. The red and cyan bands represent, respectively, the
prediction intervals of AM and ECM plants.

3.3. Variation of Leaf δ13C with Environmental Factors in AM and ECM Plants

For all species, the leaf δ13C in AM and ECM plants both decreased significantly with
the increase of MAP (PAM < 0.001; PECM < 0.001), with a similar slope (Figure 4a). For all
trees, the change of leaf δ13C in AM and ECM plants still had the same response to the
change of MAP. However, the effect of MAP on leaf 13C of ECM plants was greater than
that of AM plants. With the increase in rainfall, the decrease rate of leaf 13C of ECM plants
was twice that of AM plants (Figure 4b). For evergreen trees, leaf δ13C showed similar
relationships with MAP across mycorrhizal-type plants, with the slopes being −0.0018
(p < 0.001) in AM plants, and −0.0021 (p < 0.001) in ECM plants, respectively. But the effect
of MAP on ECM plants (R2 = 0.27) explained 10% more of the variation in leaf δ13C than
the effect of MAP on AM plants (R2 = 0.17, Figure 4c). For deciduous trees, the leaf δ13C is
uncorrelated with MAP, whether in AM types of plants or ECM types of plants (Figure 4d).
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Figure 4. The relationship between leaf δ13C in AM plants and ECM plants with different life
forms and mean annual precipitation (MAP, mm). (a) Total plants, include all plants in the database
without distinguishing their life forms. (b) Trees, only contain all the tree species in the database.
(c) Evergreen trees, only contain all evergreen trees of the tree species. (d) Deciduous trees, only
contain all deciduous trees of the tree species. The red broken line means AM, the blue broken line
means ECM. The red and cyan bands represent, respectively, the prediction intervals of AM and ECM
plants. P(AM and ECM) represents the significant difference in the slope of the two regression lines.

When all vegetation types were considered, leaf δ13C in AM plants and ECM plants
both decreased significantly with increasing MAT (PAM < 0.001; PECM < 0.05). The slope
of leaf δ13C in AM plants across MAT is twice as large as it is in ECM plants (Figure 5a).
When only evergreen trees were considered, leaf δ13C in AM plants and ECM plants was
also positively related to MAT, while the response of leaf δ13C to MAT tended to be more
sensitive in AM plants (slope = 0.10) in comparison to ECM plants (slope = 0.06; Figure 5c).
By contrast, leaf δ13C in AM plants and ECM plants had no correlation with MAT, in
deciduous trees (Figure 5d).
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Figure 5. The relationship between leaf δ13C in AM plants and ECM plants with different life
forms and mean annual temperature (MAT, ◦C). (a) Total plants, include all plants in the database
without distinguishing their life forms. (b) Trees, only contain all the tree species in the database.
(c) Evergreen trees, only contain all evergreen trees of the tree species. (d) Deciduous trees, only
contain all deciduous trees of the tree species. The red broken line means AM, the blue broken line
means ECM. The red and cyan bands represent, respectively, the prediction intervals of AM and ECM
plants. P(AM and ECM) represents the significant difference in the slope of the two regression lines.

In all vegetation type group, leaf δ13C tended to decrease with the increasing relative
humidity, which is both significant in AM plants (p < 0.001) and in ECM plants (p < 0.001),
but, the effect of relative humidity change on δ13C in ECM plant leaves was more obvious,
and the value of R2 was higher (Figure 6a). In the trees group, leaf δ13C in AM plants and
ECM plants both decreased significantly with increasing relative humidity (PAM < 0.001,
PECM < 0.001). The slope of leaf δ13C in AM plants across relative humidity is half as large
as it is in ECM plants (Figure 6b). In the evergreen trees group, the leaf δ13C in AM plants
and ECM plants both were negatively correlated with relative humidity (PAM < 0.001,
PECM < 0.001). Although the δ13C of AM plants is more sensitive to changes in RH than
the δ13C of ECM plants, the effect of RH on ECM plants (R2 = 0.32) explained 5% more of
the variation in leaf δ13C than the effect of MAP on AM plants (R2 = 0.27; Figure 6c). In
the deciduous trees group, leaf δ13C in AM and ECM plants slightly increased with higher
relative humidity, but the relationship was not significant (Figure 6d).
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Figure 6. The relationship between leaf δ13C in AM plants and ECM plants with different life
forms and relative humidity (RH, %). (a) Total plants, include all plants in the database with-
out distinguishing their life forms. (b) Trees, only contain all the tree species in the database.
(c) Evergreen trees, only contain all evergreen trees of the tree species. (d) Deciduous trees, only
contain all deciduous trees of the tree species. The red broken line means AM, the blue broken line
means ECM. The red and cyan bands represent, respectively, the prediction intervals of AM and ECM
plants. P(AM and ECM) represents the significant difference in the slope of the two regression lines.

For all vegetation types, for both AM plants and ECM plants, the leaf δ13C increased
significantly with altitude (PAM < 0.001; PECM < 0.05) and the change in altitude had the
same effect on both species (Figure 7a). This correlation is also suited to that for trees,
leaf δ13C in AM plants and ECM plants both related positively to altitude (PAM < 0.001;
PECM < 0.001). Besides, the effect of altitude on leaf δ13C of AM plants was similar to the
effect of altitude on leaf δ13C of ECM plants (Figure 7b). For evergreen trees, leaf δ13C in
AM plants and ECM plants both slightly increased with higher altitude but the relationship
between δ13C in ECM plants and altitude was not significant (Figure 7c). By contrast, for
deciduous trees, leaf δ13C tended to decrease with altitude and there was no correlation
with altitude, whether the leaf δ13C in AM plants or ECM plants (Figure 7d).
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Figure 7. The relationship between leaf δ13C in AM plants and ECM plants with different life forms
and altitudes (m). (a) Total plants, include all plants in the database without distinguishing their life
forms. (b) Trees, only contain all the tree species in the database. (c) Evergreen trees, only contain all
evergreen trees of the tree species. (d) Deciduous trees, only contain all deciduous trees of the tree
species. The red broken line means AM, the blue broken line means ECM. The red and cyan bands
represent, respectively, the prediction intervals of AM and ECM plants. P(AM and ECM) represents the
significant difference in the slope of the two regression lines.

When all vegetation types were considered, the leaf δ13C in AM plants and ECM
plants both increased significantly as sunshine hours (PAM < 0.001; PECM < 0.001) and
were close in their sensitivity to sunshine hours responses (Figure 8a). When only trees
were considered, leaf δ13C in AM plants and ECM plants were both positively correlated
with sunshine hours (PAM < 0.001; PECM < 0.001). The response of leaf δ13C to sunshine
hours tended to be more sensitive in ECM plants (slope = 0.0014) in comparison to AM
plants (slope = 0.0008). We further analyzed the linear relationship between leaf δ13C and
sunshine hours of AM plants and ECM plants in evergreen trees and deciduous trees,
respectively. The results showed that the effect of sunshine hours on leaf δ13C of AM plants
and ECM plants in evergreen trees was significantly (PAM < 0.05; PECM < 0.01) greater than
the effect of sunshine hours on leaf δ13C of AM plants and ECM plants in deciduous trees
(Figure 8c,d). In evergreen trees, the effect of sunshine hours on ECM plants (R2 = 0.1867)
explained 10.6% more of the variation in leaf δ13C than AM plants, but with a similar
slope (Figure 8c).
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Figure 8. The relationship between leaf δ13C in AM plants and ECM plants with different life
forms and sunshine hours (SH, hours). (a) Total plants, include all plants in the database with-
out distinguishing their life forms. (b) Trees, only contain all the tree species in the database.
(c) Evergreen trees, only contain all evergreen trees of the tree species. (d) Deciduous trees, only
contain all deciduous trees of the tree species. The red broken line means AM, the blue broken line
means ECM. The red and cyan bands represent, respectively, the prediction intervals of AM and ECM
plants. P(AM and ECM) represents the significant difference in the slope of the two regression lines.

3.4. Stepwise Regression Analysis of Leaf δ13C and Environmental Factors in AM and
ECM Plants

The model summary was shown in Table 1. When all vegetation types were considered,
in AM plants, the value of R2 was 0.266, which indicated that there were 26.6% changes in
the response variable (leaf δ13C) because of changes in the combination of four controlled
variables including Lat, Lon, MAT, and SH. Among four controlled variables that affected
δ13C values, MAT was the most profound environment factor (β = −0.265, p < 0.001), while
SH was the secondary environment factor (β = 0.245, p < 0.001). In ECM plants, the R2

value of the stepwise regression equation was higher than that of AM plants, which was
0.285. According to the results, the variation of leaf δ13C was mainly attributed to four
variables, these variables were: RH (β = −0.449, p < 0.001), LAT (β = −0.413, p < 0.001),
Altitude (β = 0.263, p < 0.001). When only trees were considered, the multivariate stepwise
regression equation of leaf δ13C in AM plants only screened out LAT as a significant
influencing factor (β = 0.448, p < 0.001). It explained 19.6 % of the total variation of leaf
δ13C in AM plants. The multivariate stepwise regression equation of δ13C in leaves of ECM
plants screened three significant influencing factors, namely Lat (β = −0.445, p < 0.001), RH
(β = −0.459, p < 0.001), Altitude (β = 0.279, p < 0.001), which together explained 41.5% of
the total variation of δ13C in leaves. When only evergreen trees were considered, in AM
groups, the best leaf δ13C model showed that Lat (β = 0.789, p < 0.001), Lon (β = −0.417,
p < 0.001), and Altitude (β = −0.465, p < 0.001) in combination explained 43.2% of the total
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variation. Compared to this model, the leaf δ13C of ECM plants was explained by a set of
three environmental factors including Lat (β = −1.773, p < 0.001), Lon (β = −1.483, p < 0.001),
and RH (β = −0.583, p < 0.001), the explanation rate of the model is 49.4%.

Table 1. Results of the multiple regression analyses for predicting the leaf δ13C of AM and ECM
plants with the combination of all traits.

Groups Mycorrhizal Types
Standardized Coefficients

R2 Sig
LAT LON MAP MAT RH Altitude SH

Total plants AM 0.182 0.120 - −0.265 - - 0.245 0.266 ***
ECM −0.413 - - - −0.449 0.263 - 0.285 ***

Trees
AM 0.448 - - - - - - 0.196 ***

ECM −0.445 - - - −0.459 0.279 - 0.415 ***
Evergreen

trees
AM 0.789 −0.417 - - - −0.465 - 0.432 ***

ECM −1.773 −1.483 - - −0.583 - - 0.494 ***

AM: arbuscular mycorrhiza, ECM: ectomycorrhiza, LAT: latitude, LON: longitude, MAP: mean annual precipi-
tation, MAT: mean annual temperature, RH: relative humidity, SH: sun hours. - means that the environmental
factors were not included in the best model. *** p < 0.001.

4. Discussion

Here, we evaluated firstly the leaf δ13C and their relationship with environmental
factors of C3 plants between AM and ECM types. The influence of mycorrhiza on plant
development and its response to climate change vary with different mycorrhizal types,
both at the individual level and at the ecological level [25,32]. Vargas et al. [25] suggested
that ecosystem CO2 fluxes of ECM symbiosis tend to become dominant in woody vege-
tation types where interannual variation in ecosystem CO2 fluxes is primarily controlled
by changes in temperature, whereas the AM symbiosis dominates grassland or woody
vegetation types where interannual variation in CO2 fluxes was largely controlled by
changes in precipitation. Shi et al. [30] presented that the world leaf economic spectrum
traits were greatly linked with mycorrhizal traits and are woody plants, especially trees,
have shorter leaf lifespans, lower leaf mass per area, and higher leaf nitrogen concentration,
photosynthetic capacity, and dark respiration rate than nonwoody ones.

Our results further support this conclusion and point out that plant leaf δ13C is
closely related to plant mycorrhizal types. The data presented here clearly show that
variations in mean annual temperature (MAT), mean annual precipitation (MAP), and
relative humidity (RH) are important environmental drivers for leaf δ13C, but influence
AM and ECM-dominated vegetation types differently.

4.1. Overall Differences in Leaf δ13C between AM Plants and ECM Plants

Our analysis indicated that the arithmetic means of leaf δ13C in AM plants is −27.01‰
and ECM plants is −27.12‰, which were both nearly identical to the global average of leaf
δ13C, −27.0‰. The latter was reported by Kohn [33], who collected leaf δ13C values from
approximately 570 sites on a global scale. Moreover, our results were slightly higher than
the global average (−27.25‰) reported by O’Leary [34].

Our results suggested that there were no differences in leaf δ13C between AM plants
and ECM plants in total plants while the leaf δ13C of AM plants was less than ECM plants
in trees (Figure 1a,b). Compared to the total plant group, we found leaf δ13C of AM plants
decreased significantly but the leaf δ13C of ECM plants hardly change in the tree group.
The analysis results show that this phenomenon was mainly caused by shrubs and herbs,
because shrubs and herbs constitute the majority of AM plants, and the leaves of shrubs
and herbs δ13C was greater than the leaves of trees δ13C. Previous studies presented that
there were significant differences in leaf δ13C among different life forms [35].

After further analysis, we found that the differences in leaf δ13C between two mycor-
rhizal types of plants in evergreen trees were the main reason for the differences in trees
(Figure 1c). The average value of leaf δ13C of AM plants was less than ECM plants in ever-
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green trees. Numerous studies have demonstrated that different mycorrhizal types differ
in their use to improve nutrient uptake by plants; for example, AM mainly improves P nu-
trition of plants, while ECM facilitates N uptake by plants. Therefore, different mycorrhiza
fungi also have different effects on the physiological processes of plants. Zhao et al. [36]
found that the hydraulic conductivity of ECM trees was significantly higher than that of
AM species, indicating that ECM species have higher photosynthetic rates. In summary,
there are significant differences between mycorrhizal types in terms of their effects on plant
physiological processes and nutrient cycling in the ecosystem. As an important character-
istic of plant leaves, leaf δ13C is an important indicator to study the relationship between
plants and their environment, and our results show that there are significant differences in
leaf δ13C among different mycorrhizal types. This may be related to the different effects of
different mycorrhizal types on photosynthetic rates as well as the stomatal conductance of
their host plants. The exact reasons for this are to be further verified.

4.2. Differences in the Spatial Distribution of Leaf δ13C in AM Pants and ECM Plants

As an important characteristic of leaves, most studies demonstrated that leaf δ13C
and geolocation information were related closely [37,38]. Li et al. [7] invested the spatial
pattern of leaf δ13C values in China and found that leaf δ13C slightly decreased as longitude
increased, but first increased, and then decreased as the latitude increased. Based on
the study researched by Li et al. [7], we analyzed the relationship between leaf δ13C and
longitude, and latitude, respectively, after classifying vegetation types as AM or ECM
dominant. In our study, the leaf δ13C of AM plants and ECM plants both decreased
significantly as longitude increased (except leaf δ13C of AM plants in trees) while the leaf
δ13C of ECM plants was more sensitive to longitude change than AM plants (Figure 2a,b).
The leaf δ13C of AM and ECM plants both first increased and then decreased as the latitude
increased in total plants and tree groups. However, the maximum leaf δ13C of AM plants
and ECM plants appeared at different latitudes. The latitude at which the maximum
of leaf δ13C in AM plants occurs was greater than ECM plants in total plants and tree
plants (Figure 3a,b). Our results also show that in different groups, latitude always has
opposite effects on leaf δ13C of AM plants and ECM plants. It may be related to the global
distribution of mycorrhizal fungi [39]. Due to the different selectivity of mycorrhizal fungi
to host plants and adaptability to environmental conditions or the historical reasons in
the evolutionary process, the distribution of mycorrhizal fungi in the natural ecosystem
is different [40]. Numerous studies showed that mycorrhizal status significantly affects
the responses of leaf characteristics to geographical distribution [28,40], our results further
confirm this conclusion. Lu et al. [41] found that leaf ash concentration in arbuscular
mycorrhizal plants was significant to be controlled by latitude and temperature factors,
while ECM plants were not. Our results suggested that the spatial distribution of δ13C in
plant leaves will be affected by plant mycorrhizal types consistent with previous studies.
Due to the lack of relevant studies, the specific reasons need to be further explored.

4.3. Variations in Response of Leaf δ13C to Environmental Factors between AM Plants and
ECM Plants

Water change has a lasting impact on spatial variation and the characteristics of
vegetation, and maybe alter leaf δ13C of plants [8,42–45]. In our study, we analyzed and
quantified the relationship between water availability (including MAP and RH) and leaf
δ13C in AM plants and ECM plants based on our database (Figures 4 and 6). Our results
showed that leaf δ13C in AM and ECM plants both decreased as water availability increased
(including MAP and RH), which indicated that the higher precipitation, the lower δ13C.
Meanwhile, the results of step-by-step analysis showed that the relative humidity only
affected the leaf δ13C of ECM plants, which further explained that the leaf δ13C of different
mycorrhizal plants had different responses to water conditions (Table 1). The leaf δ13C
of ECM plants has a higher change and explain rate than AM plants under changing
water availability, both in total plants and trees (Figure 6a,b). This result indicated that
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mycorrhizal fungi can affect the response of leaf δ13C to changes in water availability. This
may be due to the different sensitivity of the two kinds of mycorrhizal fungi to water
changes [5,46]. Most studies suggested that ECM plants were more sensitive to water
availability than AM plants [37,47]. Shi et al. [47] compared separately the net primary
productivity of AM and ECM type forests and found that ECM type forests were more
sensitive to precipitation changes than AM type forests. Zhao et al. [36] found that ECM
trees have stronger drought resistance ability and higher water use efficiency compared
with AM trees under the background of increasing drought in subtropical forest. Studies
have shown that mycorrhiza can affect the stomatal conductance of plants [48,49]. The
response of leaf characteristics to changes in water availability was affected by mycorrhizal
types [30,41]. Lu et al. [41] studied the responses of leaf ash concentration of AM plants
and ECM plants to climate change and found that the response of AM plants was more
susceptible to mean annual precipitation with a 1.61 times response amplitude compared to
ECM plants. All the above studies showed that leaf characteristics of different mycorrhizal
types of plants were different in response to climate change. As one of the characteristics
of plant leaves, the leaf δ13C of different mycorrhizal plants has different responses to the
change in water availability.

In our study, we found a negative liner for the relationship of leaf δ13C in AM and
ECM plants with MAT, but in the tree leaf δ13C of AM, plants were more sensitive to the
changes in MAT than ECM plants trees (Figure 5a,b). Temperature affects the δ13C of
plants mainly by affecting enzymes involved in photosynthesis [50]; AM and ECM both can
promote photosynthesis in plants [51,52]. Wang et al. [53] found that AM inoculation had
a significant effect on the photosynthetic of Sinocalycanthus Chinensis under simulated
warming conditions. Compared to ECM, AM was more closely related to the photosynthesis
of plants. This may be related to the different metrological characteristics of plant leaves of
different mycorrhizal types. Studies have shown that AM plays the most significant role in
improving the P nutrient status of plants, while ECM plays a greater role in the N nutrient
absorption of plants [24]. As an important component of Rubisco and energy substance
ATP, phosphorus plays an important role in plant photosynthesis. As this study is the first
time to explore, the specific reasons need to be studied in the future.

Although the δ13C in AM and ECM plants have different responses to changes in
temperature and water availability, they have the same response to changes in other
environmental factors (e.g., altitude, sunshine hours). In our study, we found that the leaf
δ13C of AM plants and ECM plants both increased weakly as altitude and sunshine hours
increased (Figures 7 and 8). This result indicated that certain environmental factors affect
mycorrhizal fungi in the same way.

Overall, although plant life forms and environmental conditions are inherently vari-
able, the variation of plant leaf δ13C along environmental gradients offers one way to
evaluate potential plant responses to climate change. The different responses of the leaf
δ13C of mycorrhizal types to climate change might also provide a reference for future
studies, simulating the response of vegetation distribution to climate change. As this study
is the first to explore this, the specific reasons need to be studied in the future.

5. Conclusions

All life forms will affect the leaf δ13C content of plants with different mycorrhizal types.
The effect of arbuscular and ectomycorrhizal on the responses of leaf δ13C to changes in
environmental factors was different. Further analysis showed that the results showed that
the response of AM plant leaf δ13C and ECM plant leaf δ13C to climate variations depended
on plant life forms. This study initially explored the effect of mycorrhizal on leaf δ13C. It
also provides data in support of future exploration of the response of leaf δ13C in AM and
ECM plants to changes in climate and environmental factors. Findings showed that the
responses of leaf δ13C to changes in environmental factors are differentially affected by
arbuscular and ectomycorrhizal types; the leaf δ13C of AM plants was mainly affected by
temperature; while the leaf δ13C of ECM plants was more sensitive to moisture content.
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Our results have important implications for understanding the relationship between leaf
δ13C and climatic factors, and the climatic and environmental significance indicated by
plant leaf δ13C. This is a previously unrecognized study that has important implications for
our understanding of the impacts of arbuscular and ectomycorrhizal on plants’ adaptation
to climate change.
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Abstract: With huanglongbing (HLB) causing a reduction in fine root mass early in disease pro-
gression, HLB-affected trees have lower nutrient uptake capability. Questions regarding the uptake
efficiency of certain fertilizer application methods have been raised. Therefore, the goals of this
study are to determine if nutrient management methods impact nutrient translocation and iden-
tify where in the tree nutrients are translocated. Destructive nutrient and biomass analysis were
conducted on field grown HLB-affected grapefruit trees (Citrus × paradisi) grafted on ‘sour orange’
(Citrus × aurantium) rootstock under different fertilizer application methods. Fertilizer was applied
in the form of either 100% soluble granular fertilizer, controlled release fertilizer (CRF), or liquid
fertilizer. After three years, the entire tree was removed from the grove, dissected into eight different
components (feeder roots, lateral roots, structural roots, trunk, primary branches, secondary branches,
twigs, and leaves), weighed, and then analyzed for nutrient contents. Overall, application methods
showed differences in nutrient allocation in leaf, twig, and feeder root; however, no consistent pattern
was observed. Additionally, leaf, twig, and feeder roots had higher amount of nutrients compared to
the other tree components. This study showed that fertilization methods do impact nutrient contents
in different components of HLB-affected trees. Further research should be conducted on the impact
of different fertilizer application methods and rates on HLB-affected trees.

Keywords: citrus greening; Citrus paradisi; destructive analysis; nutrient translocation; fertilizer
application methods

1. Introduction

Proper nutrient management is integral to increase both the operational profitability
and environmental sustainability of Florida’s citrus industry. Citrus trees require 17 ele-
ments for optimum growth and production [1]; of which, nitrogen (N), phosphorus (P),
potassium (K), magnesium (Mg), calcium (Ca), sulfur (S), iron (Fe), zinc (Zn), manganese
(Mn), copper (Cu), and boron (B) are commonly supplied via inorganic fertilizers. If any
essential element is deficient, tree growth, development, and yield is reduced [2–4]. Al-
though fertilization is commonplace, supplying the optimum levels of nutrients can be
challenging due to several factors such as edaphic conditions, environmental issues, and
disease pressure [5,6].

Oftentimes sandy soils in citrus growing regions, such as those found in Florida, are
low in natural fertility, resulting in required higher and more frequent fertilizer inputs [7–9].
This management method is not without risk since the over application of fertilizers can
result in toxicity effects on the plants and nutrient leaching into groundwater [10,11].

Huanglongbing (HLB; Citrus greening) impacts nutrient uptake and translocation.
This disease is caused by the phloem limited bacteria Candidatus Liberibacter asiaticus
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(CLas) and vectored by the Asian citrus Psyllid Diaphorina citri; moreover, it is com-
monly associated with root and canopy dieback, poor fruit yield and quality, and tree
death [12,13]. Research has also shown that HLB alters nutrient contents within affected
trees [14,15]. For example, a study by da Silva et al. [16] found that HLB-affected sweet
orange (Citrus × aurantium) trees had lower levels of N, Mg, and S in leaves and sap extracts.
Similarly, a study by Shahzad et al. [17] found that HLB-affected sweet orange trees had
lower leaf Ca, Mg, and S compared to healthy trees.

The studies described above clearly demonstrate that HLB changes how nutrients
are taken up by and translocated within affected trees. Although much research has been
focused on how different nutrient rates impact HLB-affected tree health [18–21], there
is a lack of understanding regarding where in the trees these nutrients are translocated.
For example, a previous study conducted by [22] analyzed nutrient contents on different
components of sweet orange trees, but this was done with non HLB-affected trees.

In addition to applying the correct rate of fertilizers, the method in which fertilizers
are applied can be equally important. In the Florida citrus industry, both liquid and solid
granular fertilizers are readily available and commonly used [23]. Granular fertilizers can
be formulated as 100% soluble or controlled release fertilizers (CRF). The nutrients in CRF
have polymer coatings which better control nutrient release timing and rate compared to
100% soluble granular fertilizers [24,25]. Liquid fertilization is also popular since it can
be integrated into existing irrigation systems. This integration allows for more precise
control over fertilizer rate, timing, and location. The use of liquid fertilization has been
shown to reduce nutrient leaching, increase tree growth rates, and increase yield [23,26].
Very few studies exist that compare the use of 100% soluble granular fertilizers, CRF, and
liquid fertilization on HLB-affected grapefruits (Citrus × paradisi) grown on flatwood soils;
furthermore, none of the existing studies conducted a full tree destructive biomass and
nutrient content analysis.

As HLB continues to hinder Florida’s citrus industry, it is necessary to create more
accurate nutrient application guidelines to improve both HLB-affected tree health and
profitability. Although nutrient application methods such as CRF and liquid treatments are
likely to lead to higher nutrient uptake compared to 100% soluble granular fertilizers, there
is a lack of published literature on nutrient dynamics in HLB-affected grapefruit. Therefore,
the goal of this study was to determine if nutrient management methods impact nutrient
translocation and to identify where nutrients are translocated within the tree.

