Doi: https://doi.org/10.17584/rcch.2023v1711.15702

Bacterial microbiome and physicochemical properties
of irrigation water and soil in Chonto type tomato from
Boyaca, Colombia

Microbioma bacteriano y propiedades fisicoquimica del agua
de riego y suelo en tomate tipo Chonto de Boyaca, Colombia
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Chonto tomato fruit.
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ABSTRACT

Tomato cultivation ranks fourth in vegetable production in Boyaca. The largest production of Chonto toma-
to in greenhouses is supplied by the Alto Chicamocha irrigation and drainage district, which is the main agri-
cultural production unit for the department. To investigate the physicochemical conditions of the soil and
irrigation water in the crop and bacterial communities associated with the greenhouse Chonto tomato crop,
15 crops of 50x50 m located within the irrigation and drainage district of Alto Chicamocha were analyzed.
Soil and irrigation water samples were analyzed and the bacteriome associated with the crop rhizosphere was
characterized. From the physicochemical results obtained, we observed a significant relationship between
crop attributes, the physicochemical properties of soil, and irrigation water in the different study zones.
Additionally, in the bacterial composition associated with the crop (soil and irrigation water), a relationship
was found between the genera Sphingomonas spp. and Sphingobium spp. with crop quality for the different
crops evaluated.
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RESUMEN

El cultivo de tomate ocupa el cuarto lugar en la produccién de hortalizas en Boyaca. La mayor produccién de tomate
Chonto en invernadero la provee del distrito de riego y drenaje del Alto Chicamocha, que es la principal unidad de
produccién agricola del departamento. Para investigar las condiciones fisicoquimicas del suelo y agua de riego en
el cultivo y las comunidades bacterianas asociadas al cultivo de tomate Chonto bajo invernadero, se analizaron 15
cultivos de 50x50 m ubicadas dentro del distrito de riego y drenaje del Alto Chicamocha. Se analizaron muestras de
suelo y agua de riego y se caracteriz6 el bacterioma asociado a la rizosfera del cultivo. A partir de los resultados fisi-
coquimicos obtenidos, observamos una relacién significativa entre los atributos del cultivo, las propiedades fisico-
quimicas del suelo y agua de riego en las diferentes zonas de estudio. Adicionalmente, en la composicién bacteriana
asociada al cultivo (suelo y agua de riego), se encontré relacién entre los géneros Sphingomonas spp. y Sphingobium

spp. con la calidad del cultivo para los distintos cultivos evaluados.

Palabras clave adicionales: Solanum lycopersicum; calidad del cultivo; variables fisicoquimicas; microbioma.
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The tomato is widely grown throughout Colom-
bia and is the most important greenhouse crop. In
Boyaca, the tomato and greenhouse tomato crops oc-
cupy the third and fourth place in national produc-
tion with an area of 1,338.18 ha cultivated in this
zone (Gobernacién de Boyacd, 2020). The Alto Chi-
camocha irrigation and drainage district is the main
agricultural production unit in the department of
Boyaca, covering an area of 8,016.78 ha; due to the
natural conditions and the management of the upper
Chicamocha River basin, salinization has been recog-
nized as a limiting factor in agricultural soils (Pacheco
et al., 2006).

Soil is one of the most important resources for crop
development and agricultural productivity will de-
pend on its fertility, but this non-renewable natu-
ral resource has a slow regeneration rate due to the
constant processes of destruction, degradation, and
intensity of cultivation. It is a fundamental element
for agriculture since it provides water and nutrients
to crops; it is also involved in the cycles of water, ni-
trogen, phosphorus, carbon, and other elements of
interest (Ferreras et al., 2015).

Soil degradation is a process generated by anthro-
pogenic activities such as the use of agrochemicals
and crop irrigation, intensive livestock farming and
emissions from industrial activities that reduce the
soil’s potential and capacity to produce ecosystem
and agricultural services (Brissio, 2005). Therefore,
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INTRODUCTION

it is important to understand the problem that
leads to unnatural variability of the physicochemi-
cal properties of soil and irrigation water in agricul-
tural systems. The absence of sustainable cultivation
practices, such as crop rotation, the use of treated
irrigation water, and proper fertility management,
gradually affects the soil adjacent to the crop; It is es-
sential to understand the cause of the unnatural vari-
ability of the physicochemical properties of soil and
irrigation water in agricultural systems (Monsalve-C.
etal., 2017).