2. Results

2.1. Macronutrient Concentration

Differences in leaf macronutrients were observed between application methods
(Figure 1A). The CRF treatment led to 12.1% higher leaf N compared to the LW treat-
ment, higher leaf Ca compared to both the L (27.5%) and LW (25.0%) treatment, and higher
S compared to the L (18.25%) and LW (26.43%) treatments. Additionally, 23.8% higher leaf
K was observed in the L treatment compared to the control.

In the twigs, the only difference observed was in Mg levels, where the L treatment led
to 37.5% higher Mg compared to the control and 45.2% higher Mg compared to the CRF
treatment (Figure 1B).

No differences were observed in macronutrient allocation between treatments in the
secondary branches (Figure 1C); however, in the primary branches, K levels were 33.3%
higher in the L treatment compared to the control treatment (Figure 1D). In the trunk, the L
treatment had 29.0% higher N compared to the LW treatment.
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Figure 1. Macronutrient concentration (%) in leaf (A), twig (B), secondary branch (C), and primary
branch (D). Six-year-old Huanglongbing-affected ‘Ruby Red’ grapefruit trees grafted on sour orange
rootstock were used. Treatments consisted of two liquid (L and LW) and two granular fertilizers
(Control and controlled-release fertilizer (CRF)). Treatments were applied three times a year (control
and CRF), biweekly (L), or weekly (LW), for three years. A one-way variance (ANOVA) with a
Tukey’s honestly significant difference (HSD) test was used to determine significant differences
between means. Lowercase letters (a, b, c) indicate statistically significant differences (p ≤ 0.05). Data
represents means (n = 4) ± standard error.

In the structural roots, differences in N and Ca levels were observed between treat-
ments (Figure 2B). The L treatment led to 20% more N compared to the LW treatment.
However, the control resulted in 23.1% more Ca compared to the L treatment and 18.8%
more Ca compared to the LW treatment. No differences in macronutrients were observed
between any of the treatments in the lateral roots (Figure 2C). In the feeder roots, the
only difference between macronutrient concentrations was observed in P (Figure 2D). The
control led to 19.4% more P compared to the CRF and LW treatments and 34.5% more P
compared to the L treatment.

2.2. Micronutrient Concentration

In the leaves, B was 50.7% higher in the CRF treatment compared to the L treatment and
42.2% higher compared to the LW treatment (Figure 3A). No differences in micronutrient
concentrations were detected between treatments in the twigs (Figure 3B), secondary
branches (Figure 3C), primary branches (Figure 3D), trunk (Figure 4A), structural roots
(Figure 4B), or the lateral roots (Figure 4C). Like the leaves, B in the feeder roots was
19.8% and 22.2% higher in the CRF treatment compared to the control and LW treatment,
respectively (Figure 4D).
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Figure 2. Macronutrient concentration (%) in trunk (A), structural root (B), lateral root (C), and feeder
root (D). Six-year-old Huanglongbing-affected ‘Ruby Red’ grapefruit trees grafted on sour orange
rootstock were used. Treatments consisted of two liquid (L and LW) and two granular fertilizers
(Control and controlled-release fertilizer (CRF)). Treatments were applied three times a year (control
and CRF), biweekly (L), or weekly (LW), for three years. A one-way analysis of variance (ANOVA)
with a Tukey’s honestly significant difference (HSD) test was used to determine significant differences
between means. Lowercase letters (a, b) indicate statistically significant differences (p ≤ 0.05). Data
represents means (n = 4) ± standard error.

Figure 3. Micronutrient concentration (ppm) in leaf (A), twig (B), secondary branch (C), and primary
branch (D). Six-year-old Huanglongbing-affected ‘Ruby Red’ grapefruit trees grafted on sour orange
rootstock were used. Treatments consisted of two liquid (L and LW) and two granular fertilizers
(Control and controlled-release fertilizer (CRF)). Treatments were applied three times a year (control
and CRF), biweekly (L), or weekly (LW), for three years. A one-way variance (ANOVA) with a
Tukey’s honestly significant difference (HSD) test was used to determine significant differences
between means. Lowercase letters (a, b) indicate statistically significant differences (p ≤ 0.05). Data
represents means (n = 4) ± standard error.
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Figure 4. Micronutrient concentration (ppm) in trunk (A), structural root (B), lateral root (C), and
feeder root (D). Six-year-old Huanglongbing-affected ‘Ruby Red’ grapefruit trees grafted on sour
orange rootstock were used. Treatments consisted of two liquid (L and LW) and two granular
fertilizers (Control and controlled-release fertilizer (CRF)). Treatments were applied three times a year
(control and CRF), biweekly (L), or weekly (LW), for three years. A one-way variance (ANOVA) with
a Tukey’s honestly significant difference (HSD) test was used to determine significant differences
between means. Lowercase letters (a, b) indicate statistically significant differences (p ≤ 0.05). Data
represents means (n = 4) ± standard error.

2.3. Total Tree Nutrient Content and Biomass

No differences in individual tree component (Figure 5) and total N, P, K, Mg, Ca, and
S content were observed between any of the treatments (Tables 1 and 2). Additionally,
no differences were observed in total plant N, P, K, Mg, Ca, and S between any of the
treatments. Differences in macronutrient levels were observed between different plant
components. The greatest amount of total N, P, K, Mg, Ca, and S tended to be found in
the leaves, secondary branches, primary branches, and structural roots in all treatments
(Tables 1 and 2).

Figure 5. Dry weight (kg) of each tree component. Six-year-old Huanglongbing-affected ‘Ruby Red’
grapefruit trees grafted on sour orange rootstock were used. Treatments consisted of two liquid (L
and LW) and two granular fertilizers (Control and controlled-release fertilizer (CRF)). Treatments
were applied three times a year (control and CRF), biweekly (L), or weekly (LW), for three years. Data
represents means (n = 4) ± standard error.
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Table 1. Nitrogen (N), phosphorus (P), and potassium (K) contents per individual tree components
and tree total. Six-year-old Huanglongbing -affected ‘Ruby Red’ grapefruit trees grafted on sour
orange rootstock were used. Treatments consisted of two liquid (L and LW) and two granular fertiliz-
ers (Control and controlled-release fertilizer (CRF)). A Kruskal–Wallis test was used in combination
with a Tukey’s honestly significant difference (HSD) test to identify and test significant differences in
total nutrients in individual tree components (differences signified by letters). Data represents means
(n = 4) ± standard error.

N

g tree−1

Tree component Control CRF L LW
Leaf 40.64 ± 7.14 abc 67.51 ± 14.9 a 66.42 ± 13.31 a 45.35 ± 10.88 abc
Twig 26.81 ± 7.11 abcd 50.75 ± 15.27 abc 39.4 ± 4.89 ab 40.89 ± 13.86 abc

Secondary Branch 46.67 ± 13.03 ab 59.59 ± 12.84 ab 51.57 ± 8.57 a 56.72 ± 7.17 a
Primary Branch 47.43 ± 12.17 a 48.55 ± 9.36 abc 54.07 ± 8.53 a 48.38 ± 14.41 ab

Trunk 12.34 ± 1.51 bcd 14.34 ± 2.16 bc 12.67 ± 1.33 bc 12.40 ± 1.99 bc
Structural Root 38.31 ± 4.22 abc 46.38 ± 15.56 abc 50.68 ± 3.46 a 55.69 ± 6.78 a

Lateral Root 10.68 ± 2.22 cd 11.30 ± 2.22 bc 10.50 ± 2.87 bc 12.40 ± 4.37 bc
Feeder Root 2.15 ± 0.84 d 2.19 ± 0.76 c 2.88 ± 0.65 c 3.9 ± 0.24 c

Total 225.07 ± 1.81 300.64 ± 5.55 288.22 ± 5.17 275.77 ± 4.60

P

g tree−1

Tree component Control CRF L LW
Leaf 2.6 ± 0.40 ab 4.00 ± 0.87 a 4.11 ± 0.97 a 3.0 ± 0.76 a
Twig 1.34 ± 0.31 abc 2.78 ± 0.91 ab 2.2 ± 0.41 ab 1.98 ± 0.65 abc

Secondary Branch 2.83 ± 0.68 ab 3.87 1.18 a 2.95 ± 0.58 ab 3.91 ± 0.31 a
Primary Branch 3.14 ± 0.77 a 2.96 ± 0.62 ab 4.00 ± 1.09 a 2.94 ± 0.72 ab

Trunk 0.93 ± 0.16 bc 0.91 ± 0.15 ab 0.98± 0.24 b 0.81± 0.11 bc
Structural Root 1.64 ± 0.28 abc 1.90 ± 0.82 ab 1.88 ± 0.44 ab 2.02 ± 0.40 abc

Lateral Root 0.46 ± 0.09 c 0.42 ± 0.10 b 0.45 ± 0.20 b 0.47 ± 0.13 c
Feeder Root 0.2 ± 0.08 c 0.16 ± 0.05 b 0.18 ± 0.04 b 0.31 ± 0.03 c

Total 13.19 ± 0.23 17.03 ± 1.50 16.78 ± 1.45 15.53 ± 3.38

K

g tree−1

Tree component Control CRF L
Leaf 16.33 ± 2.55 a 26.19 ± 5.58 a 33.91 ± 8.82 a
Twig 7.59 ± 2.23 bcd 19.17 ± 6.31 abc 19.4 ± 4.48 abc

Secondary Branch 13.88 ± 1.90 ab 21.04 ± 4.92 ab 18.96 ± 3.55 ab
Primary Branch 13.64 ± 2.67 abc 22.52 ± 5.22 ab 23.63 ± 5.69 abc

Trunk 5.52 ± 0.95 cd 5.83 ± 1.06 bc 6.18 ± 1.16 bc
Structural Root 9.05 ± 1.16 abcd 10.04 ± 3.64 abc 13.36 ± 1.63 bc

Lateral Root 3.29 ± 0.66 d 3.33 ± 0.70 bc 3.59 ± 1.22 bc
Feeder Root 0.83 ± 0.32 d 0.78 ± 0.25 c 1.17 ± 0.29 c

Total 70.17 ± 0.58 108.96 ± 3.93 120.25 ± 4.01
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Table 2. Magnesium (Mg), calcium (Ca), and potassium (S) contents per individual components and
tree total. Six-year-old Huanglongbing-affected ‘Ruby Red’ grapefruit trees grafted on sour orange
rootstock were used. Treatments consisted of two liquid (L and LW) and two granular fertilizers
(Control and controlled-release fertilizer (CRF)). A Kruskal–Wallis test was used in combination with
a Tukey’s honestly significant difference (HSD) test to identify and test significant differences in total
nutrients in individual tree components (differences signified by letters). Data represents means
(n = 4) ± standard error.

Mg

g tree−1

Tree component Control CRF L LW
Leaf 3.09 ± 0.50 a 5.17 ± 1.22 a 4.98 ± 0.97 a 3.43 ± 0.78 a
Twig 1.89 ± 0.59 abc 3.5 ± 0.91 abc 4.33 ± 0.68 a 3.59 ± 1.03 a

Secondary Branch 2.97 ± 0.71 ab 5.19 ± 1.07 a 2.79 ± 0.44 a 3.93 ± 0.87 a
Primary Branch 3.33 ± 0.60 a 3.66 ± 0.51 ab 3.65 ± 0.47 a 3.02 ± 0.67 ab

Trunk 0.57 ± 0.22 c 0.82 ± 0.30 bc 0.67 ± 0.16 bc 0.49 ± 0.19 b
Primary Root 0.90 ± 0.12 bc 1.10 ± 0.41 bc 1.19 ± 0.22 bc 1.24 ± 0.32 ab

Secondary Root 0.27 ± 0.04 c 0.31 ± 0.06 c 0.31 ± 0.11 c 0.31 ± 0.07 b
Feeder Root 0.22 ± 0.09 c 0.22 ± 0.07 c 0.23 ± 0.05 c 0.35 ± 0.03 b

Total 13.268 ± 0.33 20.01 ± 1.96 18.17 ± 1.90 16.40 ± 1.67

Ca

g tree−1

Tree component Control CRF L LW
Leaf 49.71 ± 9.34 abc 83.65 ± 18.45 abc 63.39 ± 12.60 bc 47.77 ± 9.53 bcd
Twig 36.42 ± 9.76 bc 71.09 ± 24.22 abcd 49.9 ± 7.06 bcd 54.23 ± 15.39 abcd

Secondary Branch 85.05 ± 14.59 a 138.67 ± 23.22 a 87.72 ± 17.63 ab 118.75 ± 25.01 a
Primary Branch 97.40 ± 19.79 a 103.83 ± 13.01 ab 122.57 ± 22.45 a 106.77 ± 23.41 ab

Trunk 30.46 ± 3.73 bc 32.32 ± 5.41 bcd 27.63 ± 3.29 cd 27.69 ± 5.44 cd
Structural Root 60.93 ± 4.34 ab 72.91 ± 24.80 abcd 62.56 ± 7.43 bc 85.98 ± 9.17 abc

Lateral Root 16.99 ± 3.68 bc 18.38 ± 4.14 cd 15.64 ± 5.04 cd 21.44 ± 7.05 cd
Feeder Root 3.54 ± 1.46 c 3.15 ± 1.06 d 3.34 ± 0.65 d 5.59 ± 0.61 d

Total 380.53 ± 1.24 524.05 ± 8.08 432.79 ± 7.60 468.24 ± 7.57

S

g tree−1

Tree component Control CRF L LW
Leaf 4.78 ± 0.87 a 7.96 ± 1.90 ab 6.59 ± 1.39 ab 4.64 ± 1.01 ab
Twig 4.92 ± 1.52 a 9.69 ± 2.31 a 7.42 ± 1.19 a 6.19 ± 1.72 a

Secondary Branch 3.63 ± 0.89 ab 5.05 ± 1.09 abc 3.67 ± 0.57 bc 4.39 ± 0.76 abc
Primary Branch 3.49 ± 0.87 ab 3.54 ± 0.44 bc 4.73 ± 1.02 ab 3.55 ± 1.05 abc

Trunk 0.93 ± 0.13 b 1.03 ± 0.17 c 0.81 ± 0.09 c 0.82 ± 0.15 bc
Structural Root 2.71 ± 0.27 ab 3.43 ± 1.19 bc 3.37 ± 0.34 bc 3.87 ± 0.63 abc

Lateral Root 0.92 ± 0.16 b 1.07 ± 0.20 c 0.88 ± 0.27 c 1.03 ± 0.30 abc
Feeder Root 0.22 ± 0.07 b 0.24 ± 0.08 c 0.27 ± 0.06 c 0.36 ± 0.04 c

Total 21.63 ± 0.53 32.04 ± 2.50 27.78 ± 2.12 24.89 ± 1.63

Total B, Zn, Mn, and Fe contents per individual tree components were consistent across
all treatments except for Mn in the lateral roots (Table 3). The CRF trees had significantly
more Mn in the lateral roots compared to the F treatment; however, no differences were
observed in total tree micronutrients regardless of treatment (Tables 3 and 4).
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Table 3. Boron (B), zinc (Zn), and manganese (Mn) contents per individual components and tree total.
Six-year-old Huanglongbing-affected ‘Ruby Red’ grapefruit trees grafted on sour orange rootstock
were used. Treatments consisted of two liquid (L and LW) and two granular fertilizers (Control and
controlled-release fertilizer (CRF)). A Kruskal–Wallis test was used in combination with a Tukey’s
honestly significant difference (HSD)test to identify and test significant differences in total nutrients
in individual tree components (differences signified by letters). A one-way analysis of variance
(ANOVA) with a Tukey HSD test was used to determine significant differences between the means of
between different fertilizer application methods (differences signified by *). Data represents means
(n = 4) ± standard error.

B

mg kg−1

Tree component Control CRF L LW
Leaf 99.77 ± 20.85 a 199.19 ± 58.39 a 115.65 ± 24.16 a 92.58 ± 20.11 a
Twig 29.16 ± 9.14 bc 52.38 ± 17.25 b 35.68 ± 3.57 bcd 41.02 ± 12.78 abc

Secondary Branch 52.70 ± 8.74 b 85.73 ± 18.14 b 61.16 ± 9.01 bc 74.04 ± 17.64 ab
Primary Branch 55.58 ± 13.56 ab 77.05 ± 14.13 b 81.80 ± 14.40 ab 70.92 ± 26.73 abc

Trunk 14.00 ± 2.14 bc 13.77 ± 2.40 b 10.28 ± 1.43 d 13.69 ± 2.10 bc
Structural Root 40.42 ± 3.32 bc 56.37 ± 20.04 b 48.99 ± 5.16 bcd 66.23 ± 9.86 abc

Lateral Root 13.67 ± 2.58 bc 15.54 ± 3.43 b 12.51 ± 3.65 cd 17.44 ± 5.42 bc
Feeder Root 2.35 ± 0.82 c 3.09 ± 1.15 b 3.22 ± 0.73 d 4.43 ± 0.35 c

Total 307.70 ± 1.77 503.17 ± 9.18 369.32 ± 6.85 380.40 ± 5.79

Zn

mg kg−1

Tree component Control CRF L LW
Leaf 62.45 ± 8.47 b 109.01 ± 29.73 b 93.43 ± 23.72 b 71.35 ± 20.47 b
Twig 756.91 ± 254.33 a 1467.75 ± 403.15 a 815.33 ± 128.33 a 870.69 ± 342.09 a

Secondary Branch 92.43 ± 15.89 b 142.7 6± 30 31 b 96.53 ± 13.51 b 127.33 12.56 b
Primary Branch 113.91 ± 27.63 b 102.58 ± 11.14 b 169.62 ± 54.63 b 86.82 ± 24.17 b

Trunk 37.67 ± 9.94 b 36.44 ± 17.89 b 15.70 ± 3.66 b 21.72 ± 6.13 b
Structural Root 70.97 ± 9.83 b 127.51 ± 45.64 b 119.87 ± 14.28 b 131.17 ± 21.74 b

Lateral Root 34.87 ±c4.05 b 49.10 ± 7.81 b 28.78 ± 6.13 b 43.17 ± 10.13 b
Feeder Root 4.46 ± 1.39 b 5.05 ± 1.93 b 5.39 ± 1.13 b 7.08 ± 0.65 b

Total 1173.31 ± 7.36 2040.23 ± 31.68 1344.69 ± 21.45 1359.36 ± 22.08

Mn

mg kg−1

Tree component Control CRF L LW
Leaf 73.07 ± 11.10 b 121.10 ± 34.10 b 104.64 ± 22.53 b 80.04 ± 19.03 b
Twig 453.87 ± 157.22 a 931.26 ± 265.62 a 843.84 ± 157.15 a 686.03 ± 246.98 a

Secondary Branch 32.95 ± 11.28 b 35.23 ± 4.32 b 32.16 ± 7.24 b 39.76 ± 3.60 b
Primary Branch 38.26 ± 10.90 b 32.56 ± 1.24 b 79.98 ± 44.31 b 29.90 ± 9.83 b

Trunk 27.62 ± 13.46 b 12.91 ± 6.97 b 4.82 ± 1.13 b 11.43 ± 2.36 b
Structural Root 18.95 ± 5.85 b 23.25 ± 11.78 b 61.36 ± 36.51 b 23.47 ± 4.25 b
Lateral Root * 9.60 ± 2.30 b 16.26 ± 3.50 b 4.67 ± 0.69 b 9.98 ± 1.15 b
Feeder Root 1.26 ± 0.33 b 1.67 ± 0.66 b 1.75 ± 0.32 b 1.89 ± 0.17 b

Total 655.63 ± 6.34 1174.27 ± 29.55 1133.25 ± 26.47 882.53 ± 24.53
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Table 4. Iron (Fe) and copper (Cu) contents per individual components and tree total. Six-year-
old Huanglongbing-affected ‘Ruby Red’ grapefruit trees grafted on sour orange rootstock were
used. Treatments consisted of two liquid (L and LW) and two granular fertilizers (Control and
controlled-release fertilizer (CRF)). A Kruskal–Wallis test was used in combination with a Tukey’s
honestly significant difference (HSD) test to identify and test significant differences in total nu-
trients in individual tree components (differences signified by letters). Data represents means
(n = 4) ± standard error.

Fe

mg kg−1

Tree component Control CRF L LW
Leaf 144.04 ± 21.07 b 251.31 ± 59.80 b 215.68 ± 40.79 b 218.14 ± 73.26 b
Twig 2060 ± 863.63 a 3305.2 ± 1182.37 a 2827.4 ± 507.11 a 2380.39 ± 818.77 a

Secondary Branch 140.61 ± 22.13 b 197.23 ± 33.46 b 149.03 ± 28.58 b 170.09 ± 25.40 b
Primary Branch 151.01 ± 28.07 b 204.10 ± 67.91 b 197.80 ± 35.09 b 137.59 ± 25.97 b

Trunk 122.70 ± 29.65 b 98.34 ± 24.10 b 74.21 ± 10.74 b 87.74 ±17.99 b
Structural Root 304.55 ± 77.35 b 473.65 ± 202.92 b 403.70 ± 57.21 b 342.15 ± 31.18 b

Lateral Root 115.10 ± 24.12 b 123.89 ± 14.00 b 88.32 ± 18.88 b 104.99 ± 29.36 b
Feeder Root 6.22 ± 2.07 b 7.34 ± 2.68 b 7.31 ± 1.53 b 11.49 ± 0.86 b

Total 3044.27 ± 16.42 4661.09 ± 47.00 3963.51 ± 43.75 3452.63 ± 39.62

Cu

mg kg−1

Tree component Control CRF L LW
Leaf 551.08 ± 77.48 a 908.36 ± 310.29 a 880.74 ± 249.09 a 660.71 ± 194.10 ab
Twig 260.7 ± 69.64 ab 425.37 ± 149.26 abc 377.82 ± 52.99 ab 377.4 ± 94.32 ab

Secondary Branch 574.28 ± 109.89 a 1000.56 ± 127.06 a 653.89 ± 114.90 ab 859.96 ± 102.49 a
Primary Branch 570.21 ± 131.41 a 663.72 ± 81.37 ab 1113.84 ± 346.38 a 790.24 ± 325.53 a

Trunk 123.32 ± 41.76 b 86.529 ± 44.81 bc 25.97 ± 11.06 b 98.32 ± 62.54 b
Structural Root 58.39 ± 32.95 b 42.88 ± 16.66 bc 35.77 ± 8.15 b 40.88 ± 3.62 b

Lateral Root 9.49 ± 1.34 b 17.98 ± 4.28 c 9.83 ± 3.34 b 13.64 ± 3.90 b
Feeder Root 22.64 ± 6.00 b 33.97 ± 14.97 c 35.89 ± 8.29 b 49.85 ± 7.69 b

Total 2170.15 ± 198.15 3179.4 ± 1649.66 3133.80 ± 1735.76 2891.04 ± 1520.87

Differences were observed in total micronutrient contents between plant components.
Twigs consistently contained the largest amounts of Zn (61–72% of total plant Zn), Mn
(69–79% of total Mn), and Fe (67–71% of total Fe) compared to all other plant components
(Tables 3 and 4). Additionally, the leaves contained between 24–39% of the total tree B in all
treatments, making the leaves the greatest pool of B in the entire tree (Table 3). Finally, no
differences were observed in total tree dry weight between any treatments (Table 5).

Table 5. Total mean dry weight (DW) per treatment. Six-year-old HLB-affected ‘Ruby Red’ grapefruit
trees grafted on sour orange rootstock were used. Treatments consisted of two liquid (L and LW) and
two granular fertilizers (Control and controlled-release fertilizer (CRF)). Data represents means ±
standard error.

Treatment Total (DW)

kg
Control 18.61 ± 1.81

CRF 26.47 ± 4.88
L 18.45 ± 2.74

LW 20.98 ± 3.99

3. Discussion

Overall, the application methods showed differences in uptake and translocation,
particularly in the leaves and feeder roots. Regardless of the treatment, leaves and feeder
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roots contained higher concentrations of N and K compared to the other tree components
sampled. The leaves also contained higher B concentration compared to any other organ.
All other nutrient concentrations were consistent across components.

The CRF treatment had higher N, Ca, S, and B in the leaves compared to the other
treatments, and these increases in leaf nutrient concentrations are consistent with the cur-
rent literature. It is well established that CRF’s outperform conventional granular fertilizers
in nutrient uptake and fruit production [27–29]. In HLB-affected sweet orange trees, [30]
found that CRF formulations resulted in exceptionally high yields. Although no differ-
ences in biomass were reported between any of the treatments, the higher macronutrient
concentrations in the leaves of the CRF treatment supports the increased effectiveness of
CRF’s over conventional fertilizers. Research by [3] did show that a CRF led to higher
plant biomass compared to fertigation and water soluble granular treatments; however, the
study was conducted on 32-month-old sweet orange trees. The lack of differences observed
in total biomass between treatments could be a result of the three-year time frame of this
study. This may not have been long enough to detect changes due to fertilizer treatments.

The lower levels of N, Ca, S, and B found in the leaves of the LW treatment compared
to the other treatments is important to note. The LW method was chosen as a treatment due
to grower reports that supplying nutrients in smaller doses but at shorter intervals led to
higher uptake [31]; however, this was not observed. Our results were consistent with those
of [32,33] which found that increased fertilizer frequency led to no differences in growth
parameters or leaf nutrient concentration of sweet orange trees. The lower uptake of leaf
macronutrients in the LW treatment could be due to increased leaching compared to the
other treatments. Liquid treatments can lead to a better response compared to granular
fertilizers; however, if the grove experiences high rainfall and/or irrigation management is
poor, leaching can occur [34]. Additionally, the trees used in the study were severely HLB-
affected and had a depleted root system. Logically, a depleted root system will intercept
less nutrients and thus the benefits of more frequent fertilization may not be realized.

Higher nutrient contents in the leaves and feeder roots were expected. This was similar
to research conducted by [22], which showed that the leaves of 32-month old sweet orange
trees had the highest content of total N compared to other tree components. Plants require
large amounts of N due to its roles in amino acids, sugars, and proteins [7,35]. In citrus trees,
large amounts of N are found in young tender tissues such as leaves [7]. Levels of K are
often higher in the leaves due to its role in regulation of stomatal opening and closing [36].
Additionally, citrus fruits utilize large amount of K [3]. Although this study did not sample
any fruits due to fruit drop before analysis, the higher contents of K observed in the leaves
compared to other plant components could indicate that leaves are a reservoir for K export
into fruit. Lastly, the higher levels of B in the leaves compared to other components are
likely due to its role in photosynthesis and carbohydrate metabolism [37].

When considering the biomass of each component in relation to nutrient percentage,
the leaves, twigs, and secondary branches contained most of the total macronutrients in
the trees. Similar findings were reported by [38,39], which showed higher percentages
of N in newer organs of citrus trees. The root system, particularly the feeder and lateral
roots, contained the lowest macronutrient content. Although the feeder root nutrient
samples tend to have higher levels of all nutrients compared to nutrient samples taken
from the woody sections of the trees (trunk, branches, lateral and structural roots), the
feeder root biomass is much lower compared to the other components. As a result, feeder
roots often constitute the lowest amount of nutrients, particularly macronutrients, to the
overall nutrient total of the trees.

No other investigators have conducted a destructive study coupled with nutrient anal-
ysis of field-grown HLB-affected grapefruit trees. Furthermore, the trees were sub sectioned
into 8 different components: five above ground and three below ground components. This
level of detail is challenging to obtain due to the inaccessibility of fruit bearing citrus trees
that can be removed from the ground and dissected. This provides a greater amount of
detailed data on the nutrient uptake and translocation inside the different components and
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the tree as a whole. Although the aforementioned peculiarities of our study represents
strengths, some limitations also need to be acknowledged: (i) the lack of timepoints to
compare different seasons and (ii) the method used to remove the trees from the field.
Obtaining seasonal timepoints would have required much more resources and available
trees to be excavated and dissected over time. This data would have allowed for better
inferences regarding the impact of seasonality on nutrient dynamics in HLB-affected citrus
trees. On the other hand, the method by which trees were extracted from the field allowed
for a greater number of replications to be analyzed but may have resulted in a loss of fine
roots. The utilization of a better and more gentle excavation method would have limited
fine root loss at the expense of time and resources.

4. Materials and Methods

4.1. Site Description

A 3-year nutrition trial was conducted at the University of Florida, Institute of Food
and Agricultural Sciences (UF/IFAS), Indian River Research and Education Center (IRREC)
located in Fort Pierce, Florida, USA. Tree material consisted of 6-year-old field grown
‘Ruby Red’ grapefruit trees (Citrus × paradisi) grafted on ‘sour orange’ (Citrus × aurantium)
rootstock (Figure 6). All trees examined were HLB-affected, confirmed by both Ct values
and visual analysis.

 

Figure 6. Satellite image of the area in which the study was conducted. The experimental grove from
which the grapefruit trees were excavated is highlighted in red. The grapefruit grove is located at the
University of Florida, Institute of Food and Agricultural Sciences (UF/IFAS), Indian River Research
and Education Center (IRREC) located in Fort Pierce, Florida, USA. Image was acquired from Google
Maps on 16 November 2022.

The trees were grown on 1-m-high raised beds for drainage purposes and irrigated
with 39.7 L per hour microjet sprinklers (Maxijet, Dundee, FL, USA). The grove soils were
sandy Alfisols classified as loamy, siliceous, active, hyperthermic Arenic Glossaqualfs with
less than 1% organic matter. Soil pH was 5.8 and cation exchange capacity (C.E.C.) was
3.5 cmol kg−1 [40].

Treatments consisted of four different fertilizer application methods (Control, con-
trolled release fertilizer (CRF), liquid (L) and liquid weekly (LW). The control treatment
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was an industry standard 100% soluble dry granular fertilizer applied three times through-
out the growing season. The CRF treatment was a granular fertilizer with 50% solubility
and contained polymer coated nutrients. Like the control treatment, the CRF treatment
was applied three times throughout the growing season. The L and LW were both liquid
treatments applied at a rate of 11.36 L per tree using a ~1100-L single axle admire mobile
spray tank (Chemical Containers, Inc., Lake Wales, FL, USA). The L treatment was applied
bi-weekly throughout the growing season while the LW treatment was applied weekly. The
same yearly amount of nutrients were applied to all treatments regardless of application
method. These amounts were calculated using the current UF/IFAS recommendations [41].

4.2. Tree Excavation and Dissection

Trees were excavated in September 2021 using a John Deere 7030 tractor and root rake
implement. The base of the tree trunk was securely grasped by the rake and slowly lifted
from the soil. During the lifting process, the trees were gently shaken to assist in removal
of sand from the root mass. Once removed from the soil, the entire tree was moved to a
covered location for dissection.

Each tree was divided into eight different components: leaf, twig, secondary branch,
primary branch, trunk, structural root, lateral root, and feeder root (Figure 7). All leaves,
including both immature and fully expanded leaves, were collected by hand. Twigs were
defined as the woody portions connected to the leaves. Secondary branches were defined
as those directly connected to the twigs but not directly connected to the main trunk. The
primary branches were those that connected directly to the main trunk and supported the
secondary branches. The main trunk was defined as the central woody structure connecting
the root mass to the branches.

Figure 7. Schematic representation of a six-year-old grapefruit tree divided into eight different
components: leaf, twig, secondary branch, primary branch, trunk, structural root, lateral root, and
feeder root.

Roots were divided into structural, lateral, and feeder roots. The structural roots were
directly connected to the trunk and ranged from 10 mm to 20 mm. Lateral roots connected the
primary roots to the feeder roots and ranged from 2 mm to 10 mm. Feeder roots were defined
as the non-woody roots less than 2 mm in diameter protruding from the lateral roots.

The different components were removed from one another using Felco 2 pruners (Les
Geneveys-sur-Coffrane, Switzerland), Fiskars 28” loppers (Helsinki, Finland), and a Ryobi
40V HP Brushless 14in. battery operated chainsaw (Fuchu, Hiroshima, Japan). Once the
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components were removed from the tree and separated from each other, the total weight of
each component, as well as nutrient analysis, was conducted.

4.3. Tree Biomass and Mineral Analysis

The entire fresh weight of each component was collected and weighed using a digital
field scale (Ohaus Corporation, Parsippany, NJ, USA). Subsamples were then collected
from each component and weighed. The subsamples were then dried at 60 ◦C for 3 to
15 days depending on the component size. Once dried, the subsample dry weight was
collected using an analytical scale (Sartorius AG, Göttingen, Germany). Dried subsamples
were then ground to pass through 1.0 mm mesh screen and 5 mL of nitric acid (HNO3) was
added. Samples were then heated to 95 ◦C for 90 min and 4 mL of 30% Hydrogen Peroxide
(H2O2) was added. After 20 min of cooling, 50 mL of deionized water was added to each
sample. Analysis of N, P, K, Mg, Ca, S, B, Zn, Mn, and Fe concentration was conducted
using inductively coupled argon plasma emission (ICP-MS) spectrophotometer (Spectro
Ciros CCD, Fitzburg, MA, USA) [42].

4.4. Experimental Design and Statistical Analysis

The experiment was organized into a completely randomized design with split plot
arrangement. Each treatment was replicated 4 times and each replicant consisted of
10 trees. One tree from each replication was randomly selected to be excavated and
dissected. A one-way Analysis of Variance (ANOVA) was used to determine significant
differences between fertilizer treatments. When differences were detected (p < 0.05), a
Tukey’s honestly significant difference (HSD) test was conducted. A Kruskal–Wallis test
was used in combination with a Tukey’s HSD test to identify and test significant differences
in total nutrients in individual tree components. All statistical analyses were conducted
using the software R with ‘agricolae’ package [43]. Figures were generated using the
software Minitab 17 (Minitab, LCC, State College, PA, USA).

5. Conclusions

Although nutrient use has been extensively studied in citrus, the uptake and distri-
bution of nutrients in field grown HLB-affected grapefruit trees is less understood. This
was the first study to conduct destructive nutrient analysis on field grown HLB-affected
grapefruit trees. The research above shows where in the trees nutrients are stored and
how much of each given nutrient are present in the entire tree. Additionally, this study
showed that fertilization methods do impact nutrient contents in different components of
HLB-affected trees. With these results in mind, further research should be conducted on
how foliar nutrient application methods impact nutrient allocation within HLB-affected
trees. Future studies should include internal movements of nutrients and tree destructive
analysis at multiple time points throughout the year to account for seasonal variations.
These continued evaluations of nutrient uptake and allocation could improve the efficiency
of nutrient management programs in the age of HLB.
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Abstract: Spermine (SPM) and salicylic acid (SA), plant growth stimulators, are involved in var-
ious biological processes and responses to environmental cues in plants. However, the function
of their combined treatment on wheat salt tolerance is unclear. In this study, wheat (Triticum aes-
tivum L. cvs. Shandawel 1 and Sids 14) plants were grown under non-saline and saline (6.0 and
12.0 dS m–1) conditions and were foliar sprayed with 100 mgL−1 SA and/or 30 mgL−1 SPM. Exoge-
nously applied SA and/or SPM relieved the adverse effects caused by salt stress and significantly
improved wheat growth and production by inducing higher photosynthetic pigment (chlorophyll a,
chlorophyll b, carotenoids) content, nutrient (N, P, K+, Ca2+, Mg2+, Fe, Zn, Cu) acquisition, ionic
(K+/Na+, Ca2+/Na+, Mg2+/Na+) homeostatics, osmolyte (soluble sugars, free amino acids, proline,
glycinebetaine) accumulation, protein content, along with significantly lower Na+ accumulation
and chlorophyll a/b ratio. The best response was registered with SA and SPM combined treatment,
especially in Shandawel 1. This study highlighted the recovery impact of SA and SPM combined
treatment on salinity-damaged wheat plants. The newly discovered data demonstrate that this
treatment significantly improved the photosynthetic pigment content, mineral homeostasis, and
osmoprotector solutes buildup in salinity-damaged wheat plants. Therefore, it can be a better strategy
for ameliorating salt toxicity in sustainable agricultural systems.

Keywords: photosynthetic pigments; ionic balance; osmotic adjustment; salicylic acid; salt tolerance;
spermine; wheat (Triticum aestivum L.)

1. Introduction

Soil salinization is one of the most important environmental hazards that inhibits plant
growth and development, causing significant yield losses. Approximately 50% of irrigated
lands are suffered from the deleterious impact of salt stress [1]. Salinity affects plant growth
through osmotic effect, nutritional imbalance, ionic toxicity, and oxidative stress [2]. The
absorption of high concentrations of Na+ in cells limits K+ uptake, resulting in Na+ toxicity
and nutrient imbalance during salt stress [1]. In order to establish the defense, plants restrict
the accumulation of salt ions in the cytosol and enhance the synthesize of osmolytes [3–5].
Osmolyte biosynthesis is critical for maintaining osmotic potential, metabolic activity, and
water uptake under saline conditions [6]. Additionally, enzymatic and non-enzymatic
antioxidants can scavenge effectively the excessive reactive oxygen species (ROS) generated
during salt stress [7–11]. Ionic status inside the plant cell is also very important for plant salt
tolerance because the excess of salt ions in the cytoplasm disrupts ion homeostasis, inhibits
plant growth, and affects water transport [7,12]. Excessive soil Na+ transported to the above
ground organs disturbs intracellular ionic homeostasis in plants, damages photosynthetic
membrane structure, promotes chlorophyll degradation, reduces photosynthetic efficiency,
affects cytosolic enzyme activity, and inhibits cellular metabolism, all of which result in
restrained plant growth and development [7,9,11]. The ability of plants to maintain a high
cytosolic K+/Na+ ratio under ion toxicity is another salt tolerance mechanism [3,7].
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Many plant growth regulators have been used to improve the salt tolerance of crops
such as salicylic acid (SA). SA is a natural phenolic compound regulating plant growth
and development under both normal and stressful conditions [13,14]. It has been reported
that pretreatment with exogenous SA under saline environments prevents the chlorophyll
degradation and increases the photosynthetic efficiency [13,15], reduces the ion toxicity,
maintains the osmotic potential [7,13,16], stimulates the antioxidant enzymes, and scav-
enges the ROS in plants [10,15], as well as regulates the cellular signaling, senescence,
and overall cellular redox homeostasis [15,16]. Moreover, an exogenous application of
SA prevents lowering of indole acetic acid and cytokinin levels in salt-stressed wheat
plants, thereby maintaining cell division and elongation processes in apical meristem of the
roots resulting in an increase in growth and productivity of plants [17]. Previous report
provides evidence that SA could alleviate salt stress through accelerating plant growth
and improving leaf physiological processes [18]. In addition, exogenous SA balanced the
osmotic potential and lowered the osmotic damage to the plasma membrane by mediat-
ing the accumulation profile of ions, such as Na+, K+, and Ca2+, as well as compatible
metabolites, such as proline and soluble sugar [19]. Exogenous application of SA to wheat
plants exposed to salt stress alleviated the deleterious effects of salinity by improving the
photosynthetic pigment content and inducing the accumulation of certain osmolytes, such
as soluble sugars, proline, and glycinebetaine [13]. A similar trend has been found in
baby corn under salt stress in response to SA seed priming, which has been attributed
to an increased ion content and an enhanced accumulation of certain osmolytes, such as
proline [20]. Evidence also shows a promising role of SA foliar application against soil salin-
ization in wheat plants through its effects on the content of polyamines [14]. Although there
have been a lot of investigations study the effect of SA under salt stress, the physiological
and biochemical mechanisms of SA in regulating wheat response to saline environments
are still not fully understood.

Another class of biomolecules involved in plant stress response is composed of
polyamines (PAs), which are low molecular weight aliphatic cations that are ubiquitous
cellular components [21]. In plants, the major PAs—putrescine, spermidine, and spermine—
have been shown to be involved in many aspects of plant growth and development, such
as organogenesis, embryogenesis, flower initiation and development, leaf senescence, fruit
development and ripening, as well as abiotic and biotic plant stress responses [21–23]. They
can also act as anti-senescence and anti-stress agents due to their acid neutralizing and
antioxidant properties, as well as for their membrane stabilizing abilities [24]. Among
PAs, emphasis has been placed on the unique role of spermine (SPM, tetraamine) in the
regulation of various defensive processes in plants. It has been described as a ‘potent plant
defense activator with broad-spectrum protective effects’ when used exogenously [25].
The protective role of SPM in plants under salt stress has been reported. For example, the
exogenously applied SPM alleviated the adverse effect of saline environments on plant de-
velopment via maintaining the osmotic adjustment, protecting the structure and function of
photosynthetic apparatus, maintaining the cationic-anionic stability, reducing the ethylene
production, enhancing the protein content, modulating the endogenous phytohormone
level, and inducing the organic solutes accumulation [23,26,27]. Additionally, previous
study provides evidence that the SPM application could maintain significantly higher root
vitality, leaf relative water content, photosynthesis, water use efficiency, osmolytes accumu-
lation, K+/Na+ ratio, and antioxidant enzyme activity, as well as lower osmotic potential,
Na+ accumulation, and oxidative damage in salt-stressed creeping bentgrass plants [28]. Re-
cently, it has been shown that exogenous SPM treatment alleviated the inhibition of maize
plant growth and productivity under stressful conditions by improving the antioxidant
enzyme activity, antioxidant molecules content, and cell membrane integrity [29]. Although
several researchers have studied the effects of exogenous SPM on enhancing plant abiotic
stress tolerance, not much is known about the mechanism of SPM associated with wheat
salt tolerance.
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Among various food crops, wheat (Triticum aestivum L.) is a staple food in 30% of
the world. However, it faces severe losses in its productivity due to salt stress [30,31].
Development of salt-tolerant wheat cultivars adapted to saline conditions is the most
effective and economic strategy to combat this detrimental phenomenon. Exogenous
treatment with plant defense elicitors, such as SA and SPM, is the best way to enhance
plant salt tolerance. Some studies have looked into the effect of a single application of SA
or SPM on plants exposed to salt stress. However, no one has looked into the impact of
their combined treatment on wheat salt tolerance. To fill this gap, as a first investigation,
we carried out this study to investigate the ameliorative impact of SA and SPM dual
application to two wheat cultivars (Triticum aestivum L. cvs. Shandawel 1 and Sids 14)
grown in salty soils through measuring the growth, productivity, photosynthetic pigment
(chlorophyll a, chlorophyll b, carotenoids, total pigments) content, chlorophyll a/b ratio,
nutrient (N, P, K+, Na+, Ca2+, Mg2+, Fe, Zn, Cu) acquisition, ionic (K+/Na+, Ca2+/Na+,
Mg2+/Na+) homeostatic, osmoprotector solutes (total soluble sugars, total free amino acids,
proline, glycinebetaine) accumulation, as well as grain carbohydrate and protein content.
Accordingly, it has been hypothesized that the foliar application of SA and SPM combined
treatment can help wheat plants to overcome the deleterious effects of salt stress on plant
growth and production by enhancing photosynthetic pigment content, maintaining ionic
homeostasis, adjusting osmotic balance, and increasing grain carbohydrate and protein
content. This research provides novel insights into the mechanisms of SA- and SPM-
mediated amelioration of salt stress on wheat.

2. Results

2.1. Foliar Applications of SA and/or SPM Ameliorate the Growth and Yield Reduction Caused
by Salinity

Salinity is one of the major constraints in wheat growth, development, and production.
To investigate the ameliorative effect of exogenous SA and/or SPM on the growth and
productivity of two wheat cultivars (Shandawel 1 and Sids 14) grown under saline circum-
stances, we measured the changes of leaf area, shoot dry weight, root dry weight, grain
number, and grain yield in the SA- and/or SPM-treated plants subjected to non-saline and
saline conditions.

Salt stress (6.0 and 12.0 dS m–1) has a major impact on wheat development. It sup-
pressed wheat growth, resulting in a sharp reduction in the leaf area, shoot dry weight,
and root dry weight, in both cultivars. These deleterious effects of saline conditions were
prominent for cv. Sids 14 compared to cv. Shandawel 1. On the contrary, foliar applications
of SA and/or SPM significantly mitigated this reduction compared with the salt-stressed
plants that had not received any supplementations (Figure 1a–c). The combined treatment
of SA and SPM yielded the best results, especially in Shandawel 1. It significantly (p < 0.05)
elevated the leaf area (30.7%, 42.2%, and 55.0%), shoot dry weight (27.4%, 36.4%, and 49.8%),
and root dry weight (27.7%, 38.0%, and 50.0%), in Shandawel 1 wheat plants subjected to
0.1, 6.0, and 12.0 dS m–1 salinity levels, respectively, compared with untreated plants.

In addition, as shown in Figure 2a,b, saline environments significantly reduced the
productivity of cultivars Shandawel 1 and Sids 14 in terms of grain number and grain
yield. These detrimental impacts of salt stress were prominent for cv. Sids 14 compared
to cv. Shandawel 1. On the contrary, foliage applications of SA and/or SPM significantly
alleviated the salt toxicity and attenuated the inhibitory impact of salt on these parameters.
The best response was registered with SA and SPM combined treatment, especially in
Shandawel 1. When compared to untreated plants, co-application of SA and SPM signifi-
cantly (p < 0.05) increased the grain number by 44.8%, 49.6%, and 60.0% and grain yield by
40.0%, 47.5%, and 59.5% in Shandawel 1 wheat plants at 0.1, 6.0, and 12.0 dS m−1 salinity
levels, respectively.
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Figure 1. Influence of salicylic acid (SA; 100 mgL−1) and/or spermine (SPM; 30 mgL−1) on the
(a) total leaf area, (b) shoot dry weight, and (c) root dry weight of two wheat cultivars (Shandawel 1
and Sids 14) grown under 0.1, 6, and 12 dS m−1 salinity levels. Data are mean of four replicates
(n = 4). Different letters indicate significant differences at (p < 0.05) level, according to Duncan’s test.
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Figure 2. Influence of salicylic acid (SA; 100 mgL−1) and/or spermine (SPM; 30 mgL−1) on the
(a) number of grains plant−1 and (b) weight of grains plant−1 of two wheat cultivars (Shandawel 1
and Sids 14) grown under 0.1, 6, and 12 dS m−1 salinity levels. Data are mean of four replicates
(n = 4). Different letters indicate significant differences at (p < 0.05) level according to Duncan’s test.

2.2. SA and/or SPM Treatments Enhance Photosynthetic Pigment Concentration in Salt-Stressed
Wheat Plants

One of the most serious consequences of saline conditions is the decrease in the
amount of photosynthetic pigments. To better understand whether SA and/or SPM foliage
applications alleviate the damage of salt stress to the photosynthetic pigments, we measured
the concentration of chlorophyll a, chlorophyll b, carotenoids, and total pigments along
with the ratio of chlorophyll a/b in leaves of treated plants grown under non-saline and
saline conditions.

Soil salinization sharply decreased the concentration of chlorophyll a, chlorophyll
b, carotenoids, and total pigments in the leaves of the two wheat cultivars (Shandawel 1
and Sids 14). The deleterious effect of salt stress was prominent for cv. Sids 14 compared
to cv. Shandawel 1. However, exogenously-applied SA and/or SPM minimized the
detrimental effect of saline environments and increased the photosynthetic pigment level
in the absence and presence of salt stress (Figure 3a–d). Co-application of SA and SPM had
the greatest ameliorative effect, especially in Shandawel 1. When compared to untreated
plants, SA and SPM combined treatment significantly (p < 0.05) increased the concentration
of chlorophyll a by 16.7%, 26.0%, and 62.8%, chlorophyll b by 30.0%, 48.9%, and 114.9%,
carotenoids by 36.0%, 56.1%, and 93.8%, and total pigments by 24.7%, 38.9%, and 83.6% in
Shandawel 1 wheat plants at 0.1, 6.0, and 12.0 dS m−1 salinity levels, respectively.
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Figure 3. Influence of salicylic acid (SA; 100 mgL−1) and/or spermine (SPM; 30 mgL−1) on the
concentration of (a) chlorophyll a, (b) chlorophyll b, (c) carotenoids, and (d) total pigments in leaves
of two wheat cultivars (Shandawel 1 and Sids 14) grown under 0.1, 6, and 12 dS m−1 salinity levels.
Data are mean of four replicates (n = 4). Different letters indicate significant differences at (p < 0.05)
level according to Duncan’s test.
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Furthermore, salt stress treatments (6.0 and 12.0 dS m–1) increased the chlorophyll a/b
ratio in the leaves of both cultivars. On the contrary, comparing to the untreated stressed
plants, the foliar treatments with SA and/or SPM significantly reduced the chlorophyll a/b
ratio in the leaves of salt-stressed plants (Figure 4). The combined treatment of SA and SPM
yielded the best results, especially in Shandawel 1. It significantly (p < 0.05) decreased the
chlorophyll a/b ratio by 10.4%, 15.6%, and 24.0% in Shandawel 1 wheat plants subjected to
0.1, 6.0, and 12.0 dS m–1 salinity levels, respectively, compared with untreated plants.

Figure 4. Influence of salicylic acid (SA; 100 mgL−1) and/or spermine (SPM; 30 mgL−1) on the
chlorophyll a/b ratio in leaves of two wheat cultivars (Shandawel 1 and Sids 14) grown under 0.1,
6, and 12 dS m−1 salinity levels. Data are mean of four replicates (n = 4). Different letters indicate
significant differences at (p < 0.05) level, according to Duncan’s test.

2.3. Spraying of SA and/or SPM Maintain Ionic Balance in Salt-Stressed Wheat Plants

Ion toxicity is an important factor triggering severe damage to the growing plants un-
der saline conditions. For exploring the influence of exogenous SA and/or SPM treatments
on ions accumulation, we measured the accumulation profile of N, P, K+, Na+, Ca2+, Mg2+,
Fe, Zn, and Cu in the grains of two wheat cultivars (Shandawel 1 and Sids 14) grown under
non-saline and saline circumstances and sprayed with SA and/or SPM.

Under saline conditions, the concentrations of N, P, and K+ were negatively affected.
Moreover, this effect was more pronounced at high salinity level in both cultivars. Con-
versely, exogenous SA and/or SPM applications alleviated the deleterious injures of salt
stress on mineral acquisition and increased the N, P, and K+ concentrations, especially in
Shandawel 1 (Figure 5a–c). Co-application of SA and SPM yielded the best response and
significantly (p < 0.05) increased the N concentration (23.5%, 34.9%, and 53.9%), P concen-
tration (36.4%, 42.1%, and 53.3%), and K+ concentration (38.1%, 50.0%, and 60.0%) in grains
of Shandawel 1 plants subjected to 0.1, 6.0, and 12.0 dS m–1 salinity levels, respectively,
compared with untreated plants.