Texture refers to the proportion of the inorganic com-
ponents of the soil, sand, silt, and clay. This property
influences fertility, water-holding capacity, aeration,
and organic matter content (FAO, 2016). Bulk den-
sity is used in soil-water relationship studies and is
used to calculate soil porosity. Variations in physi-
cal properties such as bulk density and texture are
related to a decrease in crop productivity and an in-
crease in soil nutrient loss by the synergistic action of
untreated irrigation water and agricultural manage-
ment of the soil (Calderén-Medina et al., 2018). Thus,
physicochemical properties are directly related to the
quality of irrigation water, soil and crop production
attributes. Chemical parameters such as pH, organic
matter, electrical conductivity, P, N, Ca, Mg, K, and
physical properties such as texture, bulk density,
depth in soil, and the turbidity, hardness, ionic and
cationic charge of water, allow establish not only the
health of the soil, but also that it is able to provide
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good crop quality (i.e., productivity level) (Toledo et
al., 2013; Quinteros et al., 2019). These physicochem-
ical conditions associated with crops provide impor-
tant bioresources for agriculture, as some beneficial
bacterial communities can enhance plant growth
and improve the nutritional uptake by solubilizing P,
K and Zn, nitrogen fixation and other mechanisms
such as siderophore production (Suman ez al., 2022).

Currently, it has been demonstrated that another
variable that may be related to the quality of to-
mato crops is the bacterial communities related to
the environment in which the plant grows (Zhang
et al., 2022). Different bacterial groups can colonize
the plant throughout its phenological phases, giving
rise to bacterial-plant symbiont relationships (Rodri-
guezet al., 2019). Among these types of relationships,
some bacterial groups such as Sphingomonas spp. have
been shown to be growth-promoting species in toma-
to crops at the in vitro level, in the first experimental
studies on the bacteria-plant relationship (Khan ez al.,
2012; Anzalone et al. 2022). For example, Sphingobium
spp. been shown to form a series of interactions with
different endophytic species of the tomato crop re-
lated to crop growth in the absence of other bacterial
groups (i.e., Bacillus, Solibacillus and Brevibacterium)
that are inhibited by contamination in the medium
(Nakayasu et al., 2023).

Therefore, obtaining information about the physi-
cochemical variables of the soil, irrigation water
and bacterial composition associated with the crop
becomes essential to guide the farmer and the agri-
cultural industry on how to improve the quality of
demanding crops (Chandel et al., 2022). The objective
of this study was to describe the bacterial microbiota
associated with the crop and to establish relation-
ships between the physicochemical properties of soil
and irrigation water with crop quality attributes (i.e.,
fruit size and weight) of Chonto tomato (Solanum ly-
copersicum Mill.) in Boyaca.

MATERIALS AND METHODS

Study area and inclusion criteria

The research was conducted in the Alto Chicamocha
irrigation and drainage district, which includes the
municipalities of Paipa, Duitama, Tibasosa, Firavi-
toba, Santa Rosa de Viterbo, Sogamoso and Nobsa in
the provinces of Tundama and Sugamuxi located in
the department of Boyaca (Fig. 1). The average cli-
matic conditions in the provinces are: Average tem-
perature of 14°C, average precipitation of 778 mm,
relative humidity of 70%, and an average altitude of

Duitama

Tibasosa

0 25 5km

Figure 1. Location of the sampling zones in the study.
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2,560 m a.s.l. (Suppl. Tab. 1) (Martinez et al., 2014).
Most of the land is used for agriculture, with some
dairy cattle ranching and, to a lesser extent, dual-pur-
pose cattle ranching (GISSAT-UPTC, 2012).

Sample selection criteria

The farms chosen for this study had the following
selection criteria:

a) Farms with Chonto tomato (Solanum lycopersicum)
crops under greenhouse conditions, belonging to
users attached to the Association of Users of the
Alto Chicamocha and Firavitoba Irrigation and
Drainage District “USOCHICAMOCHA”.

b) Farms whose crop in the last five years was Chon-
to tomato.

c) Farms whose irrigation water used in the crop was
provided by USOCHICAMOCHA, to avoid varia-
tions that generate noise in the analysis due to the
use of untreated water for crop irrigation.

Sampling was carried out on farms with active pro-
duction in August and September 2021, located in the
municipalities of Duitama and Tibasosa.