Moreover, the Na+, Ca2+, and Mg2+ concentrations were increased by increasing the
salt doses in the soil. However, the treatments with SA and/or SPM decreased the accu-
mulation of Na+ while increasing the accumulation of Ca2+ and Mg2+ in the wheat grains
(Figure 6a–c). The best response was registered with SA and SPM combined treatment,
especially in Shandawel 1. At 6.0 and 12.0 dS m–1 salinity levels, the combination treatment
significantly (p < 0.05) reduced Na+ values in grains of treated Shandawel 1 plants by 22.0%
and 31.3%, respectively, compared to untreated plants.
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Figure 5. Influence of salicylic acid (SA; 100 mgL−1) and/or spermine (SPM; 30 mgL−1) on the
concentration of (a) nitrogen, (b) phosphorus, and (c) potassium in grains of two wheat cultivars
(Shandawel 1 and Sids 14) grown under 0.1, 6, and 12 dS m−1 salinity levels. Data are mean of
four replicates (n = 4). Different letters indicate significant differences at (p < 0.05) level according
to Duncan’s test.
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Figure 6. Influence of salicylic acid (SA; 100 mgL−1) and/or spermine (SPM; 30 mgL−1) on the
concentration of (a) sodium, (b) calcium, and (c) magnesium in grains of two wheat cultivars
(Shandawel 1 and Sids 14) grown under 0.1, 6, and 12 dS m−1 salinity levels. Data are mean of four
replicates (n = 4). Different letters indicate significant differences at (p < 0.05) level, according to
Duncan’s test.

Additionally, under soil salinization, the concentrations of Fe, Zn, and Cu were sharply
decreased with increasing the salinity level. Conversely, foliar SA and/or SPM treatments
ameliorated the deleterious injures of saline conditions on mineral acquisition and increased
the Fe, Zn, and Cu concentrations, especially in Shandawel 1 (Figure 7a–c). Co-application
of SA and SPM yielded the best response and significantly (p < 0.05) increased the Fe
concentration by 31.1%, 35.8%, and 47.6%; Zn concentration by 23.5%, 34.5%, and 47.8%;
and Cu concentration by 23.2%, 28.0%, and 37.5%, in grains of Shandawel 1 plants grown
under 0.1, 6.0, and 12.0 dS m–1 salinity levels, respectively, compared with untreated plants.
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Figure 7. Influence of salicylic acid (SA; 100 mgL−1) and/or spermine (SPM; 30 mgL−1) on the
concentration of (a) iron, (b) copper, and (c) zinc in grains of two wheat cultivars (Shandawel 1 and
Sids 14) grown under 0.1, 6, and 12 dS m−1 salinity levels. Data are mean of four replicates (n = 4).
Different letters indicate significant differences at (p < 0.05) level, according to Duncan’s test.

2.4. Exogenously Applied SA and/or SPM Preserve K+/Na+, Ca2+/Na+, and Mg2+/Na+ Ratios
under Saline Conditions

Salinity stress altered the ionic composition in wheat grains. To investigate whether
the salt tolerance conferred by exogenous SA and/or SPM treatments, we quantified the
K+/Na+, Ca2+/Na+, and Mg2+/Na+ ratios of two wheat cultivars (Shandawel 1 and Sids
14). Our findings showed that the K+/Na+, Ca2+/Na+, and Mg2+/Na+ ratios in the grains
of salt-stressed plants were considerably lower than those in the grains of unstressed ones.
On the contrary, SA and/or SPM applications sharply increased the ratios of K+/Na+,
Ca2+/Na+, and Mg2+/Na+ in grains of stressed treated plants comparing to the stressed
untreated ones (Figure 8a–c). Co-application of SA and SPM had the greatest ameliorative
effect, especially in Shandawel 1. In comparison to values of untreated plants at salinity
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levels of 0.1, 6.0, and 12.0 dS m–1, coupling SA with SPM significantly (p < 0.05) increased
the K+/Na+ ratio in grains of treated Shandawel 1 plants by 67.6%, 92.2%, and 132.2%; the
Ca2+/Na+ ratio by 34.5%, 46.4%, and 69.2%; and the Mg2+/Na+ ratio by 28.1%, 46.7%, and
74.1%, respectively.

Figure 8. Influence of salicylic acid (SA; 100 mgL−1) and/or spermine (SPM; 30 mgL−1) on the ratio
of (a) K+/Na+, (b) Ca2+/Na+, and (c) Mg2+/Na+ in grains of two wheat cultivars (Shandawel 1 and
Sids 14) grown under 0.1, 6, and 12 dS m−1 salinity levels. Data are mean of four replicates (n = 4).
Different letters indicate significant differences at (p < 0.05) level, according to Duncan’s test.

2.5. SA and/or SPM Treatments Improve Organic Solutes Accumulation under Salt Stress

Exposure to salinity induces the synthesis of organic osmolytes, which play a crucial
role in counterbalancing Na+-induced reduction of water potential. Accumulation of osmo-
protector solutes can protect plants from osmotic stress caused by salinity. To observe the
change of compatible metabolites in the two wheat cultivars (Shandawel 1 and Sids 14) grown
under different saline conditions and foliar sprayed with SA and/or SPM, we measured the
concentration of total soluble sugars, total free amino acids, proline, and glycinebetaine in the
leaves of treated plants grown under non-saline and saline environments.

The accumulation of total soluble sugars, total free amino acids, proline, and glycinebe-
taine was increased dramatically in response to salinity treatments, as well as exogenous SA
and/or SPM treatments in both cultivars (Figure 9a–d). The highest values were recorded
in salt-stressed plants supplemented with a combination of SA and SPM, especially in
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Shandawel 1. Application of combined treatment under 6.0 and 12.0 dS m−1 salinity levels
led to an increase in Shandawel 1 plants total soluble sugars concentration by 14.9% and
17.3%, total free amino acids concentration by 12.5% and 20.3%, proline concentration
by 21.2% and 32.2%, and glycinebetaine concentration by 32.0% and 44.0%, respectively,
relative to untreated plants.

Figure 9. Influence of salicylic acid (SA; 100 mgL−1) and/or spermine (SPM; 30 mgL−1) on the
concentration of (a) total soluble sugars, (b) total free amino acids, (c) proline, and (d) glycinebetaine
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in leaves of two wheat cultivars (Shandawel 1 and Sids 14) grown under 0.1, 6, and 12 dS m−1 salinity
levels. Data are mean of four replicates (n = 4). Different letters indicate significant differences at
(p < 0.05) level, according to Duncan’s test.

2.6. Spraying of SA and/or SPM Enhance Grain Carbohydrate and Protein Content under
Saline Conditions

Grains carbohydrate and protein content is important indicator of wheat grain quality,
which is influenced by salinity stress, especially when wheat plants are exposed to saline
environments at the grain filling stage. To investigate the ameliorative effect of exogenous
SA and/or SPM on the grain quality of two wheat cultivars (Shandawel 1 and Sids 14)
grown under saline circumstances, we measured the content of protein and carbohydrate
in wheat grains of treated plants subjected to non-saline and saline conditions.

In view of the effect of salt treatments on grain carbohydrate and protein content, it
was postulated that saline environments considerably reduced their values in both cultivars.
The grains of salt-stressed plants had much lower amounts of carbohydrate and protein
than those of unstressed ones. This deleterious effect of saline conditions was prominent for
cv. Sids 14 compared to cv. Shandawel 1. On the contrary, under both saline and non-saline
conditions, application of SA and/or SPM significantly (p < 0.05) enhanced their contents,
especially in Shandawel 1 (Figure 10a,b). The combined treatment of SA and SPM had
the greatest impact. When compared to untreated plants, co-application of SA and SPM
significantly (p < 0.05) boosted carbohydrate content by 20.8%, 31.4%, and 48.2% and the
protein content by 23.5%, 34.9%, and 53.9% in Shandawel 1 wheat plants at 0.1, 6.0, and
12.0 dS m−1 salinity levels, respectively.

Figure 10. Influence of salicylic acid (SA; 100 mgL−1) and/or spermine (SPM; 30 mgL−1) on the
content of (a) carbohydrate and (b) protein in grains of two wheat cultivars (Shandawel 1 and Sids 14)
grown under 0.1, 6, and 12 dS m−1 salinity levels. Data are mean of four replicates (n = 4). Different
letters indicate significant differences at (p < 0.05) level, according to Duncan’s test.

3. Discussion

Among all abiotic stresses, soil salinity is one of the major environmental constraints
challenging crop production worldwide [1,4]. The excess amount of salts present in the
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agricultural land is considered as an immense threat to global food security [2,3]. Wheat
constitutes pivotal position for ensuring food and nutritional security; however, rapidly
rising soil and water salinity pose a serious threat to its production globally. Salinity stress
negatively affects the growth and development of wheat resulting in restrained grain
yield and quality [30,31]. Hence, improving wheat salt tolerance and exploiting arable
areas of saline soils are becoming the most important scientific research and agricultural
practices. Plant growth stimulators such as SA and SPM can play a key role in diverse plant
growth and the development of physiological processes under different environmental
stresses [13,14,23,26]. Some studies have looked into the effect of a single application of SA
or SPM on plants exposed to salt stress. However, no one has looked into the impact of
their combined treatment on wheat salt tolerance. To fill this gap, as a first investigation,
we examined the effect of exogenously applied SA and/or SPM on photosynthetic pigment
content, nutritional homeostasis, osmoprotectant synthesis, as well as grain carbohydrate
and protein content in two wheat cultivars (Shandawel 1 and Sids 14) grown under non-
saline and saline (6.0 and 12.0 dS m–1) conditions. Our findings clearly show that using
SA and SPM together can reduce the negative effects of salt stress on wheat growth and
production by enhancing photosynthetic pigment content, improving mineral acquisition,
and promoting osmolytes accumulation (Figure 11). This research provides novel insights
into the mechanisms of SA- and SPM-mediated amelioration of salt stress on wheat.

Growth and yield reduction can be used to determine the extent of salt-induced dam-
age to the plants [4,32]. In the current study, data showed that salt stress resulted in a
significant decline in the growth and yield of wheat plants in terms of total leaf area, dry
weights of shoot and root, grain number, and grain weight, and this reduction increased
with the increase in salinity levels, especially in cv. Sids 14 compared to cv. Shandawel 1
(Figures 1a–c and 2a,b). This deleterious effect of saline environments on plant growth and
development could be the result of (a) reducing the photosynthetic pigment concentration
that can suppresses the photosynthetic efficiency, (b) inducing the nutritional imbalance
that was closely associated with the reduction of N, P, K+, Fe, Zn, and Cu acquisition,
along with the improvement of Na+ accumulation, (c) inducing the specific ion toxicity,
as indicated by the disturbance in K+/Na+, Ca2+/Na+, and Mg2+/Na+ ratios, as well as
(d) decreasing the synthesis and translocation of photosynthates (metabolites) from source
to sink organs as indicated by the reduction in grain carbohydrate and protein content.
Previous studies have shown that salinity affects plant growth through nutritional imbal-
ances and ionic toxicity and causes membrane dysfunction and attenuation of metabolic
activity [32,33]. By contrast, in agreement with previous reports [7,10,15,16,23,26,27], we
observed that foliage applications of SA and/or SPM significantly ameliorated the nega-
tive impacts of soil salinization on wheat growth and production via upregulating of the
photosynthetic pigment content, maintaining the optimal mineral nutrition, motivating
the plant osmotic adjustment, and enhancing the grain carbohydrate and protein content.
These findings clearly support the effectiveness of SA and/or SPM foliar treatments in
attenuating the inhibitory effect of salt stress on plant development. In line with our
findings, previous research by Miao [18] suggested that SA not only enhanced absorption
range and capacity of water and nutrition by accelerating root growth, but also increased
carbohydrate accumulation by promoting leaf photosynthetic ability, thus contributing to
dry matter accumulation in salt-stressed plants. Moreover, the SPM application reduced the
salt-induced growth inhibition by improving the chlorophyll content, compatible solutes
accumulation, K+ content, and K+/Na+ balance [28].
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Figure 11. A model showing saline environments inhibit growth and productivity of wheat plants by
inducing specific ionic effects and nutritional imbalances. Meanwhile, salicylic acid (SA) and spermine
(SPM) reduce salt stress damage to the plant by improving photosynthetic pigment content, enhancing
nutrient acquisition, and inducing osmolytes accumulation, thereby helping plants maintain ionic
and osmotic balances.

Photosynthetic pigment concentration is an indicator of the photosynthetic machinery
integrity, with positive correlations to photosynthetic activity [22,34,35]. In the present
investigation, we showed that the concentration of photosynthetic pigment was sharply de-
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creased as the salt concentration in soil increased (Figure 3a–d), implying that salt stress may
cause pigment oxidation and degradation, and hence reduce pigment concentration [36].
Noteworthily, exogenously applied SA and/or SPM proved favorable by reducing the neg-
ative impacts of saline conditions and enhanced chlorophyll content in the absence, as well
as the presence of salt stress. Previously, several scientists reported that foliage applications
of SA and/or SPM improved chlorophyll levels in both unstressed and stressed plants by
protecting thylakoid membranes and regulating chlorophyll biosynthesis and degradation
pathways [13,26]. It has also been reported that SA and SPM may boost the activity of
enzymes involved in the manufacture of chlorophyll or reduce the malfunction of the pho-
tosynthetic system, hence reducing chlorophyll degradation [15,27]. The results obtained
in this trial also revealed that SA and/or SPM applied to salt-stressed plants prevented fur-
ther salt damage and preserved the carotenoid concentrations. Carotenoids are important
non-enzymatic lipid soluble antioxidants that play multiple functions in plant metabolism,
including oxidative stress tolerance, as they protect the chloroplast form the harmful
ROS [37]. Indeed, SA and SPM’s beneficial effects on maintaining carotenoid amount may
be directly related to their capacity to control cellular signaling, activate redox-sensitive reg-
ulatory pathways, and regulate processes in carotenoid production [13,22]. It is important
to note that the growth improvement caused by SA and/or SPM treatments may be the
result of an increase in the amount of photosynthetic pigments. Indeed, these applications
could function as regulators to avert degradation of chlorophyll and carotenoid pigments
and protect the photosynthetic apparatus, thus enhancing photosynthetic efficiency.

Another effective strategy to resist salt stress employed by plants is to keep ion home-
ostasis and relieve ionic toxicity. Excessive soil Na+ absorbed and transported to the
aboveground organs disturbs the intracellular ionic homeostasis in plants, damages the
photosynthetic membrane structure, promotes the chlorophyll degradation, and affects the
cytosolic enzyme activity, resulting in the restraint of plant growth and productivity [7,28].
In the current study, we found that saline conditions induced alteration of ion homeosta-
sis, as shown by higher Na+ accumulation (Figure 6a) and lower N, P, K+, Fe, Zn, and
Cu acquisition (Figures 5a–c and 7a–c). Moreover, this effect was more pronounced at
high salinity level. Excessive accumulation of Na+ interferes with various physiological
processes in plants, thus changing the ion balance in cells and triggering ion damage to
the plant [38]. By contrast, in agreement with the previous reports [23,26,28,39,40], we
observed that foliage applications of SA and/or SPM relieved the adverse effects caused
by salt stress and significantly improved N, P, K+, Fe, Zn, and Cu acquisition in wheat
grains, indicating their regulatory role in enhancing mineral nutrition uptake, accumula-
tion, and translocation. Furthermore, the results obtained in this trial also demonstrated
that exogenous SA and/or SPM applications alleviated the deleterious injures of salt stress
and reduced the Na+ accumulation, implying that the ability of plants to reduce ions
influx into the cytoplasm is of great importance to salinity tolerance. Strong evidence has
demonstrated that SPM can directly block non-selective cation channels from the cytosolic
side, restricting Na+ penetration into cell [41]. SPM was also reported to improve the intra-
cellular ion homeostasis by enhancing the salt overly sensitive (SOS) pathway (AsSOS1,
AsSOS2, AsSOS3) and upregulating the transcript levels of the high affinity K+ transporters
(HKTs: AsHKT1, AsHKT2, AsHKT4, AsHKT6, and AsHKT7) [28]. Plant high affinity K+

transporters can unload Na+ from the xylem, thus improving plant salt tolerance [42]. A
pervious study has also shown that SPM can act as an endogenous regulator of cell K+

transport [43]. Furthermore, SA’s beneficial effect on maintaining ionic homeostasis could
be directly linked to SA ability to induce H+-ATPase activity [44]. SA was also reported to
prevent salt-induced K+ leakage through depolarization-activated-outward-rectifying K
channels [45]. Generally, retaining high levels of K+ and lowering accumulation of Na+ in
the cytosol are essential for increasing the salinity tolerance in plants [46]. Bearing in mind
that, maintaining ion homeostasis by SA and/or SPM treatments could be contributed to
better salt tolerance. Generally, our study’s results reveal that SA and/or SPM increase
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the nutrient acquisition in wheat grains, highlighting a substantial protective role of SA
and/or SPM in maintaining the grain nutritional value under salt stress.

Salt stress induces specific ion toxicity, which was measured by the buildup of Na+,
K+, Ca2+, and Mg2+. Na+ is the foremost toxic ion that typically accumulates during salt
stress conditions interfering with K+, Ca2+, and Mg2+ uptake and transport, which causes
disturbance to K+/Na+, Ca2+/Na+, and Mg2+/Na+ ratios [7,20]. A plant’s capacity to
tolerate salt is directly correlated with its ability to keep adequate K+/Na+, Ca2+/Na+,
and Mg2+/Na+ ratios [7,9]. In the present study, we found that, with increasing salt doses,
these ratios were negatively affected (Figure 8a–c), resulting in poor plant growth and
productivity. Under conditions of salt stress, Na+ enters the cytosol and depolarizes the
plasma membrane, which results in continuous outflow of K+ and raises the Na+/K+ ratio in
the cytosol [1]. Conversely, our results revealed significant increases in K+/Na+, Ca2+/Na+,
and Mg2+/Na+ ratios in plants subjected to salty soils and sprayed with SA and/or SPM.
This is consistent with a previous report, which demonstrated that the treatment with SA
reduced Na+ accumulation, increased K+/Na+ ratio, and mitigated the negative effects of
salt stress on plant growth and development [20]. SA’s beneficial impact on maintaining
ionic homeostasis may be directly related to its ability to increase root H+-pump activity,
which stimulates the input of K+ and improves K+/Na+ balance [7]. Previous investigation
also provides evidence that SPM improves K+/Na+ homeostasis in barely by blocking Na+

influx into root epidermal and cortical cells and restricting K+ loss from shoots [47]. Most
probably, the ability of stress treated plants to mitigate salt damage and survive under saline
environments is achieved by maintaining a high selectivity for K+, Ca2+, and Mg2+ ions
despite an excess of Na+ ions. In sum, our findings suggest that preserving ionic balance
may be the key action of SA and/or SAM in preventing salt toxicity. Furthermore, the
growth–promoter effects of SA and SPM might be the result of their role in ion homeostasis.

To overcome the osmotic stress induced by salinity, plants synthesize and accumu-
late compatible solutes, such as total soluble sugars, total free amino acids, proline, and
glycinebetaine [13,39]. These organic solutes can induce osmotic balance and act as antiox-
idants [48,49]. Proline possesses antioxidant properties that act as chaperones to protect
the structure of macromolecules from destruction when the cell is dehydrated [49]. In fact,
proline can act as a free radical scavenger, a cell redox balancer, an enzyme protectant, and a
cytosolic pH buffer stabilizer for subcellular structures [50,51]. Furthermore, glycinebetaine
has a potential role in cell osmotic adjustment, membrane stabilization, and the detoxifi-
cation of toxic ions in plants exposed to salt stress [49]. Similarly, a higher accumulation
of soluble sugar is also beneficial to the osmotic regulation [52]. In this study, a high level
of salt stress induced a sharp increase in the total soluble sugars, total free amino acids,
proline, and glycinebetaine accumulation, and this increase was more pronounced in the
leaves of Shandawel 1 plants than that in the leaves of Sids 14. Furthermore, the treatments
with SA and/or SPM further increased their accumulation in wheat leaves, especially in
Shandawel 1 (Figure 9a–d). In fact, the osmoprotector solute accumulation under salt
stress has been linked to the stress tolerance in many plant species. Moreover, their con-
centrations have been reported to be greater in salt-tolerant plants than in salt-sensitive
ones [20]. Much evidence showed that exogenous application of SA or SPM increases the
synthesis of compatible osmolytes in the plant cells [13,22,26,39,51]. A previous report
provides evidence that SA induces glycinebetaine accumulation under salinity stress and
increases Na+ flux from cytoplasm to vacuole [53]. In addition, an exogenous application
of SA induces proline accumulation to alleviate the deleterious effects of salinity [20].
According to earlier studies, SA causes the building of glycinebetaine by inhibiting the
generation of ethylene [53] and causes the production of proline by boosting the activity of
its biosynthesis enzymes [54]. SPM has been also proved to be an important regulator of
tolerance to salt stress by inducing the buildup of the compatible osmotic substances [28],
which is fairly in agreement with our findings. Based on these determined parameters, it is
worth underlining that the application of SA and SPM to wheat plants’ exposure to salt
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stress improves their ability to synthesize osmolytes that helps them to survive under this
harsh condition.

Excessive soil Na+ absorbed and transported to the aboveground organs disturbs
intracellular ionic homeostasis in plants and reduces photosynthetic rate, biomass accumu-
lation, and source-sink activity, which hastens the reproductive organs’ senescence [55]. It
has also been observed that the unavailability of sufficient photo-assimilates during the
reproductive stage is the leading cause for losing yield potential and affecting the grain
quality of wheat [56]. Protein and carbohydrate content is the most important indicator
of wheat grain quality and, hence, it governs and determines the endue quality. In the
present investigation, we showed that the contents of proteins and carbohydrates in wheat
grains were significantly decreased as a result of soil salinization (Figure 10a,b). Previous
investigation provides evidence that the decrease in protein content of grains was due
to the accumulation of salts in the root zone, which deteriorated the grain quality [55].
Similarly, higher concentration of Na+ in the external environment interferes with the ab-
sorption of N, which leads to lower protein content in wheat grains [56]. Furthermore, salt
stress interfered with photosynthesis and reduced P concentration in plant shoots, which
interfered with grain development and affected the cereals’ grain carbohydrate content [57].
Perhaps this reaffirms our hypothesis that the nutritional imbalance could be the major
factor behind the deteriorated grain quality of wheat under salt stress. Interestingly, the
results obtained in this trial revealed that, under both non-saline and saline circumstances,
the SA and/or SPM treatments significantly increased the grain carbohydrate and protein
content. It could possibly be due to their positive impact on (i) the photosynthetic pigment
concentration that can improve the photosynthetic efficiency and (ii) the nutritional balance
that was closely associated with the improvement of N, P, K+, Fe, Zn, and Cu acquisition,
along with the reduction of Na+ accumulation. It is praiseworthy that increasing grain
carbohydrate and protein content with SA and/or SPM applications sustains yield of wheat
plants and maintains grain nutritional quality under salt stress.

Different wheat cultivars have different defense responses to salt stress, so it is impor-
tant to investigate the beneficial impact of using the alleviating stressor agents, such as SA
and SPM on different wheat cultivars. It is worth noting that wheat cultivars’ responses to
SA and/or SPM applications in saline environments may vary. In our study, the magnitude
of salt stress mitigation by SA and/or SPM appears to be stronger for Shandawel 1 than
Sids 14, as evidenced by a higher increase in photosynthetic pigment (chlorophyll a, chloro-
phyll b, and carotenoids) content, nutrient (N, P, K+, Fe, Zn, and Cu) acquisition, osmolytes
(total soluble sugars, total free amino acids, proline, and glycinebetaine) accumulation,
grain carbohydrate and protein content, and a decrease in Na+ accumulation. As a result,
we can suggest that, compared to Sids 14, Shandawel 1 was more responsive to exogenous
applications of SA and/or SPM under salinity, resulting in greater improvement in pho-
tosynthetic pigment amount, ionic balance, osmolytes adjustment, and grain quality. It is
widely accepted that positive ionic and osmotic responses to salt stress are widely accepted
as signs of tolerance.

4. Materials and Methods

4.1. Plant Material and Growth Conditions

Wheat (Triticum aestivum L. cvs. Shandawel 1 and Sids 14) grains were obtained from
the Wheat Research Department, Agriculture Research Center, Ministry of Agriculture,
Egypt. Shandawel 1 and Sids 14 cultivars were selected based on their high yield produc-
tivity, and we tried to increase their salt tolerance by using SA and SPM foliar applications.
Grains were sown in the plastic pots with 30 cm diameter and 35 cm height. Pots were filled
with 15 kg of clay loamy soil (sand 37%, silt 28%, and clay 35%). For each pot, twelve grains
thinned to six after germination were planted. Ammonium nitrate (33.5% N), calcium
superphosphate (15.5% P2O5), and potassium sulfate (48% K2O) were applied at rates
of 2.0, 2.0, and 0.5 g pot−1, respectively. In addition, 2.0 g pot−1 ammonium nitrate was
added 30 days after planting. The pots were placed in the greenhouse of the Department of
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Plant Physiology, Faculty of Agriculture, Cairo University, Egypt, under natural light and
temperature conditions, with average day/night temperature conditions of 22/16 ±2 ◦C
and average humidity of 65%. The experiment was performed twice, on 10 September of
2019 and 2020, with consistent results. Before sowing, pots were divided into three groups.
The first one was assigned as a control (non-saline; 0.1 dS m–1), and the other two groups
were assigned as two levels of salinity treatment (6.0 and 12.0 dS m–1 salinity level; which
obtained by adding to the soil a mixture of NaCl, CaCl2, and MgSO4 at the molar ratio of
2:2:1, respectively). Soil chemical analysis was carried out following the procedures of [58]
and presented in Table 1.

Table 1. Chemical properties of the soil under different salinity levels.

Salinity Levels
EC (dS m−1)

pH
HCO3

− + CO3
2−

(mg kg−1)
Cl−

(mg kg−1)
SO4

2−
(mg kg−1)

Ca2+

(mg kg−1)
Mg2+

(mg kg−1)
Na+

(mg kg−1)
K+

(mg kg−1)

0.1 7.2 213.5 324.0 430.7 92.2 41.4 3.7 31.4
6.0 7.5 263.6 1173.4 996.9 398.5 173.9 306.7 39.7
12.0 7.8 275.4 1987.8 1686.1 886.5 314.5 808.6 52.6

The wheat plants at 50 days old (vegetative stage) and 100 days old (grain filling stage)
from each salinity level were foliar sprayed with 0.00 (distilled water; DW), 100 mgL−1 SA,
30 mgL−1 SPM, and 100 mgL−1 SA + 30 mgL−1 SPM. SA and SPM concentrations were
chosen according to the results of a preliminary experiment. Tween-20 (0.05%) was added
as a surfactant at the time of treatment.

The experimental layout was a completely randomized design with three factors: two
wheat cultivars (Shandawel 1 and Sids 14), three levels of salinity [0.1 dS m–1 (control), 6.0
and 12.0 dS m–1], and four spraying treatments [0.00 (distilled water; DW), 100 mgL−1 SA,
30 mgL−1 SPM, and 100 mgL−1 SA + 30 mgL−1 SPM]. Each treatment had four replicates.

4.2. Plant Growth and Productivity Analysis

The 75-days old plants were sampled (after 25 days of SA and/or SPM first applica-
tions) to measure total leaf area, shoot dry weight, and root dry weight. Total leaf area was
estimated using a portable leaf area meter (LI-COR 3000, Lambda Instruments Corporation,
Lincoln, NE, USA). For dry weight determination, plants were dried at 70◦C for 48 h until
a constant weight was obtained. At maturity, the number of grains and grain yield were
recorded. Each treatment included four replicates, and each replication consists of six
plants gathered from the same pot.

4.3. Determination of Photosynthetic Pigments Concentration

The concentration of photosynthetic pigments was determined in the upper leaves of
75-day-old wheat plants. Data were collected from four replicates, each of which contained
six plants gathered from the same pot. Photosynthetic pigments from fresh leaves were
extracted in 80% (v/v) acetone, and the concentrations of chlorophyll a, chlorophyll b, and
carotenoids were determined spectrophotometrically according to the method described
by [59] using a UV-1750 spectrophotometer (Shimadzu, Kyoto, Japan).

4.4. Determination of N, P, K, Na, Ca, Mg, Fe, Zn, and Cu Concentrations

The concentration of mineral ions was determined in wheat grains. Data were collected
from four replicates, and each replication consists of six plants gathered from the same
pot. Dried grains (0.5 g) were ground and digested in a mixture of boiling perchloric
acid and hydrogen peroxide for 8 h until a transparent solution is obtained. Nitrogen
concentration was obtained with the modified micro-Kjeldahl method following [60].
Phosphorus concentration was performed by the vanadomolybdophosphoric method [61].
Potassium and sodium concentrations were analyzed by a flame photometer (ELE UK).
Elemental analyses of calcium, magnesium, iron, zinc, and copper were determined with
an atomic–absorption spectrophotometer (Unicam 989-AA Spectrometer-UK).
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4.5. Determination of Compatible Solutes Accumulation

The concentration of organic solutes was determined in upper leaves of 75-day-old
wheat plants. Data were collected from four replicates, each of which contained six plants
gathered from the same pot. Total soluble sugars, total free amino acids, and glycinebe-
taine concentrations were determined in dried ground leaves by the anthrone reagent
method [62], ninhydrin reagent method [63], and the method of [64], respectively. Proline
was determined in fresh leaf samples according to [65].

4.6. Estimation of Grain Carbohydrate and Protein Content

Carbohydrate and protein contents were determined in wheat grains. Data were
collected from four replicates, and each replication consists of six plants gathered from the
same pot. Determination of the content of carbohydrates and proteins in dried ground
wheat grains were carried out according to [66,67], respectively.

4.7. Statistical Data Analysis

A completely randomized design was used with four replicates per treatment. Com-
bined analysis was made for the two growing seasons since the results of the two seasons
followed a similar trend. Three-way analysis of variance (ANOVA) was conducted using
SAS software, version 9.4 (SAS Institute Inc., Cary, NC, USA). Differences between the
treatments were tested by the Duncan test at a level of significance (p < 0.05).

5. Conclusions

Current findings reveal the important role of SA and SPM in improving the salt toler-
ance of wheat plants via upregulating the photosynthetic pigment level, motivating the
plant osmotic adjustment, promoting the plant nutrient acquisition, and enhancing the
grain quality. The SA and/or SPM foliar applications ameliorated the deleterious effect of
salt stress on wheat growth and development by reinforcing the photosynthetic pigment
(chlorophyll a, chlorophyll b, and carotenoids) content, improving the nutrient (N, P, K+,
Ca2+, Mg2+, Fe, Zn, and Cu) acquisition, maintaining the ionic (K+/Na+, Ca2+/Na+, and
Mg2+/Na+) homeostatic, inducing the osmolytes (total soluble sugars, total free amino
acids, proline, and glycinebetaine) accumulation, enhancing the grain carbohydrate and
protein content, and preventing the Na+ accumulation. The combined treatment of SA and
SPM yielded the best results. Hence, this study explained the mechanism involved in salt
stress alleviation by SA and/or SPM, which would help the researchers understand the
importance of SA and SPM in mitigating salt stress in agronomic crops. Finally, we exposed
a new environmentally friendly approach for farmers to stimulate the growth and produc-
tivity of their agronomic and horticultural crops under harsh environmental conditions.
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Abstract: Organic acids secreted by plants, such as p-hydroxybenzoic acid, ferulic acid, cinnamic
acid, and benzoic acid, can inhibit seed germination and root growth. The effects of root and soil
leaching liquor from orchards on the growth of M. hupehensis Rehd. seedlings under sand culture are
studied; the seedlings are sampled at 15, 30, 45, and 60 d. Changes in the amount of root exudates
are determined using HPLC. Low concentrations of root leaching liquor (A1) and soil leaching
liquor (B1) significantly promoted plant growth and chlorophyll synthesis; high concentrations of
root leaching liquor (A6) and soil leaching liquor (B4–6) inhibited growth. Low concentrations of
soil leaching liquor had no significant effect on the POD, SOD, and CAT activities. A5–6 and B5–6
significantly decreased Fv/Fm and qP values, respectively, and increased NPQ values. All root and
soil leaching liquor treatments inhibited the secretion of gallic acid, hydroxybenzoic acid, benzoic
acid, and phloridzin, and promoted the secretion of caffeic acid. The root leaching liquor treatments
inhibited the secretion of catechin and promoted the secretion of phloretin. The soil leaching liquor
treatments promoted the secretion of cinnamic acid. The secretion of other phenolic acids is likely
associated with the different concentrations of leaching liquor.

Keywords: apple replant disease orchard; leaching liquor; root exudation; phenolic acids;
M. hupehensis Rehd.

1. Introduction

Replant disease refers to the phenomenon in which the same crop or closely related
crops are repeatedly planted in the same soil and, even under normal cultivation and
management conditions, their growth potential is weakened, their vulnerability to pests
and diseases is aggravated, and yield and quality are reduced [1–4]. Apple (Malus domestica)
replant disease occurs when old trees are removed from an orchard and the replanted
young apple trees are short, tree vigor is weak, and their vulnerability to diseases and insect
pests is aggravated, which seriously affects the yield and quality of fruit and impedes the
sustainable development of the apple industry in China [5]. Its causes are manifold and
include imbalances in the rhizosphere micro-ecosystem [6], the accumulation of phenolic
acids [7], and the deterioration of soil physical and chemical properties [8]. Overcoming
the challenges of apple replant disease is critically important for ensuring the sustainable
development of the apple industry. China is the largest apple producer and consumer in
the world [9]. The research on the effect of replant diseases on the environment and crops
is important for minimizing losses caused by replant diseases and has major economic
implications for China and all countries worldwide.

The importance of plant root secretions has been long recognized [10]. Macromolecular
mucilaginous substances in root exudates include polysaccharides, phenolic compounds,
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and polygalacturonic acid [11]. Plant root exudates contain bioactive substances that inhibit
or promote the growth of other adjacent plants or themselves, and these are referred to
as allelochemicals. Apple roots secrete a large number of metabolites into the soil during
growth and development, and the accumulation and transformation of these metabolites
over long periods can cause disservices to trees. Toxins produced by apple roots include
rhizomatites, rhizotin, light cinnamic acid, and light benzoic acid, which are associated with
apple reimplantation disorders [12]. The effects of phenolic acids on plant growth mainly
include the inhibition of seed germination, seedling root growth, seedling ion absorption,
the activity of protective enzymes, hormone metabolism, the destruction of the structure of
root cell membranes, and interference with DNA replication and RNA transcription, and
other physiological and biochemical processes [13,14].

Previous studies have found that acids enter the plant through the cell membrane
and alter the activity and function of some enzymes. Chlorogenic acid, caffeic acid, and
catechol inhibit the activity of phosphorylase [15]. Its derivatives inhibit the hydrolytic
activity of ATPase; tannic acid inhibits the activity of peroxidase (POD), catalase (CAT), and
cellulase. Phenolic acids also affect the activity of phenylalanine ammonia-lyase. Callaway
et al. (2000) reported that 50 μmol/L cinnamic acid and 4-hydroxy-3-methoxycinnamic acid
reduce protein synthesis in lettuce seedlings [16]; 10–30 μmol/L caffeic acid, coumaric acid,
ferulic acid, cinnamic acid, and vanillic acid inhibit the photosynthesis and chlorophyll
content of soybean, which inhibits growth [17].

Various methods are used to collect root exudates, including the solution culture
collection method and water extraction culture medium (vermiculite culture, sand culture,
agar culture, and soil culture) collection method according to the culture system of the plant;
root exudates can also be collected from the root system or soil [18]. Here, we conduct an
experiment in which 20-year-old apple orchard continuous cropping soil and root extracts
from replanted orchards are applied at different concentrations to M. hupehensis Rehd.
seedlings under sand culture and irrigated. The growth of the seedlings is measured
at 15, 30, 45, and 60 d. Changes in the content of root exudates, including the main
organic phenolic acids, are analyzed. We examine the relationships of root and soil extract
concentrations with various physiological indicators of seedlings at different stages, and
the effects of different concentrations of soil and root extracts on the content of organic
phenolic acids secreted by roots to provide insights that could aid the ability of farmers to
overcome the challenges of replanting fruit trees.

2. Results

2.1. Standard Sample Chromatogram

See Figure S3 for a chromatogram of the standard PAH samples and Figure S4 for a
chromatogram of the phenolic acid standard samples.

2.2. Effect of Soil and Root Extracts on the Growth of Seedlings of M. hupehensis Rehd.
2.2.1. Effect of Root Extract on Seedling Growth

Figure 1a–c shows the growth status of the aboveground parts of seedlings. Lower
concentrations (A1) of root extracts promoted the growth of seedlings (RI > 0), and higher
concentrations resulted in stronger inhibition (RI < 0). The allelopathy of root extracts was
the strongest at 30 d of seedling growth, especially for treatment A6, and the absolute value
of RI reached 0.70. Any concentration of root extracts can significantly inhibit the growth
of the ground diameter of seedlings The degree of inhibition increased as the concentration
applied increased, and the RI value peaked on the 30th day and then decreased with time.
A1 and A2 stimulated chlorophyll synthesis in the leaves, and lower concentrations were
associated with stronger stimulation of chlorophyll synthesis. The inhibition of chlorophyll
synthesis was highest in A6, and the average RI absolute value reached 0.46 within 60 d.
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Figure 1. Effect of root extract on the height (a), diameter (b), and chlorophyll content (c), and the
effect of root leaching liquor on the root length (d), root diameter (e), and number of root tips (f).
Note: The displayed data are presented as mean ± SE (standard error) (n = 3). Error bars represent
the standard errors of the means (n = 3), * correlation is significant at the 0.05 level, ** correlation is
significant at the 0.01 level by Duncan’s new multiple-range test.

The effects of root and soil extracts on seedling roots significantly varied among
treatments (Figure 1d–f). The low-concentration root extract treatment (A1) can promote
root elongation and thickening and increase the number of root tips; the average RI within
60 d was 0.087, 0.095, and 0.103. When the treatment concentration was higher than that in
A1, the root extract had allelopathic effects and significantly inhibited the growth of seedling
roots. At 15 d, the allelopathic effects of root extracts on the root growth of seedlings were
strongest, and this occurred earlier than when the strength of the allelopathic effects on the
shoots was highest.

2.2.2. Effect of Soil Extract on Seedling Growth

The growth status of the aboveground parts is shown in Figure 2a–c. Seedlings treated
with concentrations lower than that in B3 showed the same growth pattern as the control
during the test period. Low concentrations of soil extract promoted the growth of seedlings,
and growth was increased at lower concentrations. The average RI of B1 at 60 d was 0.234.
After 2 months, B1 significantly promoted the growth of seedlings, and B6 significantly
inhibited the growth of seedlings. The growth rate in the ground diameter of all treatments
gradually increased, but was lower in all treatments compared with the control. After 45 d,
all treatments had a significant inhibitory effect on the growth in ground diameter, and the
absolute value of B6RI reached 0.438. When the treatment concentration was that in B1, the
content of synthesized chlorophyll in the leaves was higher than that in the control in the
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first 30 d; it then remained the same, decreased significantly, and was lower than that of the
control at 60 d. At 30 d, the chlorophyll content decreased in the other treatments with the
exception of B1, and the decrease was significant in B4, B5, and B6. The low concentration
of soil extract had no effect on chlorophyll synthesis over short periods, but the strength of
inhibition increased as the concentration increased and the treatment time extended.

Figure 2. Effect of soil leaching liquor on plant height (a), diameter (b), and the chlorophyll content (c),
and on root length (d), root diameter (e), and number of root tips (f). Note: The displayed data are
presented as mean ± SE (standard error) (n = 3). Error bars represent the standard errors of the means
(n = 3), * correlation is significant at the 0.05 level, ** correlation is significant at the 0.01 level by
Duncan’s new multiple-range test.

The effects of different soil extract treatments on seedling roots significantly varied
(Figure 2d–f). In the first 30 d, the root elongation of M. hupehensis Rehd. seedlings was
significantly inhibited by all treatments except treatment B1. After 2 months, treatments
B1, B2, and B3 significantly inhibited root elongation, and treatments B4, B5, and B6
significantly inhibited root elongation. All treatments inhibited increases in root diameter
during the experimental period, and the degree of inhibition increased with the treatment
time and the concentration of leaching liquor applied. The inhibition rates of treatment B6
were 49.5%, 44.8%, 47.1%, and 47.7% at 15, 30, 45, and 60 d, respectively, and the inhibition
was extremely significant. B1 could stimulate the formation of root tips in the first 45 d,
which was beneficial to the absorption of nutrients by roots, and its stimulatory effect was
strongest at 30 d when the number of root tips was 20.8% higher compared with that in
the control; the stimulatory effect weakened, and no significant effect of leaching liquor on
the formation of root tips was observed after 2 months. All the other treatments inhibited
the formation of root tips, and the degree of inhibition increased as the concentration
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of leaching liquor applied increased. The maximum level of inhibition was observed in
treatment B6 at 30 d, when the inhibition rate was 60.9% and the RI value was 0.627,
indicating that allelopathy was strong.

2.3. Effect of Soil and Root Extracts on the Activity of Root Protective Enzymes
2.3.1. Effect on POD

POD mainly catalyzes the decomposition of hydrogen peroxide and some phenolic
substances. The high activity of POD indicates the oxidation of membrane lipids and
increases in membrane permeability, which negatively affects plant growth. Within 60 d,
the root POD activity of M. hupehensis Rehd. seedlings treated with root extracts first
increased, decreased, and then increased (Figure 3a). The activity of POD in the roots of
seedlings treated with A1 and A2 was higher than that of the control, indicating that the
low-concentration root extract treatment could stimulate the synthesis of POD enzymes
and protect root growth. As the amount of root extract applied increased, the degree of
inhibition of seedling root growth increased. The activity of POD in treatment A6 at 15 d, 30,
45, and 60 d was 52.6%, 61.9%, 52.2%, and 61.1% for the control, respectively, and the degree
of inhibition was significant. The activity of POD in the roots of seedlings treated with
soil and root extracts exhibited the same pattern over the 2-month period. Treatment B1
promoted the activity of POD in the first 45 d, but the effect was not significant; treatment
B5 significantly inhibited the activity of POD, and treatment B6 significantly inhibited the
activity of POD, indicating that the soil extract had a greater impact on the activity of POD
in the roots of seedlings than the root extract.

Figure 3. Effect of root and soil leaching liquor on POD activity (a,b), SOD activity (c,d), and CAT
activity (e,f). Note: The displayed data are presented as mean ± SE (standard error) (n = 3). * Correlation
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is significant at the 0.05 level, ** correlation is significant at the 0.01 level by Duncan’s new multiple-
range test.

2.3.2. Effect on SOD

Many studies have shown that SOD activity increases under moderate stress levels to
mediate adaptation to stress. The SOD activity of the root system of M. hupehensis Rehd.
in the low-concentration root extract treatment and the control treatment increased with
treatment time, and the SOD activity of the root system of M. hupehensis Rehd. in the
high-concentration root extract treatment decreased at 45 d (Figure 3c). Treatments A1 and
A2 increased the activity of SOD in the roots in the first 45 d, and treatments A4, A5, and
A6 significantly decreased the activity of SOD in the roots by 26.5%, 29.4%, and 45.6%,
respectively, at 45 d. B1, B2, and B3 promoted increases in SOD activity in the first 30 d,
but as the stress treatment time extended, SOD activity decreased. Treatments B5 and B6
significantly inhibited the SOD activity of roots from the beginning of the experiment, and
the degree of inhibition increased with the treatment time (Figure 3d).

2.3.3. Effect on CAT

In the process of scavenging superoxide anion free radicals, SOD forms H2O2, which
is harmful to cells. CAT has the function of scavenging H2O2. CAT, SOD, and POD protect
the membrane system from the harm of free radicals. The CAT activity of seedling roots
treated with different root extracts increased with treatment time, and this same pattern
was observed in the control (Figure 3e). At 15 d, treatments with concentrations lower
than A4 promoted the growth of seedlings. At 30 d, treatments with concentrations lower
than A3 also promoted seedling growth. At 45 d, the CAT activity of treatment A1 was
higher than that of the control. At 60 d, treatment A1 significantly promoted the activity of
CAT, whereas treatments A5 and A6 significantly inhibited CAT activity, which affected
seedling growth. Treatment B1 significantly promoted CAT activity in the first 45 d, but this
stimulatory effect was not observed after 45 d. Treatments B5 and B6 significantly inhibited
the activity of CAT in the roots of M. hupehensis Rehd. seedlings. The low-concentration
soil extract treatments promoted seedling growth and enzyme activities; however, as
the treatment time and concentration of leaching liquor applied extended, the degree of
stress increased, the strength of allelopathy increased, and the seedlings finally lost their
resistance, which led to decreases in root protective enzyme activities.

2.4. Effect of Soil and Root Extracts on the Chlorophyll Fluorescence of M. hupehensis
Rehd. Seedlings

Pn only reflects the apparent photosynthetic capacity, and the specific internal mech-
anism affecting photosynthesis can be revealed by chlorophyll fluorescence parameters.
The chlorophyll fluorescence parameters of M. hupehensis Rehd. seedlings in different
treatments were measured, and the maximum photochemical efficiency of PSII was mea-
sured using the following formula: Fv/Fm = (Fm − m/Fm). The photochemical quenching
coefficient was measured using the following formula: qP = (Fm

′ − Fs)/(Fm
′ − m

′). The
non-photochemical quenching coefficient was measured using the following formula:
NPQ = (Fm − Fm

′)/Fm
′.

2.4.1. Effect on Fv/Fm

Fv/Fm represents the primary light-energy-conversion efficiency and the potential
quantum efficiency of PSII, which is also known as the maximum photochemical efficiency
of PSII and is proportional to the photosynthetic electron-transport activity. The effects of
different concentrations of root and soil extracts on Fv/Fm within 60 d were consistent in
the treatments and the control (Figure 4). The Fv/Fm values of the seedlings treated with
low concentrations of leaching liquor were higher than those of the control (Figure 4a), but
no significant difference was observed between treatments and the control. Treatments
A5, A6, and A7 had significant inhibitory effects on Fv/Fm throughout the experiment. The
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Fv/Fm of seedlings treated with high concentrations of soil extract significantly decreased
at the beginning of the treatment compared with the control, and the difference was most
significant at 30 d; although this difference subsequently decreased, it remained significant.

Figure 4. Effect of root and soil leaching liquor on Fv/Fm (a,b), qP (c,d), and NPQ (e,f). Note: The
displayed data are presented as mean ± SE (standard error) (n = 3). * Correlation is significant at the
0.05 level, ** correlation is significant at the 0.01 level by Duncan’s new multiple-range test.

2.4.2. Effect on qP

The photochemical quenching coefficient (qP) is the proportion of light energy ab-
sorbed by PSII antenna pigments for photochemical reaction electron transfer, that is,
the proportion of excitation energy entering the photosynthetic electron-transport system
through QA oxidation for photochemical assimilation. It is also a measure of the oxidation
state of the primary electron acceptor QA, which reflects the relative number of PSII open
centers. Larger qP values indicate a greater amount of QA- is reoxidized to QA and a
higher probability of PSII electron transfer. Within 2 months, the effects of root and soil
extract treatments on the leaf qP of M. hupehensis Rehd. seedlings were similar (Figure 4c,d);
leaf qP first decreased, increased, and then decreased. Treatments A5, A6, B3, B4, B5, and
B6 significantly inhibited leaf qP.

2.4.3. Effect on NPQ

The non-photochemical quenching coefficient NPQ reflects the light energy absorbed
by PSII antenna pigments that cannot be used for photosynthetic electron transport and
dissipates in the form of heat. Patterns of change in NPQ were opposite that of qP. The
effects of root and soil extracts on NPQ were consistent. Low = concentration leaching
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liquor treatments had no effect on the NPQ value; the high-concentration treatments A5,
A6, B5, and B6 significantly increased the NPQ value (Figure 4e,f).

2.5. Effect of Soil and Root Extracts on the Phenolic Acids Secreted from the Roots of M. hupehensis
Rehd. Seedlings
2.5.1. Catechin

Catechins and their oxidation products are ternary compounds of carbon, hydrogen,
and oxygen that are synthesized from sugars through a series of enzymes that mediate
the formation of benzene-ring compounds through the shikimic acid pathway. Catechins
are phenolic substances that can precipitate heavy metals and proteins [19]. Under nor-
mal growth conditions, catechin is the main substance secreted by the root system of
M. hupehensis Rehd. seedlings in the late growth stage, and treatments B3, B4, B5, and
B6 had no effect on catechin secretion; however, the other treatments promoted catechin
secretion of the root system, as catechin was the main component secreted in the early
growth stage of the root system (Figure 5a,b). Treatments B5 and B6 significantly inhib-
ited the secretion of catechins in the roots of M. hupehensis Rehd. seedlings, and higher
concentrations of leaching liquor resulted in a stronger inhibition of catechin secretion.
There were significant differences in the effects of root and soil extracts applied at the same
concentration on the catechin secretion of seedlings, and the amount of catechin secreted by
the roots of seedlings treated with soil extracts was higher than that secreted by the roots of
seedlings treated with root extracts.

 

Figure 5. Effect of root and soil leaching liquor on the secretion of catechin (a,b), phloretin (c,d), and
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gallic acid (e,f). Note: The displayed data are presented as mean ± SE (standard error) (n = 3).
* Correlation is significant at the 0.05 level, ** correlation is significant at the 0.01 level by Duncan’s
new multiple-range test.

2.5.2. Phloretin

Phloretin mainly exists in the peel and root bark of juicy fruits, such as apples and
pears. Under normal growth conditions, phloretin was the main substance secreted by
the roots of M. hupehensis Rehd. seedlings during the early stage of growth (Figure 5c,d).
Treatments B2 and B3 delayed the secretion of phloretin, and the other treatments had no
effect on phloretin secretion. Root extracts played a major role in promoting the secretion
of phloretin in the roots of M. hupehensis Rehd. seedlings. At the end of the treatment, the
stimulatory effect first increased and then decreased as the concentration applied increased,
and the stimulatory effect was extremely significant. At the end of the treatment period,
B1 had no effect on the secretion of phloretin, B6 significantly inhibited the secretion of
phloretin, and the other treatments had significant stimulatory effects; the strength of the
stimulatory effect decreased as the concentration of leaching liquor applied increased. The
effects of root extract on phloretin secretion were stronger than the effects of soil extract
when the same concentration of leaching liquor was applied.

2.5.3. Gallic Acid

Gallic acid is an important secondary metabolite of plants, and its secretion is affected
by both genetic factors and the environment. Under normal growth conditions, gallic acid
is the main substance secreted by the roots of M. hupehensis Rehd. seedlings during the
early stage of growth (Figure 5e,f). Root extract treatment delayed the secretion of gallic
acid by the roots, whereas soil extract treatment had no effect on gallic acid secretion. Root
and soil extract treatments mainly inhibited the secretion of gallic acid by the roots. At 15 d,
treatments A2, B2, B3, and B4 promoted the secretion of gallic acid from M. hupehensis Rehd.
roots for a short period, and the secretion of gallic acid was inhibited as the treatment time
extended. The exudation of gallic acid was significantly inhibited by treatments A1 and
B1 and high concentrations of root and soil extracts; high concentrations of root and soil
extracts resulted in strong inhibition. When the concentration of the extracts was higher
than that of A4 and B4, there was no significant difference in the degree of inhibition of
gallic acid secretion among treatments.