Field and laboratory phases

In each zone sampled, a soil sample and an irriga-
tion water sample associated with the crop were ob-
tained. Each sampled zone received a paired coding
for the soil and irrigation water sample as T and the
farm number (ie., T1) (Suppl. Tab. 1). Soil samples
were taken in a 50x50 m quadrat on each farm. In
each quadrat a zigzag path was made and 20 ran-
dom sampling points were taken at a depth of 15 cm,
for a total of 200 g of sieved soil sample and 2 soil
clods (maximum allowed by the crop owners). Each
of the soil samples was stored in dark bags and sent
to the laboratory for physicochemical analysis in 15
mL dark falcon tubes in cold chain (-4°C) for trans-
port and subsequent DNA extraction. The irrigation
water samples were collected in sterile plastic bottles
to avoid contamination by salts or other substances.
From each sampling zone, 3 L of irrigation water were
collected, stored, and sent to the laboratory for the
corresponding analyses. The analyses of the physi-
cochemical properties of the soil and water samples
were carried out in the soil and water laboratory of
the Faculty of Agricultural Sciences of the UPTC
(Universidad Pedagégica y Tecnoldgica de Colombia),
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which uses the methodologies proposed by the Insti-
tuto Geogréfico Agustin Codazzi (Colombia IGAC,
2006). The physicochemical properties and methods
implemented are shown in table 1.

Table 1. Methods used to determine the chemical and phys-
ical properties of soil and irrigation water in the
laboratory.

Soil physicochemical variables

pH Ratio 1:1

OM (%) Walkley - Black

EC (dSm) Electrical conductivity

Ca (cmol* kg Exchangeable calcium. Atomic absorption

spectrometry

Mg (cmol* kg') | Exchangeable magnesium. Atomic absorption

spectrometry

K (cmol™ kg) Exchangeable potassium. Atomic absorption

spectrometry

Na (cmol™* kg) Exchangeable sodium. Atomic absorption

spectrometry

P (ppm) Available phosphorus: Bray Il - colorimetry

Texture Bouyoucos hydrometer

Bulk density (p,) | Graduated cylinder

Water physicochemical variables

pH Ratio 1:1

EC (uS cm™) Electrical conductivity

Turbidity Turbidity due to nephelometry (NTU)

Hardness Titrating with ethylene diamine tetra acetic
acid (EDTA)

Ca (meg L) direct spectrometer in water

Mg (meq L) Direct spectrometer in water

K (meq L") Direct spectrometer in water

Na (meq L) Direct spectrometer in water

SO, (meq L) Turbidimetric method

Cl (meq L) Turbidimetric method

HCO, (meq L") Turbidimetric method

The postharvest crop attributes were collected from
the information provided by each grower. The at-
tributes were size and weight of the fruit, the pro-
ductivity in tons and the age of the crop, to classify
the crops in the following categories: Q1 = tomato
type “1*t Quality: Crop with the fruit size/weight
ratio in quantile 1”; Q2= tomato type “2* Quality:
Crop with the fruit size/weight ratio in quantile 2”;
Q3= tomato type “3* Quality: Crop with the ratio
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fruit size/weight in the quantile 3”. The attributes
analyzed were: production size of the crop quantified
in tons per hectare (t/ha), age of the crop quantified
in years, the geographical altitude and the planting
density in plants per hectare (plants/ha).

Nucleic acid extraction, library amplification, and
sequencing

DNA was extracted in triplicate from each soil and
irrigation water sample (technical replicate) using
the Qiagen soil DNA extraction kit and the Qiagen
water DNA extraction kit. The DNA concentration
was quantified by spectrophotometry (Epoch™ Mi-
croplate Spectrophotometer, BioTek). Once the DNA
extraction of the three technical replicas for each
sampling point was carried out, these were integrated
into a single sample to carry out the sequencing pro-
cess. Samples were sequenced on the Miseq sequenc-
ing platform (2x300 bp paired-end protocol with
a depth of 100 k reads) using the universal primers
341F 5'- CCTACGGGGNGGCWGCAG-3" and 805R
5'-GACTACHVGGGTATCTAATCC-3' to target to
the V3 and V4 regions of the 16S rRNA gene (~460
bp) (Klindworth et al., 2013; Ren et al. 2017).

Bioinformatic analysis of 16S rRNA gene
amplicon library sequences

The raw sequence data were processed using the
QIIME 2 v. 2019.7 packages (Caporaso et al., 2010).
Quality filtering was performed on the merged se-
quences and sequences that did not meet the follow-
ing criteria were discarded: sequence length <200 bp,
no ambiguous bases, and average quality score = 20.
The sequences were then clustered using Uclust
(Edgar, 2010) for subsequent identification and re-
moval of chimeric sequences using Uchime (Edgar
et al., 2011). Effective sequences were clustered and
classified into Amplicon Sequences Variants (ASVs)
with a > 97% similarity threshold using Vsearch and
Classify-sklearn (Caporaso et al., 2010) taxonomy as-
sighment was performed using Silva v. 138 as the ref-
erence database (Quast et al., 2013).

Data availability

The data presented in the study are deposited in the
SRA repository, accession number PRINA936423.

Statistical analysis

The variability of the physicochemical properties of
the soil and water was evaluated through descriptive
statistics. Contingency tables were constructed to
analyze quantitative and qualitative variables. Mul-
tivariate exploratory data analyses and Pearson corre-
lations between physicochemical properties and crop
attributes were executed using the FactoMineR and
Hmisc package (Husson et al., 2014; Harrell and Du-
pont, 2023). Non-parametric multidimensional scal-
ing (NMDS) was performed using the Vegan package
(Oksanen et al., 2017) to observe which soil and wa-
ter properties could present possible groupings or re-
lationships in each of the sampled areas. A canonical
correlation analysis (CCA) was performed using the
CCA package (Gonzélez and Déjean, 2021) to find
the relationship between the sets of physicochemical
properties and crop attributes for each of the sampled
areas. The graphical visualization of each of the pro-
cedures was performed using the GGvegan package
(Simpson, 2019). The diversity of the bacterial com-
munity was evaluated by the index of observed ASVs.
Likewise, the relationships between the composition
of the bacterial communities present in the soil and ir-
rigation water samples and the different crop quality
traits were evaluated by principal coordinate analysis
(PCoA) of the Jaccard index. Distances and cluster-
ing were evaluated by the ANOSIM test, using the
ggplot2 package v. 3.3.1 (Wickham, 2011). Finally, to
simplify the visualization of the bacterial community
related to each quality of the Chonto tomato crop,
the bacterial core was established at the phylum and
genus level using the Microbiome package (Lahti and
Shetty, 2019). All the packages were run on the free
software Rstudio v. 4.2.1 (The R Foundation, 2015).

RESULTS AND DISCUSSION

Physicochemical properties

The lowest pH value (5.42) was given by sample T4
and the highest (7.73) by sample T10. The lowest
value of EC (dS cm™) was (0.81) given by sample T15
and the highest (8.98) by sample T2. The OM% val-
ues remained in a range of (1.49-6.15) with sample
T15 being the lowest and sample T14 the highest.
Regarding nutrition, the highest values of Mg, K, and
Na (cmol, kg™), were 3.67,2.75, and 5.25 correspond-
ing to the same sample (T2), while the lowest values
were 0.52 Mg, 0.37 K, and 0.33 Na belonging to sam-
ples T8, T6, and T10 respectively. Finally, there was a
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high proportion of soil texture, clayey (Ar), followed
by sandy clay loam (F-Ar-A) (Tab. 2). The alterations
in the physical and chemical properties of the soil are
caused by long-term saline irrigation, seen in plots
with alkaline-saline soils, reduced structure index,
low water infiltration rate, high water content, poor
aeration of the root zone, superficial crusting and pH
=8.0 (Bouksila et al., 2013; Cabrera et al., 2016; Bo-
nachela er al., 2018).

In the physicochemical values of the irrigation water,
the pH did not significantly change at increasing sa-
linity of the irrigation water or of the soil, and was
similar to that reported by Maggio et al. (2004). A
pattern was observed with sample T2, which, in this
case, is the sample that presented the lowest values
of EC (dSm™), hardness, Mg, Na, CI (cmol, kg?') and
HCO; (Meq L1). Likewise, we highlight that for sam-
ples T3 and T7, extremely low values of SO, (Meq
L1) were obtained. Finally, high hardness and electri-
cal conductivity were found in the T13 sample, with
hardness at 2.95 and EC at 851 dS cm!, which could
indicate a possible salinity problem in the irrigation
water (Tab. 3).

The relationship between the physicochemical
variables of the soil and the different characteristics
of the tomato crop was studied using the Pearson

coefficient. Among the most striking results was
the high inverse correlation between pH value and
productivity (r=-0.82; P<0.05) and the mean inverse
correlation between EC and Ca values and crop alti-
tude (r=-0.44; P<0.05). The only major positive cor-
relation was found between soil bulk density with
crop altitude (r=0.38; P<0.05) (Tab. 4).

The values obtained by Pearson correlation in
the physicochemical properties of irrigation wa-
ter showed an inverse mean correlation between
the variables EC and HCO; with crop productivity
(r=-0.81; P<0.05). The highest positive mean corre-
lation was seen between K and crop planting density
(r=0.38; P<0.05), followed by turbidity and produc-
tivity (r=0.33; P<0.05) (Tab. 5).