2.5.4. Chlorogenic Acid

Chlorogenic acid is a depside formed by caffeic acid and quinic acid; it is a phenyl-
propanoid compound produced by the shikimate pathway during the aerobic respiration of
plants. Under normal growth conditions, chlorogenic acid was the main substance secreted
by the root system of M. hupehensis Rehd. seedlings during the early stage of growth
(Figure 6a,b). Treatments A2 and B2 delayed the secretion of chlorogenic acid by the root
system, and other treatments had no effect on chlorogenic acid secretion. Within 2 months,
treatments A1, A2, and B3 significantly promoted the secretion of chlorogenic acid by roots,
and the stimulatory effect first increased and then decreased with time; treatments A5, A6,
and B6 significantly inhibited the secretion of chlorogenic acid by the roots. The amount
of chlorogenic acid secreted by the roots of M. hupehensis Rehd. seedlings under each
root extract treatment was higher than that under each soil extract treatment in the same
low-concentration treatments, and the amount of chlorogenic acid secreted was lower in
these treatments compared with the high-concentration soil extract treatments.
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Figure 6. Effect of root and soil leaching liquor on the secretion of chlorogenic acid (a,b), hydroxyben-
zoic acid (c,d), and caffeic acid (e,f). Note: The displayed data are presented as mean ± SE (standard
error) (n = 3). * Correlation is significant at the 0.05 level, ** correlation is significant at the 0.01 level
by Duncan’s new multiple-range test.

2.5.5. Para-Hydroxybenzoic Acid

Hydroxybenzoic acid is one of the main root exudates of M. hupehensis Rehd; it is also
one of the main autotoxic substances secreted by strawberry roots, and it has a significant in-
hibitory effect on the growth of roots. Under normal growth conditions, p-hydroxybenzoic
acid is the main substance secreted by the root system of M. hupehensis Rehd. seedlings
during the late growth stage (Figure 6c,d), and no treatments affected p-hydroxybenzoic
acid secretion. Treatment A3 significantly promoted the secretion of p-hydroxybenzoic acid
in the first 45 d and then strongly inhibited its secretion. Within 2 months, root extracts
of treatments A5 and A6 and soil extracts of all treatments (except treatment B3) signifi-
cantly inhibited the secretion of p-hydroxybenzoic acid by the roots of seedlings, and the
inhibitory effect of root extracts was stronger than that of soil extracts when they were
applied at the same concentrations.

2.5.6. Caffeic Acid

Caffeic acid is one of the main allelochemicals secreted by plant roots, and it is mainly
produced by the secondary metabolism of shikimic acid. Under normal growth conditions,
caffeic acid is the main substance secreted by the roots of M. hupehensis Rehd. seedlings
during the early growth stage, and treatments A1, A2, and B1 had no effect on caffeic
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acid secretion (Figure 6e,f); caffeic acid secretion by the roots was delayed in the other
extract treatments. Root extracts and high concentrations of soil extracts promoted the
secretion of caffeic acid from the roots of M. hupehensis Rehd. seedlings, and the magnitude
of the stimulatory effect first increased and then decreased as the amount of leaching liquor
applied increased.

2.5.7. Vanillin

Vanillin is one of the main allelochemicals secreted by roots; it can inhibit the growth
of plant roots, destroy the structure of cell membranes, and inhibit seed germination. Under
normal growth conditions, vanillin was the main substance secreted by the root system
of M. hupehensis Rehd. seedlings during the late growth stage (Figure 7a,b). Treatment
B1 promoted vanillin secretion by the root system, and other treatments had no effect on
vanillin secretion. Within 2 months, treatments A4 and B4 significantly promoted vanillin
secretion from the roots, and treatments A1 and B1 significantly inhibited vanillin secretion
from the roots. Vanillin secretion was significantly lower when roots were treated with the
same low concentrations of root extract compared with soil extract, and the opposite effect
was observed when high concentrations of extracts were applied.

 

Figure 7. Effect of root and soil leaching liquor on the secretion of vanillin (a,b), ferulic acid (c,d),
and benzoic acid (e,f). Note: The displayed data are presented as mean ± SE (standard error) (n = 3).
* Correlation is significant at the 0.05 level, ** correlation is significant at the 0.01 level by Duncan’s
new multiple-range test.
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2.5.8. Ferulic Acid

Ferulic acid is one of the derivatives of cinnamic acid. Ferulic acid was first detected in
the seeds and leaves of plants. It is a phenolic acid that is widespread in plants. It combines
with polysaccharides and proteins in the cell wall to form the skeleton of the cell wall. It
is also one of the main allelochemicals secreted by roots. Root and soil extract treatments
delayed the secretion of ferulic acid by the roots (Figure 7c,d). The effects of root and soil
extracts on the secretion of ferulic acid from M. hupehensis Rehd. seedlings were consistent
as the amount of leaching liquor applied increased. A stimulatory effect of leaching liquor
on ferulic acid secretion was observed as the amount of leaching liquor applied increased;
however, beyond a certain value, the stimulatory effect decreased, and ferulic acid secretion
was observed. Treatments A3, A4, and A5 significantly promoted the secretion of ferulic
acid in the roots, and treatment A3 had the most significant effect. The secretion of ferulic
acid by the roots was three times higher in treatment A3 compared with the control. The
effect of soil extract on the secretion of ferulic acid by the roots was relatively weak, and
the effect of treatment B3 was significant compared with that of the control. The amount of
ferulic acid secreted by the roots was 0.6 times higher in treatment B3 compared with the
control.

2.5.9. Benzoic Acid

Benzoic acid is one of the main root exudates of M. hupehensis Rehd. It has significant
allelopathic effects, destroys membrane permeability, causes root cell membrane dysfunc-
tion, and affects the absorption of nutrients by roots. Under normal growth conditions,
benzoic acid was the main substance secreted by the root system of M. hupehensis Rehd.
seedlings during the late growth stage (Figure 7e,f). Low-concentration root extract treat-
ments advanced benzoic acid secretion, and the other treatments had no effect on benzoic
acid secretion. In the later stage of the treatments, the root and soil extracts mainly inhibited
the secretion of benzoic acid by seedlings, and the inhibition was strongest in treatments
A1, A2, B3, and B4. The inhibition rates of treatments A1 and B4 were 74.75% and 75.66%,
respectively, and there was no significant difference between them. In the root extract
treatments, the amount of benzoic acid secreted by roots first increased and then decreased
as the amount of root extract applied increased. In the soil extract treatments, the amount
of benzoic acid secreted first decreased and then increased as the amount of soil extract
applied increased, and this pattern was opposite the effect of root extracts. Benzoic acid
secretion was significantly higher in A3 and A4 than in B3 and B4, respectively, and benzoic
acid secretion was significantly lower in the root extract treatments than in the soil extract
treatments at other concentrations.

2.5.10. Phloridzin

Phloridzin is a glycoside that is abundant in the bark, root system, and other organs
of apple trees. A large amount of phloridzin is released into the soil via root secretion
and residue decomposition, and this results in a decline in apple tree growth, yield, and
quality. Phloridzin was the main substance secreted by the root system of M. hupehensis
Rehd. seedlings during the late growth stage under normal growth conditions (Figure 8a,b),
and all treatments had no effect on phloridzin secretion. The amount of phlorizin secreted
first increased and then decreased as the concentration of leaching liquor applied increased.
Root and soil extract treatments inhibited phloridzin secretion by seedlings. Phloridzin
secretion by seedlings was higher when they were treated with root extract than with
soil extract at the same low concentrations; the opposite pattern was observed in the
high-concentration treatments.
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Figure 8. Effect of root and soil leaching liquor on the secretion of phloridzin (a,b) and cinnamic
acid (c,d). Note: The displayed data are presented as mean ± SE (standard error) (n = 3). * Correlation
is significant at the 0.05 level, ** correlation is significant at the 0.01 level by Duncan’s new multiple-
range test.

2.5.11. Cinnamic Acid

Cinnamic acid, which is produced by the deamination of phenylalanine, is the main
root exudate of M. hupehensis Rehd. It affects plant growth by affecting ion absorption,
water absorption, photosynthesis, and protein and DNA syntheses. Low-concentration root
extract treatments and all soil extract treatments promoted the secretion of cinnamic acid by
the roots (Figure 8c,d), and the stimulatory effect first increased and then decreased as the
concentration of extract applied increased. At 45 d, A3 had the strongest stimulatory effect
among root extract treatments, and cinnamic acid secretion was 2.17 times higher in A3
compared with that of the control. B5 had the strongest stimulatory effect in the treatment
of soil extract, and cinnamic acid secretion was 2.15 times higher in B5 compared with that
of the control. At the end of the treatments, low concentrations of root extracts promoted
the secretion of cinnamic acid by the roots, and high concentrations of root extracts had a
strong stimulatory effect on cinnamic acid secretion. All soil extract treatments significantly
promoted the secretion of cinnamic acid. The stimulatory effect first increased and then
decreased as the concentration applied increased. The cinnamic acid secretion of seedlings
treated with soil extract was higher than that treated with root extract.
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2.5.12. Correlation between the Growth of M. hupehensis Rehd. and Catechin, Phloretin,
and Gallic Acid Secretions

Catechin, phloretin, and gallic acid are the main components of root exudates of
M. hupehensis Rehd. seedlings. In this study, the correlations between the growth of
M. hupehensis Rehd. seedlings and the amount of catechin, phloretin, and gallic acid se-
creted by roots was analyzed. Under normal growth conditions, the secretion of cat-
echin was not related to plant height, ground diameter, and the chlorophyll content
(Figures 9 and 10). There was a significant positive correlation in the secretion of these three
root exudates between the root and soil extract treatments. Phloretin secretion was signifi-
cantly correlated with plant height and basal diameter, and the correlation disappeared
after treatment with root and soil extracts. The secretion of gallic acid was not correlated
with plant height, basal diameter, and the chlorophyll content, but it was significantly
positively correlated with plant height and chlorophyll after treatment with root extract
and significantly positively correlated with seedling growth after treatment with soil extract.

 

Figure 9. Correlations between seedling growth and phenolic acids of M. hupehensis Rehd. at
different stages: 15 d (a) and 30 d (b). Note: * Correlation is significant at the 0.05 level, ** correlation
is significant at the 0.01 level.
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Figure 10. Correlations between seedling growth and the phenolic acids of M. hupehensis Rehd. at
different stages: 45 d (a) and 60 d (b). Note: * Correlation is significant at the 0.05 level, ** correlation
is significant at the 0.01 level.

3. Discussion

Phenolic acids, including chlorogenic acids, are major polyphenolic compounds in
Jerusalem artichoke (Helianthus tuberosus L.). Phenolic acids are common allelochemicals
in soil [20–22]. Our findings indicated that low concentrations of root and soil extracts
could promote the growth of M. hupehensis Rehd. seedlings, and the degree of growth
inhibition was positively correlated with the amount of extract applied. Growth inhibition
first increased, decreased, and then increased as the treatment time extended. Allelopathy
was positively correlated with the treatment concentration, and the strength of allelopathy
first increased and then decreased as the treatment time extended. Low-concentration soil
extract treatments had no significant effect on the ground diameter of seedlings and the
synthesis of chlorophyll in leaves. The high-concentration root and soil extract treatments
inhibited increases in ground diameter and the synthesis of porphyrin, accelerated the
decomposition of chlorophyll, reduced the content of chlorophyll in leaves, and caused the
leaves lose their green appearance [23]. The degree of inhibition was positively correlated
with the concentration of leaching liquor applied. Changes in seedling height, net growth
rate of ground diameter, and chlorophyll content were analyzed, and the seedling height
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and net growth rate of ground diameter were higher in the soil extract treatments than
in the root extract treatments when the same concentrations of extract were applied. The
content of phenolic acid allelochemicals in the root extract was higher than that in the soil
extract, and phenolic acid and other allelochemicals have been shown to have significant
effects on the aboveground growth of crops [24]. The chlorophyll content was lower in the
soil extract treatments than in the root extract treatments when the same concentration of
extract was applied.

Changes in the chlorophyll fluorescence of the leaves of M. hupehensis Rehd. seedlings
in the different root and soil extract treatments were studied. When low concentrations
of these extracts were applied, they increased the chlorophyll fluorescence of the leaves.
However, the extracts did not have a stimulatory effect on the chlorophyll fluorescence
when they were applied at high concentrations. The mechanism of the photosynthetic
system was disrupted, the rate of photosynthetic electron transport decreased, the number
of PSII open centers decreased, the proportion of light energy consumed in the form of
heat dissipation increased, photosynthesis was hindered, and the growth of seedlings was
inhibited.

The pollution of orchard soil is becoming increasingly widespread. There are several
organic pollutants in soil aside from phenolic acid allelochemicals. We detected the content
of PAHs in the soil, and the level of PAH pollution in the orchard soil was moderate
(833.88 ng/G); the high ecological risks associated with PAH pollution can have adverse
effects on crops. Ren et al. pointed out that allelochemicals can significantly inhibit the
growth of cucumber roots [25]. The results of this study show that low concentrations of root
extract can promote root elongation and thickening and stimulate root tip differentiation.
However, above a certain concentration, root extracts can inhibit root growth and have
allelopathic effects. Replant stress would thus have an adverse effect on the growth of crop
roots, and this is consistent with the results of previous studies. During the experimental
period, the root elongation of M. hupehensis Rehd. seedlings was significantly inhibited by
the soil extract treatment, and the degree of inhibition was positively correlated with the
concentration applied. Arabidopsis thaliana can absorb the three-ring PAH phenanthrene,
and symptoms of phenanthrene stress, including root and seedling growth inhibition,
fragrant hair tuft deformities, and root hair reductions, were observed [26]. Phenanthrene,
pyrene, and 1,2,4-trichlorobenzene can inhibit the root elongation of taller plants (wheat,
cabbage, and tomato), and there was a significant linear or logarithmic correlation between
the concentration of leaching liquor applied and the inhibition rate of root elongation
(p = 0.05) [27]. The results of these studies are consistent with the results of this experiment
and confirm that the presence of PAHs in the soil has adverse effects on crops.

The root system is the first organ of plants exposed to harmful substances, and changes
in root structure directly reflect the effects of harmful substances on plant growth and
development [28]. Allelopathic effects on the roots of M. hupehensis Rehd. seedlings treated
with root extract appeared earlier and were stronger compared with the shoots of seedlings.
These findings indicated that phenolic acids that initially accumulated in the roots are not
transported upward but accumulate in the roots, and the roots are damaged first. When
the concentration exceeded a certain level, the phenolic acids accumulated in the roots and
were transported to the shoot, which resulted in poor growth of the aboveground parts.
Soil extracts had effects on the shoot and root growth of M. hupehensis Rehd. seedlings at
the beginning of the treatment period, but the effect on root growth was stronger than that
on shoot growth. This might stem from the fact that the root system absorbs PAHs in the
soil and transports them upward; although the root system is affected by PAHs, the growth
of the aboveground parts is also inhibited. However, the amount of PAHs transported
upward is less than the amount of PAHs that the root system is exposed to, and this might
explain why the root system is affected to a greater degree compared with the aboveground
parts. The root parameters of seedlings treated with soil extract were lower than those of
seedlings treated with root extract when soil and root extracts were applied at the same
concentrations, and the effect of soil extract on the growth of seedling roots was greater.
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A large number of microorganisms and PAHs occur in the soil in addition to phenolic
acid allelochemicals, and these can have major effects on the development of the roots of
seedlings and play an important role in mediating the effects of apple replant disease.

Recent studies have shown that plants produce more oxygen free radicals under stress
conditions, and this aggravates the peroxidation of the plasma membrane and leads to the
destruction of the membrane system [29]. The results of this study show that the allelopathic
effects of root extract are closely related to the concentration of root extract applied. Changes
in the POD activity of M. hupehensis Rehd. roots were similar among treatments: first
increasing, decreasing, and then increasing. Low-concentration treatments can promote
increases in POD and CAT activities, indicating that within a certain time and at certain
concentrations, plants can activate their own defense mechanisms to resist stress [30];
intermediate concentrations are beneficial to the growth of plants. The activities of POD
and CAT were not significantly affected by leaching liquor application. The activities of
POD and CAT in roots of M. hupehensis Rehd. seedlings were significantly inhibited by
the high-concentration treatments, the activities of enzymes were reduced, the protective
mechanism in response to stress was ineffective, and the growth of crops was affected;
these findings are consistent with the results of previous studies. Low-concentration
treatments did not affect the growth of M. hupehensis Rehd. seedlings; these treatments
even promoted increases in the activity of protective enzymes, root respiration, the growth
of the root system, the synthesis of chlorophyll, and other physiological functions. The
high-concentration treatments decreased the activity of root protective enzymes, weakened
the molecular oxygen and H2O2-scavenging ability of the antioxidative defense system, and
led to an imbalance in the production and elimination of active oxygen, the accumulation
of oxygen free radicals, increases in the content of membrane peroxidation products, and
disruption of the structure and function of the cell membrane. These effects alter the
structure of chloroplasts and mitochondria and the content of hormones, and damages the
ultrastructure of chloroplasts and mitochondria, which affects photosynthesis and inhibits
the normal growth of plants [31,32].

The research on the phenolic acids secreted by crop roots under stress conditions
has mainly focused on the effects of replant stress factors, such as heavy metals, nutrient
deficiencies, and organic pollution [33]. In this experiment, the effects of root and soil extract
stress on the secretion of phenolic acids from the roots of M. hupehensis Rehd. seedlings were
studied. Eleven phenolic acids were detected in the root exudates of M. hupehensis Rehd.
seedlings in all treatments, and the amount of phenolic acids secreted by seedlings varied
among treatments. Replant stress significantly inhibited the secretion of p-hydroxybenzoic
acid, benzoic acid, and phlorizin. The degree of inhibition of p-hydroxybenzoic acid
secretion by the soil extract was greater than that of root extract when they were applied at
the same concentrations. B3 and B4 had stronger inhibitory effects on benzoic acid than root
extracts, and the opposite effect was observed for other concentrations of root extracts. The
degree of inhibition of phlorizin associated with the application of low concentrations of soil
extract was greater than that of the root extract, and the opposite pattern was observed when
high concentrations were applied. P-hydroxybenzoic acid, benzoic acid, and phloridzin
can affect plant growth by affecting cell membrane permeability, ion absorption, water
absorption, photosynthesis, and protein and DNA syntheses [34–36]. Yin et al. showed that
these three substances can significantly inhibit the growth of M. hupehensis Rehd. seedlings.
This indicates that these three substances exist in large quantities in the root system and
soil extract, which exerts feedback inhibition on root secretion [37].

Replant stress mainly promotes the secretion of caffeic acid and chlorogenic acid by the
root system of M. hupehensis Rehd. These two phenolic acids are the main allelochemicals
secreted by the root system of alfalfa [38] and can significantly inhibit the growth and
development of soybean. The accumulation of caffeic acid and chlorogenic acid in soil
further aggravated replant disease, had negative effects on the growth of crops, promoted
the secretion of organic acids of crops, and increased the difficulty of overcoming the effects
of replant disease. Vanillic acid reduces the absorption of 32P and methionine by soybean
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roots [39]. The inhibition of vanillin by low concentrations of soil extract was greater than
that by root extract, and the opposite pattern was observed when high concentrations were
applied. Treatments A1, A2, B1, and B2 promoted the growth of crop roots, significantly
inhibited the secretion of vanillin by roots, reduced the accumulation of vanillin in soil, and
alleviated the challenges of apple replant disease in orchards. All soil extract treatments and
low-concentration root extract treatments significantly promoted the secretion of cinnamic
acid. The stimulatory effect of root extracts was weaker than that of soil extracts when the
same concentrations of root and soil extracts were applied. Cinnamic acid damages the
cell membrane of the root epidermal cells of cucumber seedlings, affects the absorption of
nutrients by roots, and inhibits the germination of crop seeds and the growth of seedlings.

Ferulic acid is a derivative of cinnamic acid. Treatments A1 and B6 promoted the
secretion of cinnamic acid but inhibited the secretion of ferulic acid, indicating that these
two treatments inhibited the conversion of cinnamic acid to ferulic acid.

Phloridzin lacks only one beta-D-glucopyranosyloxy group compared with
Phloretin [40]. Replant stress inhibits the secretion of phloridzin by roots and promotes
the secretion of phloridzin. This might stem from the fact that replant stress inhibits the
addition of one beta-D-glucopyranosyloxy group to phloridzin or causes phlorizin to lose a
beta-D-glucopyranose oxygen group to become phloretin; the specific conversion mech-
anism requires clarification. Under normal growth conditions, phloretin secretion was
significantly positively correlated with plant height and significantly negatively correlated
with ground diameter, indicating that phloretin affected the growth of M. hupehensis Rehd.
seedlings; this suggests that allelochemicals secreted by the roots of M. hupehensis Rehd.
seedlings significantly inhibited increases in ground diameter. The specific mechanism
underlying this effect requires further study.

Gallic acid and catechin are the main components of the root exudates of M. hupehensis
Rehd. Under normal growth conditions, the secretion of gallic acid and catechin was not
correlated with plant height, basal diameter, and the chlorophyll content. After treatment
with root and soil extracts, the secretion of gallic acid and catechin by roots was inhibited,
but the secretion of these compounds was significantly positively correlated with seedling
growth. Gallic acid and catechin in root exudates were allelochemicals of M. hupehensis
Rehd. seedlings, but they did not have a negative effect on crop growth; by contrast, they
might stimulate crop growth under replant disease conditions. The specific mechanism
underlying this possibility requires further study.

4. Materials and Methods

4.1. Experimental Materials and Treatments

The experiment was conducted at the State Key Laboratory of Crop Biology at Shan-
dong Agricultural University in Tai’an City, Shandong Province, China. M. hupehensis Rehd.
(purchased from Shandong Horticultural Techniques & Services Co. Ltd., Tai’an, Shandong,
China) was sterilized with 0.3% H2O2 for 20 min and then rinsed with sterile water. In Jan-
uary 2020, the seeds were buried in sand for 65 d. After the seeds were exposed, they were
sown in sand culture in small flowerpots, with 10 seeds in each pot, and regularly irrigated
with Hoagland nutrient solution. When the seedlings had 4–5 leaves, the seedlings were
thinned, and 5 seedlings with relatively consistent growth were placed in each pot. When
the seedlings were fully developed with 6–7 leaves, each seedling was treated with 1 mL of
treatment solution. Root secretions were collected every 15 d in 3 biological replicates; root
exudates were also collected on a regular basis.

4.2. Preparation of Root and Soil Extracts

The roots and soil were collected from a 20-year-old Fuji (Fuji/Malus × robusta (Carri
CarriŠre) Rehder) replanted orchard in a suburb of Taian. The soil was brown loam, the soil
bulk density was 1.31 G·cm−3, and the pH was 5.61. The content of soil nutrients was as
follows: 4.56 mg·kg−1 ammonium nitrogen, 7.38 mg·kg−1 nitrate nitrogen, 34.82 mg·kg−1

available phosphorus, 62.54 mg·kg−1 available potassium, and 7. 92 G·kg−1 organic matter.
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According to differences in root diameter, the root system was divided into thick roots
(diameters larger than 2 cm), middle roots (diameters 1–2 cm), and thin roots (diameters
smaller than 1 cm). The weight ratio used in this experiment was thick heel: middle
root:fine root = 1:1:1.The root system was mixed with equal amounts of water and shaken
for at least 24 h; the samples were added to stock solution and stored at a low temperature
(4 ◦C) for subsequent use. The stock solution was diluted and used as the solution to treat
seedlings (Table S1).

For the preparation of soil extract, soil samples were collected in layers (0–15 cm,
15–30, and 30–45 cm) near the root system using the 4-point method and mixed in equal
proportions. After the samples were air-dried, they were sieved through a 60-mesh sieve.
The soil and water were mixed and shaken for 24 h; they were then filtered and stored at a
low temperature (4 ◦C), and the stock solution was diluted and used to treat the seedlings
(Table S1).

4.3. Preparation of Standard Solution

Preparation of PAHs standard solution: 16 types of USEPA priority PAH standard
samples were purchased from O2si Smart Solutions, and each ml of acetonitrile contained
197.6 mg of Naphthalene (Nap, 2 rings), 198.1 mg of Dihydroacenaphthene (Acy, 2 rings),
198.1 mg of Acenaphthene (Ace, 2 rings), 198.1 mg of Dihydroacenaphthene (Acy, 2 rings),
198.1 mg of Dihydroacenaphthene (Acy, 2 rings), 198.1 mg of Dihydroac (2-ring) 199.1 mg of
Fluorene (Flu, 2-ring), 198.3 mg of Phenanthrene (Phe, 3-ring), 198.1 mg of Anthracene (Ant,
3-ring), 198.2 mg of Fluoranthene (Fla, 3-ring), 198.1 mg of Pyrene (Pyr, 4-ring), 203.2 mg of
Chrysene (Chr, 4-ring), 197.9 mg of Benzo [a] anthracene (Baa, 4-ring), 196.8 mg of Benzo
[B] fluoranthene (Bbf, 4-ring), 197.5 mg of Benzo [K] fluoranthene (Bkf, 4-ring), 197.6 mg of
Benzo [a] pyrene (Bap, 4-ring), 199.4 mg of Indeno [1,2,3, -cd] pyrene (Ilp, Dibenz [a, H]
anthracene (Dba, 4-ring), and 197.6 mg of Benzo [G, H, I] pyrene (Bgp, 6-ring). Structures
of the 16 PAHs are shown in Figure S1.