Salinized soils over time can undergo permanent
changes in their physicochemical properties, fur-
ther aggravating the damage to crop plants caused
by excess salts. Hyperosmotic stress, hypoxia, and
nutritional imbalance often coexist in soils exposed
to salinization and persist throughout the grow-
ing season (De Pascale et al., 2003). Tomato is mod-
erately tolerant to salinity (1.3 dS cm? < electrical
conductivity of the saturated soil < 6 dS cm™) and is
typically cultivated in regions that are exposed to soil
salinization (Maggio et al., 2004). The best position

Table 2. Physicochemical properties of the soil found in each of the sampling sites related to the tomato crop.
BD®
(ob) 1.11 1.02 1.05 0.95 1.1 114 | 0.88 0.9 1.06 1.05 1.00 1.05 1.05 0.75 1.17
(T;’x)t“re FACA [ FATA| FAr | At | At | FA | Ar | A | A | F | A | A | A | A | FAA
I()mg kg') 307.00 | 263.10 | 263.10 | 102.90 | 39.20 | 150.60 | 179.10 | 211.80 | 105.70 | 35.170 | 233.60 | 186.20 | 35.17 | 92.21 | 118.30
Na .| 069 | 525 | 295 | 073 | 046 | 091 | 079 | 1.08 | 117 | 033 | 0.63 | 068 | 072 | 1.01 | 052
(cmol, kg')
K r 1.72 2.75 0.71 0.29 158 | 037 | 0.89 1.21 0.81 0.66 1.09 | 083 0.93 0.88 0.44
(cmol, kg)
Mg r 0.80 | 3.67 0.80 1.23 1.37 1.07 | 0.65 0.52 1.10 0.93 0.77 079 | 0.84 2.24 0.59
(cmol, kg)
Ca § 735 | 11.94 | 11.77 | 5.61 924 | 328 | 11.14 | 1282 | 13.04 | 658 | 10.30 | 8.06 | 6.85 6.91 3.96
(cmol, kg)
2
(E))Zl 2.37 2.03 234 | 347 3.67 2.13 490 | 415 | 430 3.81 348 | 396 | 352 6.15 1.49
1
EC p 3.48 8.98 | 4.68 1.44 1.77 1.90 1.99 2.41 1.38 1.14 1.60 1.81 0.95 1.34 0.81
(dS cm)
pH 6.69 7.07 7.63 5.42 7.3 5.82 7.3 6.00 7.36 7.73 746 | 7.04 7.33 5.29 7.39

Values with a significant P-value are presented in bold. 'Electrical conductivity; 2Organic matter; *Bulk density.

Rev. Colomb. Cienc. Hortic.
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Table 3. Physicochemical properties of the irrigation water found in each of the sampling sites related to the Tomato crop.

1

Sample M oy MU HOOSS el (el (MeqL) (Meql) (Megl) (Megl) (Megl)
1k 6.88 | 360.10 10.33 5.16 0.80 0.23 0.53 2.20 0.16 1.57 1.78
T2 6.85 | 275.10 2.91 497 0.85 0.14 0.42 1.18 0.33 0.94 1.23
T3 7.32 | 44210 4.76 7.58 1.28 0.23 0.51 2.20 0.00 1.55 3.22
T4 6.78 | 310.60 35.70 5.63 0.84 0.29 0.49 1.95 0.10 0.99 2.31
T5 6.78 | 33250 44.80 5.43 0.82 0.26 0.32 1.60 0.16 1.15 1.78
T6 7.24 | 314.00 11.13 5.41 0.80 0.28 0.44 1.80 0.08 1.07 2.32
T7 7.25 | 41550 16.96 6.36 0.97 0.31 0.56 2.67 0.00 1.64 2.7
T8 6.96 | 402.10 10.33 6.97 1.07 0.32 0.49 2.53 0.09 1.97 2.21
19 7.00 | 418.10 21.70 6.50 1.0 0.29 0.61 2.64 0.07 1.56 2.85
T10 7.4 | 343.50 10.20 5.66 0.85 0.28 0.48 21 0.05 0.99 2.68
™ 7.03 | 505.00 8.96 7.20 M 0.33 0.79 3.03 0.06 1.64 3.92
T2 7.16 | 489.00 8.52 6.64 1.00 0.32 0.71 2.77 0.16 1.48 3.03
T3 6.09 | 851.00 8.42 22.95 3.87 0.71 0.78 3.23 1.76 453 1.85
T4 6.85 | 445.00 233 6.52 0.94 0.37 0.60 2.84 0.08 1.48 3.03
T15 6.97 | 341.10 13.45 5.20 0.78 0.26 0.44 1.95 0.10 1.40 1.96
Values with a significant P-value are presented in bold. 'Electrical conductivity; ZTurbidity.

Table 4. Pearson’s correlation coefficient of the physicochemical properties of the soil of the tomato crop with the attributes

of the growing area.

Attributes Bt L Mg . it ;

(dS m™") (cmol, kg') = (cmol* kg') (cmol, kg') (cmol, kg')  (ppm)
Cultivation age 0.14 -0.34 0.08 0.34 -0.42 -0.22 -0.32 -0.23 0.16
Planting density 0.01 0.06 -0.12 -0.29 0.08 0.05 0.01 0.14 0.00
Altitude 0.18 -0.22 -0.44 -0.44 -0.19 -0.25 -0.17 -0.14 0.38
Productivity -0.82 0.21 0.05 -0.18 0.25 0.14 0.09 0.26 0.3

Values with a significant P-value are presented in bold.'Organic matter; 2Electrical conductivity; *Bulk density.

Table 5. Pearson’s correlation coefficient of physicochemical properties of irrigation water of tomato crop with the attributes

of the growing area.

Attributes (ETCIEES (MS(? L) (lecllgm (Melt(] L) (Mtle\lqaLﬂ (M224L-') (MecqI L) (I\}I-I;OE")
Cultivation age 005 | 014 |035| 014 | 014 | -009 | -021 | 002 | -023 | -009 | 008
Planting density | 001 | 012 | -0.07 | 0.06 006 | 010 | 038 | 012 | 012 | 001 0.14
Altitude 000 | 016 |-005| 013 | 013 | -010 | -023 | 019 | -007 | -007 | -0.21
Productivity (tha') |-0.02| -031 | 033 | 020 | -021 | -014 | 029 | -026 | -012 | 019 | -031

Values with a significant P-value are presented in bold. 'Electrical conductivity; ZTurbidity.

for monitoring the concentration of nutrients and
salts appears to be the center of the wet bulb, because
this position might respond faster to changes in the
nutrient solution supplied or the root activity, espe-
cially for very mobile elements, such as nitrate (Bo-
nachelaer al., 2018). The bulk density values reported

in this study range from 0.75-1.17, classifying them
in the order of entisols, similar to that reported by
Alvarado and Forsythe (2005). The world’s soils are
grouped into nine orders ranging from 0.14-2.00 (Da-
vis, 1959; Alvarado et al., 2001). Shaheb et al. (2021)
observed that in loam-textured soils the bulk density

Vol. 17 - No. 1 - 2023
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increased due to the intensive use of agricultural ma-
chinery. In addition, the bulk density in clayey soils
was lower than in loam soils, which is explained by
the greater porosity that clayey soils generally have
(Jaurixje e al., 2013).

The non-metric multidimensional scale showed
medium-to-low relationships between the physico-
chemical properties of the soil (Fig. 2A) and the irriga-
tion water for tomato cultivation (Fig. 2B), showing

highly conservative patterns within the multidimen-
sional space represented. In general, the samples are
distributed along the physicochemical conditions,
without forming any type of grouping corresponding
to geographic distribution or any macrogeographic
aspect. It should be noted that samples T2 (Fig 2A)
and T4 (Fig. 2B) present a more than considerable
distance with respect to the other samples. This
could be due to extreme values in Na nutritional in-
puts (Fig. 2A) and irrigation water turbidity (Fig. 2B).

A
P (ppm) 6 15
[ ]
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Figure 2. The non-metric multidimensional scale (NVIDS) relates the sampling zones to the physicochemical properties of soil
(A) and irrigation water (B) associated with the tomato crop.
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Even so, in general, all these variables show an ex-
tremely low variability within the multidimensional
space. This could indicate the ability of greenhouse
crops to maintain at least supremely homogeneous
soil conditions along a geographical gradient.

The relationships between the physicochemical vari-
ables of soil and irrigation water with the attributes

of crop productivity and quality and their geographic
association were analyzed by canonical correspon-
dence analysis (Fig. 3). In general, it was observed
that for soil physicochemical properties, fruit qual-
ity is highly related to soil P and pH values (P<0.05).
Likewise, high P and pH values, which are related
to fruit quality, are inversely proportional to the
crop productivity (Fig. 3A). This interaction could
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Figure 3. Tri-plot of the Canonical Correspondence Analysis (CCA) between sampling zones and the tomato crop productivity
attributes. A) soil physicochemical properties and the squares listed correspond to: 1 = P mg kg, 2 = Mg emol* kg,
3 = bulk density g cm?3, 4 = K cmol* kg, 5 = EC dS cm”, 6 = Na cmol* kg™ 7 = Ca cmol* kg, 8 = OM %, 9 = pH.
B) irrigation water properties and the squares listed correspond to: 1 = hardness (°F), 2 = turbidity NTU, 3 = EC dS
cm’, 4 = CameqL", 5 =NMgmeqlL', 6 =S0,meqL', 7=ClmeqL", 8 =KmeqlL’, 9 =NameqL' 10 = pH.
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be related to the fact that a living biological system
with smaller or poorer quality fruits could optimize
the nutritional resources available in the soil and,
therefore, obtain a greater number of fruits (Li et al,
2019; Aneet al., 2023). For the physicochemical values
of irrigation water, there was low variability except
for hardness values, which are significantly related to
productivity and crop age (P<0.05) (Fig. 3B). In addi-
tion to this and considering that the low variability
of soil physicochemical values may be linked to the
type of crop (greenhouse), the low variability in irri-
gation water samples could be related to mechanical
conditions. This is a response to the combination of
irrigation water sources and local adaptations, result-
ing in differential conditions in the irrigation water
samples. Thus, and considering the results, we can
support the idea that greenhouse crops could have ex-
tremely high effects on soil nutritional loads, because
the microclimatic conditions that are generated in
one way or another homogenize the soil conditions
in these crops that are of high nutritional demand
(Usero er al., 2021).