The preparation of phenolic acid standard solution was as follows: gallic acid, chloro-
genic acid, catechin, caffeic acid, vanillin, benzoic acid, phloridzin, and phloretin were
purchased from German Sigma Company; p-hydroxybenzoic acid was purchased from
Beijing Xizhong Chemical Plant; ferulic acid was purchased from Shanghai No.1 Reagent
Factory; and cinnamic acid was purchased from Tianjin Yuanhang Chemical Co., Ltd. (Tian-
jin, China). Gallic acid (1.3 mg), chlorogenic acid (1.5 mg), hydroxybenzoic acid (2.5 mg),
catechin (1.5 mg), caffeic acid (3.3 mg), vanillin (3.0 mg), ferulic acid (1.5 mg), benzoic acid
(4.1 mg), phloridzin (3.9 mg), cinnamic acid (2.7 mg), and phloretin (3.0 mg) were placed
into a 10 mL volumetric flask, diluted with anhydrous methanol (chromatographic alcohol),
and stored as the mother solution at a low temperature (4 ◦C) for subsequent use. The
mixed standard sample was immediately prepared with 50 μL of each phenolic acid and
1 mL of methanol (chromatographic alcohol). The structures of 11 phenolic acids are shown
in Figure S2.

4.4. Collection of Phenolic Acids Secreted by Roots

A total of 5 seedlings with similar growth outcomes were selected from the sand
culture substrate by 5-point sampling, transferred to 250 mL of distilled water, pumped,
and cultured at room temperature for 5–6 h under light, and the extract was collected. The
extract was fully extracted with 200 mL of dichloromethane (analytical alcohol) 3 times,
and the organic layers were combined, concentrated until dry in a rotary evaporator under
reduced pressure, and reconstituted with 1.5 mL of methanol (chromatographic alcohol).
The samples were placed in a refrigerator at −20 ◦C for 12 h to promote the precipitation of
non-methanol-dissolved substances. After filtration through a 0.45 μm filter membrane,
they were placed into 1.5 mL centrifuge tubes and stored in a refrigerator at −20 ◦C for
subsequent use.
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4.5. Effect of Leaching Solution on Seedlings
4.5.1. Effect on Seedling Growth and Development

The growth of M. hupehensis Rehd. seedlings was estimated every 15 d after the
seedlings had 6–7 true leaves. The plant height and ground diameter were measured
using vernier calipers; the chlorophyll content was measured using a SPAD-502 portable
chlorophyll meter. A desktop scanner was to digitize images of the root system (NUScan
700, Tai’an, China), and morphological measurements were obtained using image analysis
software (Deta-T scan, Delta-T Devices Lad, Cambridge, UK). Chlorophyll fluorescence
was measured using a basic modulation fluorometer (WALZ Co., Dalian, China), and
the maximum photochemical efficiency of photosystem II (PSII) Fv/Fm= (Fm − m/Fm) was
measured. The photochemical quenching coefficient was determined using the following
formula: qP = (Fm

′ − Fs)/(Fm
′ − m

′). The non-photochemical quenching coefficient was
determined using the following formula: NPQ = (Fm − Fm

′)/Fm
′.

4.5.2. Determination of Enzyme Activity

The activities of SOD [41], POD [42], and CAT [43] and the content of MDA [44] were
determined following the methods of Yoshioka et al.

4.6. Chromatographic Conditions
4.6.1. Chromatographic Conditions for PAHs

The samples were analyzed by HPLC (UltiMate 3000 HPLC, Phenomenex EnviroSep-PP
(125 mm× 4.6 mm) column) using the following conditions: column temperature 30 ◦C;
injection volume 10 μL, mobile phase, acetonitrile, and water; gradient elution program,
Table S1; UV detection, 254 nm; and fluorescence-detector wavelength program
(Tables S2 and S3).

4.6.2. Phenolic Acid Chromatographic Conditions

The phenolic acids in the samples were determined using HPLC (Waters 515 HPLC,
Kromasil C18 (125 mm × 4.6 mm) column). The determination conditions were as fol-
lows: column temperature, 28 ◦C; injection volume 20 μL, mobile phase, acetonitrile, and
water; gradient elution procedure, Table S4; and dual-wavelength UV detector (waters),
280 nm (Table S4).

4.7. Analysis Software

SPSS13.0 was used to test the significance of differences in each index between treat-
ments; the levels of significance were p < 0.05 and p < 0.01. The LSD method was used for
multiple comparisons.

The allelopathy effect sensitivity index (RI) was estimated using Williamson’s
method [45]: RI = 1 − C/T (T ≥ C) or RI = T/C − 1 (T < C), where C is the control
value and T is the treatment value. RI > 0 indicates a promoting effect and RI < 0 indi-
cates an inhibiting effect. The absolute value of RI represents the intensity of allelopathy
(autotoxicity).

5. Conclusions

Low-concentration root extract treatment (A1) significantly promoted the growth of
M. hupehensis Rehd. seedlings, chlorophyll synthesis in leaves, the growth of seedling roots,
and POD and CAT activities; inhibited the growth of ground diameter; and had no effect
on SOD activity and fluorescence parameters. A6 had significant negative effects on all
indices except the NPQ value.

Low-concentration soil extract treatment (B1) significantly promoted the growth of
M. hupehensis Rehd. seedlings, chlorophyll synthesis in leaves, and the growth of seedling
roots, and had no effect on the ground diameter; the activities of POD, SOD, and CAT;
and fluorescence parameters. B5 and B6 increased NPQ, but had negative effects on all
other indexes.
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At the end of the treatment period, the root and soil extracts inhibited the secretion of
gallic acid, p-hydroxybenzoic acid, benzoic acid, and phlorizin, but promoted the secretion
of caffeic acid. Root extract treatment also inhibited catechin secretion and promoted the
secretion of phloretin; soil extract treatment promoted the secretion of cinnamic acid. The
secretion of the other phenolic acids varied depending on the concentration of leaching
liquor applied.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants11212968/s1, Table S1: Process diagram; Table S2: Gradient
eluting procedure; Table S3: Fluorescence detector’s changes in procedures wavelength; Table S4:
Gradient eluting procedure; Figure S1: 16 PAHs of EPA priority control; Figure S2: Structure of
phenolics compounds; Figure S3: Standard sample 1 ((200 ng/g) in 254 nm ultraviolet detection),
2 ((20 ng/g) in different wavelengths fluorescence detection); Figure S4: Standard sample in 280 nm
ultraviolet detection.

Author Contributions: Conceptualization, N.S., Y.M. and X.S.; methodology, N.S., Y.M. and X.S.;
software, N.S.; validation, N.S., C.Y., Y.M. and X.S.; formal analysis, N.S.; investigation, N.S., C.Y. and
X.Q.; resources, Y.L., M.S., Y.Z., X.C. (Xueli Cui), Y.Y. and R.W.; data curation, N.S.; writing—original
draft preparation, N.S.; writing—review and editing, N.S., Y.H., X.C. (Xuesen Chen), Z.M., Y.M. and
X.S.; visualization, N.S.; supervision, Y.M. and X.S.; project administration, Y.M. and X.S.; funding
acquisition, X.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Shandong agricultural and rural Hall the fruit innovation
team project of Shandong Province (CN), grant number SDAIT-06-07; Department of Science &
Technolagy of Shandong Province, Natural Science Foundation of Shandong Province, grant number
32072520; Department of Science & Technolagy of Shandong Province, Natural Science Foundation of
Shandong Province (CN), grant number ZR2020MC132.

Data Availability Statement: Data are presented in the article. All data and material are available
from the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

ARD: apple replant disease; Fv/Fm: PSII original light-energy-conversion efficiency; NPQ:
non-photochemical quenching coefficient; qP: photochemical quenching coefficient; RI: indices of
allelopathic effects; PAHs: polycyclic aromatic hydrocarbons; SOD: superoxide dismutase; POD:
peroxidase; CAT: catalase; MDA: malondialdehyde.

References

1. Margaux, S.; Eva Lehndorff, A.W.; Wulf, A. In-field heterogeneity of apple replant disease: Relations to abiotic soil properties. Sci.
Hortic. 2020, 259, 108809. [CrossRef]

2. Zhou, Z.; Zhu, Y.M.; Tian, Y.; Yao, J.L.; Bian, S.X.; Zhang, H.T.; Zhang, R.P.; Gao, Q.M.; Yan, Z.L. MdPR4, a Pathogenesis-Related
Protein in Apple, Is Involved in Chitin Recognition and Resistance Response to Apple Replant Disease Pathogens. J. Plant Physiol.
2021, 260, 153390. [CrossRef] [PubMed]

3. Liu, X.X.; Xu, S.Z.; Wang, X.P.; Xin, L.; Wang, L.S.; Mao, Z.Q.; Chen, X.S.; Wu, S.J. MdBAK1 overexpression in apple enhanced
resistance to replant disease as well as to the causative pathogen Fusarium oxysporum. Plant Physiol. Biochem. 2022, 179, 144–157.
[CrossRef] [PubMed]

4. Tan, G.; Liu, Y.; Peng, S.; Yin, H.; Meng, D.; Tao, J.; Gu, Y.; Li, J.; Yang, S.; Xiao, N.; et al. Soil potentials to resist continuous
cropping obstacle: Three field cases. Environ. Res. 2021, 200, 111319. [CrossRef]

5. Wang, H.Y.; Sheng, Y.F.; Jiang, W.T.; Pan, F.B.; Wang, M.; Chen, X.S.; Shen, X.; Yin, C.M.; Mao, Z.Q. The effects of crop rotation
combinations on the soil quality of old apple orchard. Hortic. Plant J. 2022, 8, 1–10. [CrossRef]

6. Tewoldemedhin, Y.T.; Mazzola, M.; Labuschagne, I.; Adéle, M. A multi-phasic approach reveals that apple replant disease is
caused by multiple biological agents, with some agents acting synergistically. Soil Biol. Biochem. 2011, 43, 1917–1927. [CrossRef]

7. He, C.N.; Gao, W.W.; Yang, J.X.; Bi, W.; Zhang, X.S.; Zhao, Y.J. Identification of autotoxic compounds from fibrous roots of Panax
quinquefolium L. Plant Soil 2009, 318, 63–72. [CrossRef]

181



Plants 2022, 11, 2968

8. Tewoldemedhin, Y.T.; Mazzola, M.; Botha, W.J.; Spies, C.F.; McLeod, A. Characterization of fungi (Fusarium and Rhizoctonia) and
oomycetes (Phytophthora and Pythium) associated with apple orchards in South Africa. Eur. J. Plant Pathol. 2009, 130, 215–229.
[CrossRef]

9. Song, X.L.; Gao, X.D.; Zhao, X.N.; Wu, P.; Miles, D. Spatial distribution of soil oisture and fine roots in rain-fed apple orchards
employing a Rainwater Collection and Infiltration (RWCI) system on the Loess Plateau of China. Agric. Water Manag. 2017, 184,
170–177. [CrossRef]

10. Elory, A. The Rhizosphere; Elroy, A.C., Bryan, T., Eds.; Springer: Berlin/Heidelberg, Germany; New York, NY, USA; Tokyo, Janpan,
1986; Volume 3, pp. 55–91. [CrossRef]

11. Marschner, H. Mineral Nutrition of Higher Plants, 2nd ed.; Academic Press: London, UK, 2012. [CrossRef]
12. Przybylska-Balcerek, A.; Szablewski, T.; Cegielska-Radziejewska, R.; Góral, T.; Kurasiak-Popowska, D.; Stuper-Szablewska, K.

Assessment of Antimicrobial Properties of Phenolic Acid Extracts from Grain Infected with Fungi from the Genus Fusarium.
Molecules 2022, 27, 1741. [CrossRef]

13. Bao, L.M.; Liu, Y.Y.; Ding, Y.F.; Shang, J.J.; Wei, Y.L.; Tan, Y.; Zi, F.T. Interactions Between Phenolic Acids and Microorganisms in
Rhizospheric Soil From Continuous Cropping of Panax notoginseng. Front. Microbiol. 2022, 13, 791603. [CrossRef] [PubMed]

14. Liu, J.X.; Chang, Y.J.; Sun, L.H.; Du, F.F.; Cui, J.; Liu, X.J.; Li, N.W.; Wang, W.; Li, J.F.; Yao, D.R. Abundant Allelochemicals and the
Inhibitory Mechanism of the Phenolic Acids in Water Dropwort for the Control of Microcystis aeruginosa Blooms. Plants 2021,
10, 2653. [CrossRef] [PubMed]

15. Politycka, B. Phenolics and the activities of phenylalanine ammonia-lyase, phenol-β-glucosyltransferase and β-glucosidase in
cucumber roots as affected by phenolic allelochemicals. Acta Physiol. Plant. 1998, 20, 405–410. [CrossRef]

16. Callaway, R.M.; Aschehoug, E.T. lnvasive plant versus their new and old neighbors: A mechanism for exotic invasion. Science
2000, 290, 521–523. [CrossRef]

17. Patterson, D.T. Effects of allelopathic chemicals on growth and physiological responses of soybean (Glycine max). Weed Sci. 1981,
29, 53–59. [CrossRef]

18. Williams, A.; Langridge, H.; Straathof, A.L.; Fox, G.; Muhammadali, H.; Hollywood, K.A.; Xu, Y.; Goodacre, R.; de Vriesaf, F.T.
Root functional traits explain root exudation rate and composition across a range of grassland species. J. Ecol. 2021, 161, 108391.
[CrossRef]

19. Gadkari, P.V.; Balaraman, M. Catechins: Sources, extraction and encapsulation: A review. Food Bioprod. Process. 2015, 93, 122–138.
[CrossRef]

20. Tian, G.; Bi, Y.; Sun, Z.; Zhang, L. Phenolic acids in the plow layer soil of strawberry fields and their effects on the occurrence of
strawberry anthracnose. Eur. J. Plant Pathol. 2015, 143, 581–594. [CrossRef]

21. Muhammad, M.S.; Anne, B.F.; Knut, O.S. Phenolic Acids in Jerusalem Artichoke (Helianthus tuberosus L.): Plant Organ Dependent
Antioxidant Activity and Optimized Extraction from Leaves. Molecules 2019, 24, 3296. [CrossRef]

22. Briana, A.O.; Clifford, P.R.; Brian, W.D.; Harry, H.S.; Steven, B.M.; Katherine, L.T. Phenolic acids released to soil during cereal rye
cover crop decomposition. Chemoecology 2020, 30, 25–34. [CrossRef]

23. Pateron, R.P. Growth andspecific nodule activityofsoybean during application and recovery of leaf moisture stress. Plant Physiol.
1997, 64, 551–556. [CrossRef] [PubMed]

24. Li, Z.H.; Wang, Q.; Ruan, X.; Pan, C.D.; Jiang, D.A. Phenolics and plant allelopathy. Molecules 2010, 15, 8933–8952. [CrossRef]
[PubMed]

25. Ren, K.; Hayat, S.; Qi, X.; Liu, T.; Cheng, Z. The garlic allelochemical DADS influences cucumber root growth involved in
regulating hormone levels and modulating cell cycling. Plant Physiol. 2018, 230, 51–60. [CrossRef] [PubMed]

26. Lee, B.H.; Zhu, J.K. Phenotypic analysis of Arabidopsis mutants: Root elongation under salt/hormone-induced stress. Cold Spring
Harb. Protoc. 2009, 2009, pdb.prot 4968. [CrossRef] [PubMed]

27. Song, Y.F.; Zhou, Q.X.; Xu, H.X. Eco-toxicological Effects of Phenanthrene, Pyrene and 1,2,4-Trichlorobenzene in Soils on the
Inhibition of Root Elongation of Higher Plants. Acta Ecol. Sin. 2002, 22, 1945–1950. [CrossRef]

28. Hao, S.G.; Xue, J.Z.; Guo, D.L.; Wang, D.M. Earliest rooting system and root: Shoot ratio from a new Zosterophyllum plant. New
Phytol. 2010, 185, 217–225. [CrossRef]

29. Caverzan, A.; Casassola, A.; Brammer, S.P. Reactive Oxygen Species and Antioxidant Enzymes Involved in Plant Tolerance to Stress;
Shanker, A.K., Shanker, C., Eds.; IntechOpen: London, UK, 2016. [CrossRef]

30. Devi, E.L.; Kumar, S.; Singh, T.B.; Sharma, S.K.; Beemrote, A.; Devi, C.P.; Chongtham, S.K.; Singh, C.H.; Yumlembam, R.A.;
Haribhushan, A.; et al. Medicinal Plants and Environmental Challenges, 1st ed.; Springer: Cham, Switzerland, 2017; pp. 359–413.
[CrossRef]

31. Xu, J.M.; Ji, Z.Y.; Wang, C.L.; Xu, F.F.; Wang, F.J.; Zheng, Y.H.; Tang, Y.C.; Wei, Z.; Zhao, T.Y.; Zhao, K.J. Water-Soaked Spot1
Controls Chloroplast Development and Leaf Senescence via Regulating Reactive Oxygen Species Homeostasis in Rice. Plant Sci.
2022, 13, 918673. [CrossRef]

32. Chen, H.F.; Zhang, Q.; Lv, W.; Yu, X.Y.; Zhang, Z.H. Ethylene positively regulates Cd tolerance via reactive oxygen species
scavenging and apoplastic transport barrier formation in rice. Environ. Pollut. 2022, 302, 119063. [CrossRef]

33. Li, H.; Xu, C.Y.; Han, L.; Li, C.Y.; Xiao, B.B.; Wang, H.; Yang, C.W. Extensive secretion of phenolic acids and fatty acids facilitates
rhizosphere pH regulation in halophyte Puccinellia tenuiflora under alkali stress. Physiol. Plant. 2022, 174, e13678. [CrossRef]

182



Plants 2022, 11, 2968

34. Huang, C.Z.; Xu, L.; Sun, J.J.; Zhang, Z.H.; Fu, M.L.; Teng, H.Y.; Yi, K.K. Allelochemical p-hydroxybenzoic acid inhibits root
growth via regulating ROS accumulation in cucumber (Cucumis sativus L.). Integr. Agric. 2020, 19, 518–527. [CrossRef]

35. Baziramakenga, R.; Simard, R.R.; Leroux, G.D. Effects of benzoic and cinnamic acids on growth, mineral composition, and
chlorophyll content of soybean. J. Chem. Ecol. 1944, 20, 2821–2833. [CrossRef] [PubMed]

36. Duan, Y.A.; Zhao, L.; Jiang, W.T.; Chen, R.; Zhang, R.; Chen, X.; Yin, C.; Mao, Z. Biocontrol Potential of The Phloridin-Degrading
Bacillus Licheniformis XNRB-3 against Apple Replant Disease. Res. Sq. 2021, submitted. [CrossRef]

37. Yin, C.M.; Duan, Y.N.; Xiang, L.; Wang, G.S.; Zhang, X.F.; Shen, X.; Chen, X.S.; Zhang, M.; Mao, Z.Q. Effects of phloridzin,
phloretin and benzoic acid at the concentrations measured in soil on the root proteome of Malus hupehensis Rehd Seedlings. Sci.
Hortic. 2018, 228, 10–17. [CrossRef]

38. Abdul-Rahman, A.A.; Habib, S.A. Allelopathic effect of alfalfa (Medicago sativa) on bladygrass (Imperata cylindrical). Chem. Ecol.
1989, 15, 2289–2300. [CrossRef]

39. Baziramakenga, R.; Leroux, G.D.; Simard, R.R. Effects of benzoic and cinnamic acids on membrane permeability of soybean roots.
Chem. Ecol. 1995, 21, 1271–1285. [CrossRef]

40. Lyu, J.; Ning, J.; Meng, X.; Li, J.; Wang, S.Y.; Xiao, X.M.; Liu, Z.C.; Tang, Z.Q.; Yu, J.H. Exogenous silicon alleviates the adverse
effects of cinnamic acid-induced autotoxicity stress on cucumber seedling growth. Plant Sci. 2022, 13, 968541. [CrossRef]

41. Beauchamp, C.; Fridovich, I. Superoxide dismutase: Improved assays and anassay applicable to acrylamide gels. Anal. Biochem.
1971, 44, 276–287. [CrossRef]

42. Smolinska, B.; Leszczynska, J. Photosynthetic pigments and peroxidase activity of Lepidium sativum L. during assisted Hg
phytoextraction. Environ. Sci. Pollut. Res. Int. 2017, 24, 13384–13393. [CrossRef]

43. Aebi, H. Catalase. In Methods of Enzymatic Analysis; Bergmeyer, H.U., Ed.; Academic Press Inc.: Weinheim, Germany; New York,
NY, USA, 1974; pp. 673–680. [CrossRef]

44. Yoshioka, T.; Kawada, K.; Shimada, T.; Mori, M. Lipid peroxidation in maternal and cord blood and protective mechanism against
activated-oxygen toxicity in the blood. Am. J. Obstet. Gynecol. 1979, 135, 372–376. [CrossRef]

45. Williamson, G.B.; Richardson, D. Bioassays for allelopathy: Measuring treatment responses with independent controls. J. Chem.
Ecol. 1988, 14, 181–187. [CrossRef]

183



Citation: Lesmes-Vesga, R.A.; Cano,

L.M.; Ritenour, M.A.; Sarkhosh, A.;

Chaparro, J.X.; Rossi, L. Rhizoboxes

as Rapid Tools for the Study of Root

Systems of Prunus Seedlings. Plants

2022, 11, 2081. https://doi.org/

10.3390/plants11162081

Academic Editor: Mariana Amato

Received: 30 June 2022

Accepted: 6 August 2022

Published: 9 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

plants

Technical Note

Rhizoboxes as Rapid Tools for the Study of Root Systems
of Prunus Seedlings

Ricardo A. Lesmes-Vesga 1, Liliana M. Cano 2, Mark A. Ritenour 1, Ali Sarkhosh 3, José X. Chaparro 3

and Lorenzo Rossi 1,*

1 Horticultural Sciences Department, Indian River Research and Education Center,
Institute of Food and Agricultural Sciences, University of Florida, Fort Pierce, FL 34945, USA

2 Plant Pathology Department, Indian River Research and Education Center,
Institute of Food and Agricultural Sciences, University of Florida, Fort Pierce, FL 34945, USA

3 Horticultural Sciences Department, Institute of Food and Agricultural Sciences, University of Florida,
Gainesville, FL 32603, USA

* Correspondence: l.rossi@ufl.edu; Tel.: +1-772-577-7341

Abstract: Rootstocks are fundamental for peach production, and their architectural root traits deter-
mine their performance. Root-system architecture (RSA) analysis is one of the key factors involved in
rootstock selection. However, there are few RSA studies on Prunus spp., mostly due to the tedious
and time-consuming labor of measuring below-ground roots. A root-phenotyping experiment was
developed to analyze the RSA of seedlings from ‘Okinawa’ and ‘Guardian’™ peach rootstocks. The
seedlings were established in rhizoboxes and their root systems scanned and architecturally analyzed.
The root-system depth:width ratio (D:W) throughout the experiment, as well as the root morpho-
logical parameters, the depth rooting parameters, and the root angular spread were estimated. The
‘Okinawa’ exhibited greater root morphological traits, as well as the other parameters, confirming the
relevance of the spatial disposition and growth pattern of the root system.

Keywords: peach; rootstock; rhizobox; root scanning; root system architecture; root angle

1. Introduction

The traits associated with root system architecture (RSA) can be employed as useful
phenotyping tools for the breeding selection of plant materials, such as fruit-tree rootstocks.
However, the study of underground root systems is more challenging than the study of the
aerial part of the plant in several respects [1]. Soil is a complex medium that presents a more
heterogeneous environment than the atmosphere. The variability of soil profiles in terms of
physical, chemical, and biological conditions, as well as the pedological perturbation caused
by planting and soil preparation, are variables to consider for RSA studies [2]. Currently,
knowledge about root growth is relatively limited because of the complex dynamics of root
systems compared to above-ground organs [3].

Rootstock selection plays a fundamental role in orchard management and successful
fruit production. Some horticultural aspects to consider for rootstock breeding programs
include soil adaptation, water and nutrient uptake, plant nutritional status, scion growth,
pathogen resistance, and fruit quality [4,5]. ‘Guardian’™, a commercial peach Prunus persica
rootstock, was released in 1993 through the cooperative efforts of the USDA-ARS and Clem-
son University [6]. This rootstock provides longer tree life to overcome the problem of
peach-tree short life (PTSL) [7]. In the last decade, ‘Guardian’™ has been the predominant
rootstock used for commercial peach production in the Southeastern United States, espe-
cially in South Carolina and Georgia. It is increasingly planted as a rootstock for almonds
in California [8–10] with satisfactory field performance [11]. However, ‘Guardian’™ is
not a recommended rootstock for peach production in Florida due to its susceptibility
to Meloidogyne floridensis. On the other hand, ‘Okinawa’, a rootstock introduced in the
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United States in 1953 from Ryuku Islands (Japan), is one of the rootstocks utilized as
genetic material in the University of Florida stone-fruit-breeding program for low-chill
adaptation [12]. This low-chill rootstock is resistant to root-knot nematodes and exhibits
good compatibility with several peach scion cultivars [13]. Despite these desirable features,
‘Okinawa’ rootstock is also not recommended for peach production in Florida because of
its susceptibility to M. floridensis [14,15]. However, it is widely used outside of the United
States, in countries such as Brazil [16] and Egypt [17].

Root architectural traits are fundamental for soil exploration, which influences the
ability of plants to uptake below-ground resources [18]. Architectural traits are also strongly
related to plant adaptation to sub-optimal conditions [19]. For instance, the most recognized
contribution of RSA to water uptake is the ability to explore deeper soil layers. It is generally
assumed that deeper root systems provide access to water stored deep in the soil [20]. Thus,
deeper soil exploration contributes to drought resistance. Indeed, multiple studies provide
evidence for the association between rooting depth and drought resistance in a panel of
species, including trees [21]. However, the overall advantage of the root architectural traits
must be interpreted in the context of the environment where the plants are established [19].