Bacterial composition associated with the crop

Of the 15 samples sequenced, 14 viable irrigation
water samples and 12 viable soil samples associated
with the Chonto tomato crop were obtained (Suppl.
Tab. 2). Likewise, 1,333 consensus amplicon sequence

variants (ASVs) were obtained for all irrigation wa-
ter samples and 1,718 ASVs for the Chonto tomato
crop microbiota profile soil samples associated at the
species level. After rarefaction and collapse of each
sample type, the ASV table was assigned to 310 gen-
era for the irrigation water microbiota profile and 340
genera for the soil microbiota profile.

To evaluate the relationship between bacterial diver-
sity/composition and the quality of the fruit of the
Chonto tomato crop, the samples were grouped by
quality and alpha and beta diversity analyses were
performed. The comparison of alpha diversity based
on the three observed qualities showed significant
variations (P<0.05) in the bacterial diversity evalu-
ated. It was observed that quality Q1 (1 Quality:
Crop with the fruit size/weight ratio in quantile 1),
which is the best fruit quality, has a lower number of
bacterial ASV associated with irrigation water with
respect to quality Q2 (2" Quality: Crop with fruit
size/weight ratio in quantile 2) and Q3 (3" Quality:
Crop with fruit size/weight in the quantile 3) (Fig.
4A). For B-diversity, PCoA analysis was performed
based on the Jaccard index in combination with
ANOSIM. Bacterial composition was significantly
different (P<0.001) between fruit quality Q1 and Q2
vs. Q3. ANOSIM results showed that the greatest
variation in bacterial composition was always against
Q3 (R=0.688, P<0.001), while comparing Q1 and Q2
fruit quality the bacterial composition was more like
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Figure 4. Alpha (observed ASVs) and beta (Jaccard index) diversity analysis of the fruit quality microbiota of the Chonto tomato
crop. (A) Boxplot plots visualize the number of observed ASVs for fruit qualities Q1, Q2 and Q3. Significant differences
(P=<0.05) were assessed by Kruskal Wallis paired t-test (Pairwise group A, B and C). (B) PCoA plots showing dis-
tances between bacterial community composition of fruit qualities Q1, Q2 and Q3. Significant differences in bacterial
composition were tested using the ANOSIM pairwise test. Each fruit quality type is associated with a color bar (A)
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each other (R=0.245, P>0.05), but not statistically
significant (Fig. 4B).

While the comparisons evaluated for the associated
microbiota for the irrigation water samples, both al-
pha and beta diversity comparisons were found to be
non-significant (P>0.05) (Suppl. Fig. S1).

At the level of bacterial composition, the samples
associated with irrigation water presented a similar
composition of ASVs for the three quality groups
evaluated (Q1, Q2 and Q3). The bacterial ASVs as-
sociated with the water samples do not offer a ho-
mogeneous taxonomic resolution at the genus level,
however, the bacterial groups observed are highly
conserved and in abundance and dominance in the
three groups of samples evaluated (Fig. 5A).

The composition of the tomato crop microbiota
was related to fruit quality and planting soil. The
abundance of the genus Sphingomonas spp. (~38%),
which is more dominant in Q1 and Q2 quality soil,
was substantially reduced in Q3 quality soil (Fig. 5B).
Likewise, while the genus Sphingomonas spp. showed
differential abundance between Q1 - Q2 versus Q3 at
the soil level (ANOVA: P<0.05), the genus Sphingobi-
um spp. was highly dominant and abundant (42%)
in the samples related to the planting soil for fruit
quality Q3 (Fig. 5B).