Among the geometric properties of root architectural traits, the root angle plays an
important role in shaping the RSA of many species [19,22,23]. This is key, since it is one
of the main traits contributing to rooting depth [24] and is strongly associated with the
temporal and spatial acquisition efficiency of soil resources [25]. Moreover, the insertion
angle of basal roots in dicotyledons determines the depth of root distribution; wider basal
root angles determine shallower root systems [26,27]. For instance, a wider basal root angle
in dicotyledons, such as the common bean (Phaseolus vulgaris), develops a shallower root
system, enhancing topsoil foraging and phosphorous acquisition [19]. In contrast with
monocotyledons such as rice (Oryza sativa), Kato et al. [28] demonstrated that the growth
angle affects the vertical distribution and the rooting depth. A narrower angular spread
indicates a deeper root system, which is advantageous for tolerance and adaptation to
water-limited soil conditions [29]. Similarly, Manschadi et al. [19] demonstrated that in
another monocotyledon, such as wheat (Triticum aestivum), drought-tolerant genotypes
exhibit a narrower angular spread of seminal axes. Although the studies presented involved
several species of economic importance, there is a lack of research evidence with regards
to fruit-tree species, particularly rootstocks. Overall, the selection of the root angle may
help to identify genotypes with a RSA more adapted to drought conditions, representing
promising traits that can be exploited in crop-breeding programs [19].

Most plants repeat either their aerial or below-ground architectural units through
reiteration, a morphogenetic process through which the organism duplicates its own
elementary architecture entirely or partially [30]. Few attempts have been made to describe
the genotypic variation in the root architecture of mature dicotyledon fruit-tree crops at the
quantitative level; most of these have been on monocotyledon cereal crops [25]. Very few
studies have been performed on Prunus spp., and in less detail. Through reiteration, the
plant expresses its growth pattern repeatedly, from seedling to maturity [30]. Therefore, the
analysis of the RSA at early developmental stages (seedlings) allows the measurement of
root traits under controlled and relatively uniform conditions [31], especially in perennial
trees such as Prunus spp. The quantification of root architectural traits becomes increasingly
challenging as the plant grows. The root-insertion angles of seedlings may facilitate the
use of root phenotyping as selection criteria in many cultivated species, since at early
growth stages, this trait determines the development and performance of the mature root
system. This has been demonstrated in the root angle of wheat genotypes, which developed
either deeper or shallower root systems, depending on the root angle (narrower or wider)
exhibited at the seedling growth stage [32,33].

Since most of the roots are below-ground and/or require a dark environment to grow
naturally, root phenotyping requires special techniques. Rhizotrons (i.e., underground
viewing chambers that offer a window of the root system) and, more recently, rhizoboxes
(i.e., individual planting in thin translucent containers), are non-destructive techniques
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developed to perform direct and repeated measurements on the root system and high-
quality imaging of the rhizosphere [34].

Rhizoboxes can present in many shapes and sizes, all utilizing translucent walls that
allow the observation of the natural growth and development of an individual plant’s
roots. Typically, these rhizoboxes are flat to ensure the visualization of the root architecture
and to allow for them to be scanned or pictured. Of course, this greatly diminishes the
growing space for the roots, and therefore cannot be used as a direct comparison to field
conditions; however, we are able to observe RSA traits and root characteristics from which
we can extrapolate to form a better understanding of future developments in the field, or to
identify particular traits of interest in breeding. According to Mašková and Klimeš [35],
flat rhizoboxes did not affect plant growth in terms of total biomass, nor did they affect
root-system-growth comparisons. This form of direct monitoring allows the non-invasive
quantification and estimation of root-trait development, since it does not disturb the spatial
disposition of roots. Rhizoboxes combine the controlled conditions of the laboratory with
field-oriented research, even when the soil environment is artificial [36]. The imaging
methods used in rhizoboxes help to study the development of root systems, as well as
rhizosphere dynamics, in different growth media. This way, in rhizoboxes, the RSA can
be analyzed holistically, and promising traits can be applied to breeding [37]. The main
objective of this study was to analyze the root systems of peach rootstock seedlings with
morphological and geometric approaches using rhizoboxes.

2. Results

2.1. Whole-Root System Depth: Width Ratio

Overall, the ‘Guardian’™ whole-root system was significantly deeper (Figure 1a) and
wider (Figure 1b) than the ‘Okinawa’ during the study. The depth:width ratio (D:W) of
the ‘Okinawa’ was higher than that of the ‘Guardian’™ each week for the duration of
the experiment (Figure 1c); however, there were no significant differences throughout the
7-week period.

Figure 1. Average (a) depth and (b) width reached by the whole-root system of the ‘Okinawa’ and
‘Guardian’™. (c) Depth:width ratio of the whole-root system of the ‘Okinawa’ and ‘Guardian’™. Bars
with different letters indicate significantly different values according to Tukey’s (HSD) test (p ≤ 0.05).

2.2. Root-Growth Parameters

The seedlings of the ‘Okinawa’ had significantly longer roots (Figure 2a) and a greater
total-root-surface area (Figure 2b), root volume (Figure 2d), number of root tips (Figure 2e),
and number of root forks (Figure 2f), compared with the ‘Guardian’™ (789 cm). How-
ever, the average root diameter of the ‘Okinawa’ was significantly lower than that of the
‘Guardian’™ (Figure 2c). The significant linear regressions between root-growth parameters
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in the two different cultivars are reported in the Supplemental Materials (Figure S1 and
Table S1).
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Figure 2. Comparisons of root morphological parameters in ‘Okinawa’ and ‘Guardian’™ rootstocks
for (a) total root length, (b) total-root-surface area, (c) average root diameter, (d) total root volume,
(e) number of root tips, and (f) number of root forks. Bars with different letters indicate significantly
different values according to Tukey’s (HSD) test (p ≤ 0.05).

2.3. Total-Root-Length Distribution by Diameter Classes

The total root length was divided into three diameter classes: very fine (≤0.5 mm), fine
(>0.5 to ≤1.0 mm), and large (>0.5 to ≤1.0 mm). The very fine root length of the ‘Okinawa’
(1955.5 cm) was significantly greater than that of the ‘Guardian’™ (611.1 cm). There were
no significant differences in root length for the fine and large root diameters between the
cultivars. (Table 1).

Table 1. Statistical analysis results of total root length (cm) distributed by root-diameter classes. The
root-diameter classes are very fine (≤0.5 mm), fine (>0.5 to ≤1.0 mm), and large (>1.0 mm). Values
not connected by the same letter are significantly different according to Tukey’s (HSD) test (p ≤ 0.05).

Root Length (cm) Distribution by Diameter Classes a

Diameter Class Cultivar Response SE Group

Very Fine
(≤0.5 mm)

‘Okinawa’ 1955.5 264.50 a
‘Guardian’™ 611.1 74.69 b

Fine
(>0.5 to ≤1.0 mm)

‘Okinawa’ 366.5 76.10 bc
‘Guardian’™ 154.7 27.15 c

Large
(>1.0 mm)

‘Okinawa’ 53.7 7.01 c
‘Guardian’™ 23.1 4.88 c

a where SE = standard error.
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2.4. Root-Depth Pattern and Root-Depth Index

Root horizon A of the ‘Okinawa’ represented a significantly larger portion of the total
root length (44.2%) compared to horizons C (14.8%) and D (15.1%), but was not significantly
different from horizon B (25.9%). Furthermore, there were no significant differences in
root length between horizons B, C, and D (Figure 3a). Similarly, root horizon A of the
‘Guardian’™ presented a root-length percentage (63.36%) that was significantly higher than
that of horizons B (28.4%), C (9.8%), and D (7.12%). Moreover, horizon B was significantly
higher than horizons C and D in this cultivar for this parameter, whereas horizons C and
D were not significantly different (Figure 3b). Finally, the root-depth index (RDI) of the
‘Okinawa’ (15.09) was significantly higher than that of the ‘Guardian’™ (9.58) (Figure 3c).
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Figure 3. (a) Root-distribution pattern (RDP) in terms of root-length percentage of (a) ‘Okinawa’ and
(b) ‘Guardian’™ rootstocks. (c) Root-depth index (RDI) of ‘Okinawa’ and ‘Guardian’™ rootstocks.
Bars with different letters indicate significantly different values according to Tukey’s (HSD) test
(p ≤ 0.05).

2.5. Root Spreading Angle

The total root length was not significantly different in the shallower (0–25◦), shallow
(25–45◦), or deeper spreading angles (65–90◦). However, the total root length was signifi-
cantly different in the deep (45–65◦) spreading angle between the ‘Okinawa’ (303.35 cm)
and the ‘Guardian’™ (168.08 cm). On the other hand, each cultivar presented the same
pattern between spreading-angle ranges; the shallower and shallow spreading angles were
not significantly different from each other, but significant differences were observed for the
deep and deeper spreading angles (Table 2).

Table 2. Statistical analysis results of the root spreading angle from the central portion of the top
horizon (A) of ‘Okinawa’ and ‘Guardian’™ rootstocks. The RSG was estimated in terms of the total
root length distributed between angular sections: shallower (0–25◦), shallow (25–45◦), deep (45–65◦),
and deeper (65–90◦). Values not connected by the same letter are significantly different according to
Tukey’s (HSD) test (p ≤ 0.05).

Total Root Length (cm) by Spreading Angle from the Cultivar–Angle Interaction a

Angle Cultivar Response SE Group

Shallower (0–25◦)
‘Okinawa’ 17.89 4.51 a

‘Guardian’™ 7.15 3.88 a

Shallow (25–45◦)
‘Okinawa’ 103.57 16.84 ab

‘Guardian’™ 36.49 12.30 a

Deep (45–65◦) ‘Okinawa’ 303.35 42.92 c
‘Guardian’™ 168.08 22.31 b

Deeper (65–90◦) ‘Okinawa’ 460.17 29.89 d
‘Guardian’™ 382.70 22.72 cd

a where SE = standard error.
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3. Discussion

There were significant statistical differences (p ≤ 0.05) between the rootstock culti-
vars for most of the RSA parameters analyzed. The estimation of the whole-root-system
depth:width ratio (D:W) was proposed, from an allometric perspective, to assess the evolu-
tion of the proportion of depth vs. width, as a useful indicator of the root-system growth
and architecture for future studies. The average depth and width reached by the whole-root
system measured weekly in the ‘Guardian’™ seedlings were significantly higher than in
the ‘Okinawa’. Conversely, the D:W showed no significant differences between cultivars or
weeks. Moreover, the D:W decreased as the plants grew, with the ratio in the ‘Okinawa’
higher than that in the ‘Guardian’™, with significant differences. Furthermore, the D:W of
the ‘Okinawa’ tended to be more stable than that of the ‘Guardian’™, with the D:W of the
‘Guardian’™ decreasing sharply earlier (week 4) than in the ‘Okinawa’ (week 7).

Significant differences were also observed between the root-growth parameters of both
rootstock cultivars. Except for the average root diameter, all the root-growth parameters
of the ‘Okinawa’ seedlings were significantly higher than those of the ‘Guardian’™. The
linear regressions performed (reported in Figure S1 and Table S1) showed similar significant
patterns except for the root diameter. These results contrasted with the average of the whole-
root-system depth and width reached by the ‘Okinawa’ seedlings, which were significantly
lower than those of the ‘Guardian’™. Therefore, it can be inferred that the depth and width
reached by the root system alone is a poor descriptor of the actual root-system growth.

Despite both cultivars belonging to the same species, P. persica, these results confirm
the contrast that can be found between rootstock cultivars. It is noteworthy that no
previous studies on the root-system architecture (RSA) of the ‘Okinawa’ rootstock nor the
‘Guardian’™ rootstock have been published. Although there are reports that mention the
‘Guardian’™ as a rootstock that imparts excellent scion vigor and productivity [38,39], they
do not describe its RSA. Similarly, this also occurs with the ‘Okinawa’ rootstock. The RSA
features of these rootstocks confirm the findings from parallel studies that mention the
‘Okinawa’ as a rootstock that transmits high vigor to the scion cultivar [16]. In Northern
Thailand, it was reported that ‘Okinawa’ induced good scion performance and reached the
highest tree growth compared to other rootstocks, such as ‘Khunwang’, ‘White Angkhang’,
‘Red Angkhang’, and ‘Flordaguard’ [40]. This is consistent with the study by Kucukyumuk
and Erdal [41], which indicates that vigorous fruit rootstocks have large root systems.

The morphology of the root system is as important as the actual soil volume explored
by the roots [42]. The significantly greater length of the very fine roots (≤0.5 mm) of
the ‘Okinawa’ is a significant morphological trait, since knowledge of root diameters
can provide important information about the root penetration and exploration potential
in relation to the soil-pore size. Fine roots (diameter < 1 or 2 mm) are believed to play
an important role in water and mineral uptake in higher plants [43,44]. However, it is
necessary to keep in mind that this does not guarantee the absorption ability of the root
system, since very fine roots may be suberized or even lignified [45].

In addition to the growth and morphological parameters, the spatial arrangement
and distribution of the roots is another key aspect of the RSA. The D:W ratio estimation
of the root systems studied in this chapter revealed little information and few contrasts
between the two rootstocks. Nevertheless, these results agreed with the root-distribution
patterns (RDPs) of both cultivars; the ‘Okinawa’ exhibited a more deeply distributed root
system than the ‘Guardian’™. Most of the total root lengths of the ‘Guardian’™ seedlings
were concentrated in the upper level, whereas in the ‘Okinawa’ seedlings, they were
more deeply distributed. In addition, the percentage of the root length distributed at
deeper horizons was almost twice as high in the ‘Okinawa’ than in the ‘Guardian’™, where
more than half of the total root length was in the top horizon (A). These results were
confirmed by the superior root depth index (RDI) of the ‘Okinawa’, reflecting the deeper
root system of this cultivar. The differences in root spreading angle (RSG) between the
cultivars indicate that the root system of the ‘Okinawa’ tends to grow not only deeper
due to its RDP and RDI, but also downwards. This trait is key for soil exploration in the
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pursuit of resources [25,32]. Solari et al. [46] confirmed that tree vigor is positively related
to rootstock hydraulic properties. Moreover, such RSA traits can explain the differences
in nutrient concentrations among rootstocks. In general, the root system architecture is
different in Prunus from one rootstock cultivar to another, influencing their nutrient-uptake
ability [41], which is evidenced by the nutritional status of the scion [47,48]. Rootstocks have
a significant influence on leaf-mineral composition. Thus, according to Kumar et al. [49],
the higher nutrient concentration in scion leaves is induced by invigorating rootstocks.
The same authors reported similar findings in citrus rootstocks, indicating a significant
positive correlation between the nitrogen (N), Ca, K, and Mg concentrations in leaves
with the total root length, surface area, root volume, and number of tips. This was found
by Shahkoomahally et al. [4] in the ‘UFSun’ peach on ‘Okinawa’, which showed greater
concentrations of calcium, potassium, and magnesium in leaves than scions from the
same cultivar grafted on other rootstocks, inducing a tree nutritional balance that was
superior to those of other commercial rootstocks, maintaining the highest concentrations
of macronutrients throughout the year. Given its better mineral-uptake efficiency, this
study suggests the use of ‘Okinawa’ for sandy soils. Our results are comparable with
those in the study by Ahmed et al. [17], where scions grafted on ‘Okinawa’ in sandy soils
achieved superior percentages of initial and final fruit set. Similarly, it has been reported
that ‘Chimarrita’ peach on ‘Okinawa’ reached higher levels of Brix, L-ascorbic acid, and
carotenoids [50] than other rootstocks. Furthermore, the ‘Okinawa Clone 1’ rootstock
induced greater Brix levels in ‘Maciel’ peach [51].

Since this study was performed on young plants, it can be considered too early to infer
the potential performance of these rootstocks (‘Okinawa’ and ‘Guardian’™); however, it is
possible that the plant express the growth pattern shown in its seedling stage in maturity
through reiteration [30]. This reiteration ability has been observed in oil-palm (Elaeis
guineensis Jacq.) root systems [52]. It has been found that reiteration occurs in the entire
root system of other stone fruit species, such as plum (Prunus cerasifera) [53], implying stone
fruit species are not exceptions to this trait.

In summary, a larger root system may influence fruit quality beyond scion nutritional
status. The measurement of the D:W of the root system alone is not a good indicator of the
actual root-system size; however, the ratio can suggest how the root system grows, which
is as relevant as the root-system morphology.

4. Materials and Methods

4.1. Plant Material, Seeds Stratification and Germination

Seedlings of two peach rootstock cultivars of P. persica used in commercial peach
production in the United States (‘Okinawa’ and ‘Guardian’™) were propagated from
seeds provided by the Fruit Tree Breeding and Genetics Laboratory of the University of
Florida in Gainesville, FL, USA. ‘Okinawa’ is a rootstock cultivar selected from landrace
seed imported from Ryuku, Japan, and is also highly homozygous. ‘Guardian’™ is a
seed-propagated rootstock that is highly homozygous and uniform in performance.

The seeds were submerged in water, and those that floated were discarded. The
remaining seeds were left in water for 96 h for stratification, and the water was renewed
every 24 h. After 96 h, the seeds were submerged in a solution of water with Captan
fungicide at 0.15% (w/v) for another 24 h. After this period, the solution was drained and
the seeds were stored in a plastic bag with perlite, previously moistened with the same
fungicide solution. The seed bags were stored at 4–8 ◦C until germination for a period of
6 weeks.

After germination, the seeds were sown in plastic trays (720700C SureRoots®;
T.O. Plastics, Inc.; Clearwater, MN, USA) that consisted of star-shaped deep cell plugs
(12.7 cm depth × 5.1 cm top width) containing a mixture (1:1) of potting-mix sphagnum
(Jolly Gardener® Pro-Line C/20 Growing Mix; Jolly Gardener Products, Inc.; Poland Spring,
ME, USA) and coarse perlite (Specialty Vermiculite Corp.; Pompano Beach, FL, USA).
The substrate mixture was previously autoclaved at 121 ◦C for 90 min. The germination
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trays were maintained within a plastic-covered greenhouse located in Fort Pierce, FL,
USA, at 27◦25′34.2′′ N–80◦24′34.0′′ W, covered with a shade cloth at 70% of shading, and
watered manually. The seedlings were grown under greenhouse conditions. The average
temperature was 20–30 ◦C during the day and 15–25 ◦C at night. Relative humidity (RH)
was an average of 70–80% and photoperiod followed a natural phase of roughly 12–12 h
(day–night).

4.2. Seedling Growing Conditions

After 10 days, at the emergence stage, the seeds that exhibited a 3–5-centimeter-long
healthy and straight radicle were selected and sown in rhizoboxes (40 cm × 40 cm × 2.5 cm)
(Figure 4a). One seed was transplanted per rhizobox. The rhizoboxes consisted of two clear
glass panes (40 cm × 40 cm) attached to both faces of a three-sided plastic frame with a
perforated bottom to allow water filtration. The plates and plastic frames were previously
disinfected with a solution of sodium hypochlorite (1.5% v/v) in water for 30 min. The
rhizoboxes were filled with a mixture of potting-mix sphagnum:coarse perlite (3:1) from
the same manufacturers as those used for germination trays. Furthermore, the substrate
was blended with the controlled-release (3 months) fertilizer, Osmocote® Plus (15-9-12)
(A.M. Leonard, Inc., Piqua, OH, USA), at 0.5% (v/v).

  

(a) (b) 

 
(c) 

Figure 4. Cont.
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(d) 

Figure 4. (a) Scheme of the rhizoboxes used to observe the seedling root system of ‘Okinawa’ and
‘Guardian’™ rootstocks (1 seedling/rhizobox). The dashed white lines indicate the four horizons (A,
B, C, and D) into which the root systems were split for scanning with their respective dimensions.
(b) Diagram of the pinboard used for root-system extractions from the rhizoboxes. The acrylic grid
was fitted with the needles of the pinboard. (c) Images captured once a week for 7 weeks from a
rhizobox with the root system of one seedling. The maximum depth (�) and width (↔) reached by
the whole-root system, from which whole-root system D:W was estimated. (d) Representation of the
central portion of the top root horizon (A) from which the root spreading angle (RSG) was estimated.
RSG was estimated by measuring the root length (cm) within each angular section: shallower (0–25◦),
shallow (25–45◦), deep (45–65◦), and deeper (65–90◦).

The emergent seeds were transplanted next to one of the glass panes of the correspond-
ing rhizobox. Both panes of each rhizobox were covered with aluminum foil to exclude
light and keep the roots under dark conditions. The rhizoboxes with the seeds were set in
black plastic containers with bottom-draining holes, standing on wooden racks reclined
at 30◦. The experiment was maintained under laboratory conditions, with 23 ◦C and 65%
relative humidity (RH. Complementary light-emitting diode (LED) bulbs and high-pressure
sodium (HPS) lamps were adapted to keep the photoperiod at 16/8 h (day/night). The
seedlings were watered manually throughout the experiment daily.

4.3. Root Systems Scanning

The root systems were scanned from the rhizoboxes once a week for 7 weeks with
a flatbed scanner EPSON Expression 10000XL (EPSON America, Inc., Los Alamitos, CA,
USA). Full color images were captured in Tagged Image Format File (TIFF) at resolution of
400 dots per inch (dpi). After this period, the root systems of the seedlings were extracted
for measurement by removing one of the glass panes from the corresponding rhizobox.
A pinboard was used to remove each plantlet, maintaining the spatial distribution of the
roots. The pinboard consisted of an acrylic panel with 2.5-centimeter-long nails separated
by 2.5 cm × 2.5 cm. Another acrylic panel with holes that corresponded with the nails was
matched as a grid on the pinboard. The pinboard-grid was inserted into the rhizoboxes at
the sampling moment (Figure 4b). The substrate was washed off the roots inserted in the
pinboard by gently spraying with water.
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After the root systems were extracted from the rhizoboxes, these were split into
4 horizons (A, B, C, and D, from top to bottom) of 10 cm (Figure 4a). The roots from
each horizon were scanned with a flatbed scanner EPSON Perfection V800/V850 (EPSON
America, Inc., USA) by placing them in a Plexiglas tray (20 cm × 30 cm × 1.5 cm). The
plexiglass tray contained water to untangle the roots and minimize their overlapping. The
images were captured in TIFF at 600 dpi resolution. Subsequently, the central portion of the
top horizon (A) within an area of 10 cm × 10 cm was scanned with the EPSON Perfection
V800/V850.

4.4. Image-Analysis Software and Measurements

From the images obtained every week with the EPSON Expression 10000XL scanner,
the depth (D) and width (W) reached by the whole-root system were measured, and the
depth:width ratio (D:W) was estimated. The images obtained with the EPSON Perfection
V800/V850 scanner were analyzed using the root-image-analysis software, WinRHIZO™
Pro (Regent Instruments Inc., Quebec City, QC, Canada) (Figure 4c). The measurements
of the root-growth parameters were total root length (cm), total root-surface area (cm2),
average root diameter (mm), total root volume (cm3), number of root tips, and number
of root forks. Additionally, the root length was estimated for each root diameter class,
following the criteria applied by Caruso et al. [54]: very fine (≤0.5 mm), fine (from >0.5 mm
to <1.0 mm), and large (>1.0 mm).

Based on the total root length from each horizon, the root-distribution pattern (RDP)
and the root-depth index (RDI) were calculated, following the protocol proposed by
Oyanagi et al. [33,55]. The RDP was estimated by calculating the percentages of the root
length of each 10-centimeter horizon from the whole-root system. Subsequently, the per-
centage values were multiplied by the value of the middle depth (cm) of the corresponding
horizon (5 for A, 15 for B, 25 for C, and 35 for D) and divided by 100.

To study the root spreading angles of each genotype, a slightly modified version of
the protocol followed by Ramalingam et al. [56] was applied. The scanned images from the
central portion of horizon A were split into four angular sections projected from the base
of the seedling: shallower (0–25◦), shallow (25–45◦), deep (45–65◦), and deeper (65–90◦)
(Figure 4d). Subsequently, the root length (cm) was measured from each angular section.

4.5. Experimental Design and Statistical Analysis

The experiment was arranged in a completely randomized design with two cultivar
treatments and sixteen single-tree replications per genotype. Each tree was an experimental
unit. The data collected from the described RAS parameters were compared among
cultivars by analysis of variance (ANOVA). The data were processed using RStudio software
(2019), and a Tukey Honest Significance Difference (HSD) test was used to compare the
means when the differences between treatments were significant (p ≤ 0.05).

5. Conclusions

Studying the architectural root traits of rootstocks provides higher detail on tree
growth and development. To date, most peach rootstocks have been studied only for their
field performance and productivity, which offers the industry a fundamental but short-term
outlook. However, very little attention has been given to the RSA traits that can benefit the
long-term breeding selection processes for stone-fruit rootstocks. The use of rhizoboxes
allows the study of these root traits in controlled environments. The experiment conducted
showed the potential of the use of rhizoboxes as a rapid tool for the study of the root
systems of Prunus seedlings. However, field comparisons between the data obtained from
rhizotrons, destructive analysis, and rhizoboxes are needed to further support the use of
rhizoboxes as reliable tools in fruit-tree-species RSA studies.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants11162081/s1, Figure S1: Linear regressions of root mor-
phological parameters in ‘Okinawa’ and ‘Guardian’™ rootstocks for total root length, total root
surface area, average root diameter, total root volume, number of root tips, and number of root
forks. Table S1: Linear regressions R2 values of root morphological parameters in ‘Okinawa’ and
‘Guardian’™ rootstocks for total root length, total root surface area, average root diameter, total root
volume, number of root tips, and number of root forks.
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