Currently, it has been demonstrated that the bacterial
microbiota associated with tomato cultivation plays
an important role in plant growth and development
through nutrient uptake and environmental adapta-
tion (Schmitz et al., 2022). In this study, we identified
that the soil bacterial microbiota has a direct relation-
ship with fruit quality of the Chonto tomato crop
under greenhouse conditions. Bacterial groups such
as Sphingomonas spp., previously reported in stud-
ies of other tomato varieties have a relevance in all
phenological stages of the plant, mainly as protection
against diseases affecting the fruit (Khan ez al., 2012;
Anzalone et al., 2022; Zhang et al., 2022). Likewise,
several studies have shown that soil-associated bac-
teria show greater fluctuation in their composition
and abundance (Manzotti et al., 2020). This confirms
that the structuring of the crop soil-associated mi-
crobiota community is primarily determined by the
niche of the planting site and the host species, while
location (and site-related soil and climate factors) had
little effect on effect on the microbiota.

The impact of rhizobiales is influenced by root exu-
dates, which also play an important role in signaling
and recognition processes between plants and mi-
croorganisms (Venturi and Keel, 2016). The tomato
crops evaluated presented high levels of salinity that
do not allow the plant to have the optimal medium
to grow, but these crops showed mostly good fruit
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Figure 5. Relative abundance of bacterial community at genus level associated with fruit quality in the Chonto tomato crop.
Bacterial genera in irrigation water samples (A) and soil samples (B). Only taxa with occurrence greater than 0.1% of
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growth, which is explained by the symbiotic relation-
ship of Rhizobial bacteria found in the metagenomic
analysis, as these bacteria help the plant to withstand
the stress caused by high temperatures, drought, sa-
linity and infection by pathogens (Foyer er al., 2016;
Gouda er al., 2018). Rhizobacteria have been studied
more in legumes and in terms of biological nitrogen
fixation. However, studies suggest that most rhizo-
bacteria have the potential to promote plant growth
by mechanisms other than biological nitrogen fixa-
tion or biocontrol of certain microorganisms harm-
ful to plants or to regulate plant development under
stress conditions, both in legumes and non-legumes
(Singh et al., 2010).

Groups of rhizobacteria capable of solubilizing min-
erals such as potassium have been identified and
have been associated with increased productivity
(Parmar and Sindhu, 2013), where the bacterial ge-
nus Sphingomonas has been reported as a rhizobacte-
rium capable of solubilizing potassium (Etesami ez
al., 2017). Likewise, bacterial groups described within
the genera Sphingomonas and Sphingobium capable
of degrading these compounds have been identified
and isolated from soils contaminated with different
petroleum and coal hydrocarbons (Lal et al., 2006;
Prakash and Lal, 2006; Dadhwal et a/., 2009). The few
studies carried out on these genera have been associ-
ated with wastewater and soils contaminated with
hydrocarbons. The need to further characterize the
microbiota present in crops and to carry out applied
research to better understand the relationship or
presence of certain bacterial groups present in soil or
water is emphasized.

Finally, the little variation observed in the structure
of the bacterial community associated with the irri-
gation water samples of the Chonto tomato crop can
be attributed mainly to the effects of the pretreat-
ments carried out within the irrigation infrastructure
of the association, as previously stated. This has been
demonstrated before in other studies of tomato cul-
tivation (Ma et al., 2020), suggesting and supporting
the hypothesis that the bacterial communities pres-
ent in irrigation water are not the main source of
variation in the quality of the fruit of the crop.

CONCLUSION

The physicochemical properties of the soil and
the quality of the Chonto tomato crop under the

Rev. Colomb. Cienc. Hortic.

greenhouse inside the Usochicamocha District
showed a relationship with the EC, bulk density, pH,
and MO, which affect not only the quality of the
fruit obtained in the crop but also the productivity
obtained. Meanwhile, the physicochemical results
of irrigation water show the process of homogeniza-
tion and improvement of the conditions and quality
of water used for crops, being a primary source to
avoid alterations in the physicochemical conditions
of the soil or deficiencies in the quality and produc-
tivity of the crop. Our results support the idea that
greenhouse crops could have very high effects on soil
nutritional loads, since the microclimatic conditions
that are generated in one way or another homogenize
soil conditions in these crops that are of high nutri-
tional demand.

This is the first report on the composition of the mi-
crobiota associated with the Chonto tomato crop in
the department of Boyaca. We also established some
bacterial groups such as Sphingomonas spp. and Sphin-
gobium spp. as the main bacterial genera associated at
the bacterial nucleus level in the different qualities of
the crop. While the ecological dynamics of all bacte-
rial groups belonging to the core are not yet clear, our
data evidences that fruit quality in the Chonto to-
mato crop is related to a multifactorial scheme (soil,
water, and bacterial communities). This study also
leaves the doors open for the development of a pos-
sible bacterial design to serve as an inoculum in the
soil of the crop to improve the growth and quality
of the crop. This is another step towards achieving
sustainable agriculture.
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